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PREFACE Professor Kirkpatrick provided an historically
valuable copi of an earlier conference
proceedings,' the first ever on x-ray astronomy,
organized in 1960 by Baez while at the Smithsonian

At a time when technical calendars are Observatory in Cambridge. That document now resides
overcrowded and the explosion of information is in the American Institute of Physics' Neils Bohr
overwhelming, one requires a particularly strong Library in New York.
motivation to organize a new scientific meeting. The Looking to the future, several 4 eas stand out
motivation here is that the field associated with where considerable progress would be beneficial.
sub-kilovolt x-ray measurement is undergoing a One, of course, is the further development of
renaissance, driven by new applications and new spatially and temporally coherent sources in the XUV
capabilities. The pressure for advancement comes and soft x-ray regimes. Another is the development
from studies of hot, dense matter on one hand, and of more efficient x-ray lenses. As reported at the
from an interest in characterizing sub-micron conference, there is innovative work just getting
electronic and biological entities on the other. The underway with regard to the development of charge
new capabilities are provided by long sought advances coupled devices (CCD's), which are two-dimensional
in the field of "x-ray optics": new sources, new arrays of computer compatible electronic wells,
detectors, and new components for the manipulation of capable of single photon counting. On the other
x-rays. For instance, it is now possible to hand, however, there is great need for improvements
fabricate structures having characteristic dimensions in continuous, high speed, high resolution recording
on the scale of x-ray wavelengths, 10-100 $., media. Such developments could greatly affect
permitting the pursuit of diffraction limited present requirements for both x-ray imaging and
applications on a scale heretofore unattainable. The interference experiments. Such recording
purpose of this meeting was to bring together the advancements are currently underway in the visible
major participants in the field, many of whom would regime.2 ,3  An application which would become more
meet for the first time, so that new ideas, new accessible to us as a result of such recording
collaborations, and the exchange of technological dvlpet sxryhlgahasbetol

capailiieswoud ehane pogrss or ll.Thebriefly discussed at the confer n e. For example,
style of the meeting was planned to be informal and Kikuta and Aoki,4-6 and others, 90 constrained by
unhurried, so as to encourage the largest transfer of sources of limited spatial and temporal coherence,
information and the germination of these new poor recording materials, and an absence of x-ray
collaborations. focusing elements, have made preliminary but

Applications of interest to the participants important contributions using lensless Fourier
included the study of matter at high temperature, transform, x-ray holographic techniques. With
plasmas radiating in the soft x-ray regime, as improved recording media, and x-ray optical
encountered in the magnetic and laser fusion techniques as described at this conference, new
programs, as well as in x-ray astronomy. Other areas advancements can definitely be made.10
of interest, attracted by the short wavelength, Many of the participants at the conference
included x-ray lithography for replicating sub-micron commnented on the collective progress that had been
electronic structures, and imaging at sub-micron md vrteps eea er.I ilb

resoutin fr boloica andothr apliatins.exciting to watch these emerging technologies and the
New capabilities described included the ability to new results they bring, as they evolve over the next
construct multilayer coatings with spatial periods of 5-10 years. It will be particularly satisfying if
several tens of angstroms, and an evergrowing list of some of those future contributions are traced back to
materials that could be engineered for use in x-ray a comment, an idea, or a collaboration launched in
interference mirrors and splitters. Near normal 1981 in Monterey.
incidence x-ray mirrors were reported for the first In addition to our sponsoring institutions, we
time. Zone plate lenses and transmission gratings are pleased to acknowledge the assistance of Irene
were reported with smallest features approaching Freiberg, Vivian Bunda, ,laci Nissen, Michael Trulson
1000 ). The outlook for extending this capability to and the composition staff at LLNL who made the
smaller features appears promising. These advances organization of this conference, and its published
all permit the manipulation of x-rays with increasing proceedings a pleasure. We also appreciate the fine
efficiency and ease, moving towards the capabilities photographic work of RIT/LLNL graduate student, Gary
we now enjoy in the visible portion of the spectrum. Stone.
Advancements were also reported on the availability
of intense broadband sources of sub-kilovolt Auut 91David T. Attwood
radiation, as well as prospects for future, high Auut 91Livermore, California
spectral purity, XUV sources, which are being
actively pursued with coherent and quasi-coherent
upconvers ion techniques. Progress was also reported Burton L. Henke
on the quantitative understanding of conventional, Honolulu, Hawaii
and more sensitive, photoelectric detectors. Time
resolved detection in the picosecond regime was also
described. References:

As we began looking to the future in our last
session, we were quite fortunate to benefit first
from the historical perspective provided by Dr. Paul 1. Proceedings of the Conference on X-Ray
Kirkpatrick, Professor Emeritus of Physics at Astronomy, Smithsonian Astrophysical
Stanford University, and a significant contributor in Observatory, Cambridge, Mass., May 1960.
the early, formative years of x-ray optics. His Organized by A. Baez, edited by A. Berman.
lively presentation was greatly appreciated and
thoroughly enjoyed by all. He reviewed the evolution 2. N.J. Phillips and D. Porter, An Advance in the
of the field, citing historically impoftant works and Processing of Holograms, J. Phys. E. (London) 9,

insights, and the potential for growth provided by 631 ( 1976).
recent developments. Discussions of work within his
own group at Stanford, including warm recollections 3. N.J. Phillips, White Light Holography, Wireless
of collaborations with Albert Baez were particularly World (London) May, 1979.
participate, but unfortunately he had previously made 4. S. Kikuta, S. Aoki, S. Kosaki and K. Kohra,
a long term overseas commilttment that prevented him X-Ray Holography of Lensless Fourier-Transform
from attending. His best wishes were appreciated. Type, Optics Comm. 5, 86 (1972).



5. S. Aoki, Y. Ichihara and S. Kikuta, X-Ray
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Section I Sub-kilovolt Sources of X-ray Emission 1

Storage Rings as Sources of Soft X-Ray Emission

R. P. Madden and S. C. Ebner
SURF Laboratory. National Bureau of Standards

Washington, D.C. 20234

ABSTRACT

The properties of synchrotron radiation will be discussed and the outputs and charac-
teristics of the storage rings available in the U.S. will be intercompared. The use of
these sources for the radiometric calibration of plasma diagnostic instrumentation will be
discussed in same detail. *The Importance of the proper treatment of polarization, over-
lapping orders, and solid angle effects will be covered. The experience gained at NIS in
the calibration of plasma diagnostics instruments will be examined.

I. INTRODUCTION 2) Collimation - SR is radiated in a very
slender cone pointing in the direction of the

The availability of synchrotron radiation (SR) has velocity vector for the turning electron. The

allowed the performance of many experiments, heretofore half-angle of this cone, for 2the total power

difficult or impossible. The impact has been rewarding radiated, is equal to y (m c /E) for the rela-

on many fields, such as atomic, molecular, solid state tivistic electron. Thus, ?or example at 1 GeV 4
and surface physics, structure and scattering in materi- electron energy, this cone angle is only ^%5xl0

als science and biology to name a fey The currently radians. As the electron turns horizontally

operating SR sources in this country arei hoo through a bending magnet this narrow cone sweeps

logical order of their initiation: SURF, a 250 MeV horizontally resulting in a thin "sheet"' of

storage ring at the National Bureau of Standards in radiation with a uniform horizontal distribution.

Washington, D.C.; Tantulus, a 240 MeV storage ring at 3) Polarization - SR is highly plane-polarized

the University of Wisconsin in Stoughton, Wisconsin; with the E vector of the radiation in the plane of

SPAa 3.5 GeV storage ring at Stanford University in orbit. The degree of polarization depends on the

Calfonia ad CSR an8 eVstorage ring at Cornell electron energy, wavelength, and vertical viewing
Univrsit inIthaa, ew Yrk.angle. Figure 1 illustrates this angular depen-

Three new storage rings will be in operation in dence of the polarization for 240 MeV electrons at

1982. These are: Aladdin, a 1 GeV machine being built several wavelengths. A further important point is

at the University of Wisconsin in Stoughton, Wisconsin; that the perpendicular (to the orboital plane) and

and the NSLS facility at BNL on Long Island, New York parallel components are 90 degrees out of phase so

consisting of a 700 MeV and a 2.5 GeV storage ring, that in general the radiation is elliptical.

This expansion of facilities, including also increased 4) Source size - Typically the electron beam

capacity at SPEAR, means that many more users and many cross section in a storage ring turning magnet is

new uses of SR will develop in the next few years. elliptical in shape with gaussian distributions

The applications of SR of interest to the plasma with half-maximum widths of 1 - 3 mm horizontally
diagnosticians might be in several categories. First, and 0.Te1mma vrtficlly.heeecrnsi
these new capabilities mean that new data on the inter- 5 eprlpoie-Teeetosi
action of high energy photons with matter will be storage ring are bunched with a number of bunches

forthcoming, such as location of high-lying states of in the ring simultaneously, depending on what

*atoms and ions and studies of their photoionization harmonic of the the electron circulation frequency

continua. Also studies of the interactions of high- the rf cavity is operated. Each bunch passes an

energy photons with surfaces, such as the photoelectron observational tangent point in typically 0.2 - 1.0

* emission and photo-atom and photon-ion desorption. lisec. Large multi-bunch storage rings have been

Perhaps the most immediate and most important applica- run, by selective filling, in a mode where only a

tion of SR, however, is in the area of the test and single bunch is present - giving nearly one pisec

calibration of diagnostic spectrometer or photometer between radiation pulses for some experiments.

systems. In the remainder of this paper we will'focus 6) Spectral distribution - The spectral

on this application, distribution of SR depends on the electron energy
and the radius of curvature of the turning electron.

11. PROPERTIES OF SYNCHROTRON RADIATION The distribution for several storage rings in use
or under construction in the U.S. for typical or

Synchrotron radiation is a unique source with predicted operating conditions respectively, are

usual properties caused by the relativistic velocity of shown in Figure 2. Similarly, the spectral

*the electrons which generate it. The most important distribution for SURF, the storage ring at HIS, is

features are listed below: shown in Figure 3. The storage ring at Tantalus at

1) Continuum - SR is comprised of the harmonics the University of Wisconsin in Stoughton has a

of the fundamental orbital frequency of the turning spectral distribution similar to that at SURF.

electrons. These harmonics merge into a true
continuum in the VIP.V x-ray regions which extends
up to a cut-off photon energy dictated by the
electron energy and the radius of curvature of the
turning electron.

0094-243X/81/750001-05$1.50 1981 American Institute of Physics



2

III. WIGGLERS AND UNDULATORS The spectrum of the undulator is made up of the
fundamental wavelength of the periodic field and its

Wigglers are magnet systems installed in a straight harmonics shifted to higher frequencies by a relativ-
section of a storage ring to present a strong periodic istic factor. A successful undulator operated at SPEAR
magnetic field to the electron beam with the result early in 1981 realized a fundamental somewhat tunable
that the electrons "wiggle" their way through. At the around 1 keV and a number of higher harmonics. For
peaks of this oscillation the electrons are turning further discussion on Wigglers and Undulators, see
with a smaller radius than in the regular storage ring reference 2.
turning magnets with the result that the SR spectrum is
shifted toward higher frequencies. It is also possible
to view several of these maxima along a single line of
sight and in this direction the intensity is increased
by a factor of N, where N is the number of such maxima 1016 1
viewed. A wiggler has been in successful operation for
several years at Stanford's SPEAR ring, where its
increased performance has made it a very popular beam
line. The typical flux advantage for this wiggler line 'a 14C 10 ( e 0 Ais shown in Figure 4. 0

Undulators are undulatory magnetic field systems SPEAR
installed in storage ring straight sections similar to - (3.4 GV
wigglers. However, in undulators there are typically 30 mA)
many more oscillations, more closely spaced, and the E 1012 ALADDIN
amplitude of the electron beam displacement is much E (1 GeV 500 mA) BNL (2.5 GeV
less. t0 mA) -

The secret of the undulator is to meet the condi-
Ctions required so that the radiation from the N oscilla- 0

tions can be a~ded coherently producing an intensity B 1010
advantage of N' (in principle) over regular turning
magnet radiation when the undulator is viewed in a
small cone in the forward direction. 0.01 1.0 100 10000

_Energy (keV)

1.0 Fig. 2. Spectral distribution (photons/s-mrad of orbit
subtended -10% bandpass) of SR from several machines.
Conditions specified are typical for SPEAR and for
Cornell and predicted for BNL and Aladdin.

E =240 MeW
0.8 ]2 I I i I
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Fig. 1. Angular distributions of SR for the components Fig. 3. Spectral distributions (photons/s-mrad of
of polarization with the E vector perpendicular (I) orbit subtended-one A bandpass) of SR for several
and parallel (I1) to the orbital plane for 240 MeV operating conditions of the NBS-SURF storage ring.
electrOns. * is the angle the radiation makes to 250 MeV with 10-20 mA are typical.
the orbital plane measured in a plane perpendicular
to the orbit.
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IV. RADIONETRIC APPLICATIONS OF SYNCHROTRON RADIATION The vertical and horizontal translations provided

by this calibration facility not only facilitate the
SR can be used as a convenient source for the location of the instrument properly in the beam, but

radiometrie calibration of detectors or photometers, or also allow calibration of an instrumental system which
alternatively it can be utilized as an absolute source uses a large collecting optic in front of the spectro-
standard for the radlometric calibration of spectro- meter. In this case, the SR beam provided would illumi-
meter or photometer systems. The highest development nate only a small segment of the collecting optic, but
of either of these applications of SR has been on the the translations allow the mapping of the system
SURF storage ring as the National Bureau of Standards efficiency over the full aperture of the system.
in Washington, D.C. The gimbal systems provided facilitate the angular

The irradiance delivered from a SR source depends alignment of the spectrometer systems and further,
on the electron energy, the turning radius of the allow a mapping over the operational solid angle of the
electrons where viewed, the number of electrons viewed, instrument. Since the SR falling on the entrance slit
and the geometry of collection. The electron energy of a spectrometer (used without a collecting optic) has
can be determined to 0.1% by accurately measuring the a very large f/no, the system's response is measured
magnetic field. At SURF, which is unique among storage over only s very small angular aperture relative to
rings in that its orbit is truly circular, the radius that for which most systems are designed to collect
of turning is determined by the rf cavity frequency radiation. When the entrance slit of the spectrometer
since the electrons are traveling with a speed which is located at the intersection of the vertical and
closely approximates the velocity of light. SURF also
has a smaller electron beam cross section than other
storage rings which means that smearing of the angular c4

distribution of the radiation is minimized. These c" ... . ...

facts imply that the radiation from SURF can be accu- 6 B 4" .
rately calculated if the number of electrons circulating 21.5 0.5 2.-

(the current) can be accurately determined. 2., 2 7 7.LO 73 tO.0
Recent developments in the precise counting of ,. GeV 11 4. 4 ,

circulating electrons in the SURF storage ring now s - . ,

allow the counting of up to several thousand electrons - 0\ \
in the ring. This is accomplished by actually counting E \\
the steps in the output radiation by the electrons in - u' \  

\ \
the ring as thly are gradually scattered out of the 0 "
electron beam. By this method, a highly linear silion - SSRL W91er \k
diode detector is calibrated in the range of 10 to 10 6 oi 1 KG

circulating electrons and then ttis de~ector is used to - SPEAR Be.d Maogn k

measure currents ranging from 10 - 10 circulating --0

electrons. The overall uncertainty of predicting the 0., 1 10 ,00 00
irradiance delivered by the SURF facility is currently PHOTON E ERGY (keY)
around 3% and this uncertainty may be reduced further
in the near future. Fig. 4. Spectral distributions comparing the spectrum

produced by the SSRL Wiggler with the SR spectrum
Detector Calibrations produced by the normal SPEAR bending magnet for several

operating conditions, c us a critical energy (or
Broad-band and narrow-band detectors have been frequency) in the theory of SR above which the spectrum

calibrated at SURF using a monochromat r and an absolute drops rapidly. A rule of thumb is that a storage ring
detector for A-B type intercomparison. In addition, is useful up to about a frequency of four times c
NBS has developed transfer standard diodes which are c

available fgr7use in other laboratories as radiometric
references. These are windowed evacuated diodes for
the region above 115 m and a windowless diode for the
region 5-115 me. Curves show'ing the quantum efficiency
of these detectors are shown in Figure 5.

Spectrometer Calibrations
SraMFM

For the calibration of spectrometer systems, a 0K
well-characterized beam line has been developed at SURF
which allows the calculation of the irradiance from the .20 -
storage ring which falls on a 13 To x 13 me square
aperture located either 11.5 or 17 m from the tangent [
point source. Here, spectrometers or photometers can
be located to receive an absolute system calibration 3
over a spectral range of 5-400 mm. In either position,
instrument mounting platforms are provided which can be A 0M
translated in the vertical and horizontal directions
normal to the incident radiation. The platforms are
also mounted in a gimbal which allows rotation of the
instrument about vertical and horizontal axes normal to W0
the incident radiation. The difference between the two
platforms is that the 17 a one is located in a large
vacuum chamber which was constructed with the require- or ,
ments of satellite and rocket instruments particularly $ IS U IS 36 2K
in mind. Either of these two calibration platforms A 4n
will be made available for the radiometric calibration
of diagnostic instrumentation, depending on the nature Fig. 5. Spectral distribution of the efficiency of the
of that instrumentation. transfer standard photodiodes available from BISS for

the far UV. Below 115 m the diodes are windowless.



horizontal axes of rotation, the angular scans of those instrument package the gimbal allows ±3
° 

of pitch and
rotati ns then allow a mapping of the instrument response yaw motion with a resolution of 1.3 seconds. This
over the full solid angle of acceptance of the spectro- allows a mapping of the efficiency over the solid angle
meter. of an f/10 spectrometer.

Since SR is highly polarized it is also required All of the motions of translation and rotation are
that the instrument be calibrated in two angular orienta- computer controlled, and the parameters x,y,6, and
tions (i.e., slit vertical and slit horizontal). The the electron beam current can be read out or fed into
average of the response in these two orientations the customer's computer during a calibration.
should be the response to unpolarized radiation. An Typical irradiance levels falling on an instrtuent
advantage to this additional complication is that the located inside2 the calibration chaer are 2.4 x 102
response of the instrument to polarized radiation is photons/s-A-u. at 120 nm or 8 x 10 photons/s-A-mm
then known, at 10 nm. Flux levels at the 11.5 m calibration

Since SR is a continuum source, overlapping orders platform are higher by a factor of about 2.2.
are often a problem which must be dealt with. At SURF, Both the 11.5 m and the 17 m spectrometer calibra-
we have been able to unfold the first and second order tion platforms have been used for instrument calibrations,
contributions by performing the calibration at two including rocket and satellite packages and plasma
different electron energies, e.g., 250 MeV and 140 MeV. diagnostic instruments. All of these calibrations to
At these two energies, the spectral distributions have date have been quite successful and in cases where
very different shapes, allowing two equations with two other calibration data was available, the intercom-
unknowns to be solved for the first and second order parisons have been excellent.
instrumental response.

Description of LargeSpectrometer Calibration Chamber

Figure 6 shows a diagram of the spectrometer AJ I
calibration beam line (BL 2) at the NBS-SURF facility,
showing the location of the spectrometer calibration
platform at 17 m. Not shown is the calibration platform
at the 11.5 m distance. Also indicated is a device
called the Orbital Plane Locator (OPL) which allows the
beam line and final aperture to be accurately located
on the orbital plane. In addition, a laser alignment
system using retractable mirrors provides a laser beam
simulation of the SR beam for alignment purposes.

The second platform, as mentioned above, is located
inside a large vacuum tank at the end of the calibration
beam line. The dimensions of this tank are 1.2 .,, x
1.2 m x 2.5 m long. Figure 7 is a photograph of the
vacuum t nk. It is all stainless steel, cryopumped
(1 x 10 Torr), and completely compatible with the
SURF requirement that hydrocarbon contamination be kept
to a very low level. The chamber is connected to the
beam line through a 40 cm i.d. compound bellows which
allows the vacuum tank to be moved vertically and Fig. 7. Photograph of the spectrometer calibration
horizontally through an excursion of 40 cm. The vertical chamber at NBS-SURF. Note compound bellows allowing
motion is accomplished by operating four large screw vertical and horizontal motion of the chamber and
jacks in synchronization. the large screw jacks which provide the vertical

Inside the vacuum tank is the gimbal system con- displacement.
taining the spectrometer mounting platform. Figure 8
is a photograph of the gimbal. The clear dimensions
for mounting a spectrograph within the gimbal are 76 cm
vertical and 76 cm horizontal. With a maximum-sized

CA-

Fig. 8. Photograph of the two axis gimbal which holds
Fig. 6. A diagram of the beamline at NBS-SURF which the test spectrometer in position. The gimbal rolls
is devoted to spectrometer calibration. The large into the vacuum chamber shown at right and allows
vacuum tank at 17 m from the orbital tangent point a vertical and horizontal axis of rotation
is indicated as the optical calibration chamber, normal to the incident radiation.
The spectrometer mounting platform at 11.5 m, not
indicated, is just to the right of the Orbital
Plane Locator.

I ! Jill t |
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X-RAY EMISSION FROM LASER FUSION TARGETS*

V.W. Slivinsky

University of California, Lawrence Livermore National Laboratory
P.O. Box 5508, Livermore, CA 94550

This paper is a brief summary of x-ray -
measurements from disks irradiated by high power, '.

1.06 Ai laser at the Ldwrence Livermore National
Laboratory. Most of this work was done at the Argus
ano Sniva laser facilities using instruments , ...
described in this text. -. .

A typical x-ray spectrum from a laser irradiated
disk is snown in figure 1. Te target was high Z r: j )

material on a 2 in thick LH suostrate. We found
that high Z targets maximizes tne x-ray yield. Note
that tnere is structure in tne u0 ev region of the
spectrum, probably due to Au N line emission. At
higner proton energies the spectrum decreases rapidly
with most of the x-ray energy below 1 keV.

Tre total x-ray energy emitted in the subkeV Figure 3. The Dante 10 channel x-ray spectrometer.
region is shown in figure 2. Using IU KJ incident The front five filter-detector channels measure the
laser energy, about 1/3 is absorbed by the disk, and nigher energy portion of the spectrum, and the back

five filter-reflector-detector channels measure the
lower energy portion of the spectrum.

102 -7 T

Shot38092620
0 Laser475J, lO5Opsec

0 0 3 X 104 W/Cm 2  about 1/3 of the absorbed energy is emitted by the
0 hot plasma as x-rays. At higher laser intensities0 the absorption improves but the conversion to soft

01 0 x-rays does cnange very much. Sparse measurements1

of the angular distribution show that the x rays are

0 peakeo normal to the disk.
Measurements are now being made at the Argus

laser facility using frequency doub ea, and tripled
0 1.06 in light. Preliminary resultsi show that at

these shorter wavelengths both absorption and
conversion to x rays are increased.

100 The major instrument used to measure the iubkeV
x rays at LLNL has been the Dante spectrometer 44
shown in figure 3. Five channels are composed of
filtered x ray diodes, and five channels incorporate
small angle reflectors to define the energy limits of
the bite of the spectrum. X-ray streak camera
spectrometers also play a key role in our soft x-ray

1-II I I I I I measurements. These instruments are described by
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 Roder Kauffman in a following paper.

Energy, keV An innovative oesign for one filter-detector
combination uses a compound filter. The

Figure 1. X-ray spe rum from a 0.2 pm Au disk uniqueness of this channel uesign is that instead of
irradiated at 3 x IN W/cm2 . The structure at taking a narrow bite out the spectrum it has a
600 eV is probably due to Au lines. Most of the relatively flat response over a wioe range of
x-ray energy resides in the subkeV energy region. energies from .1 keV to 1.5 keg. Figure 4 shows

conceptually the role of each element in this
scheme. The flat response means that the signal
output of the detector is proportional to the

1015 /cm2 incident x-ray enpergy regardless of the spectral
shape. An absolutely calibrated channel of this kind

Soft x-rays is particularly useful for measuring x-ray energy if
spectral information is not necessary.

Proceding now to higher x-ray energies, a
composite spectrum extending from 5 keV to 350 keV
for a Ta disk is shown in tigure 5. It can be seen
that a much smaller fraction of the absorbed laser
energy ends up in high energy x-rays (approximately
10-4) than in thermal x rays. The spectrum

Au disk decreases four orders of magnitude over this energy
range.

1 I This Ta spectrum incorporates points from all ot
3 3 the channels in our filter-fluorescer spectrometer.

The spectrometer is shown in figure b. Design
Figure 2. Conversion efficiency from incident laser information is given in reference b. The fluorescer
energy to soft x rays. technique was recently extenoed all the way out to

* Work performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under Contract No. W-740b-ENG-48.

0094-243X/81/750006-021. 50 Copyright 1981 American Institute of Physics
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Low Energy X-Ray Emission from Magnetic Fusion Plasmas*

K.W. Hill, N. Bitter, D. Eamee, S. von Goeler, N.R. Sauthoff, and B. Silver

Princeton University, Plasma Physics Laboratory, Princeton, New Jersey 08544

ABSTRACT

Complex, transient, spatially inhomogeneous tokamak plasmas require careful
diagnosis. As the reactor regime is approached, soft x rays become more important as a
versatile diagnostic tool and an energy-loss mechanism. Continuum emission provides a
measure of electron temperature and light impurity content. Impurity lines serve as a
probe for ion and electron temperature, impurity behavior, and radiative cooling. The
entire spectrum yields vital information on instabilities and disruptions. The importance
of impurities is illustrated by the extensive efforts toward understanding impurity
production, effects, and control. Minute heavy impurity concentrations can
prevent reactor ignition. Si(Li) - detector arrays give a broad overview of continuum and
line x-ray emission (.3 -50 keV) with moderate energy (200 eV) and time (50 ms)
resolution. Bragg crystal and grating spectrometers provide detailed information on
impurity lines with moderate to excellent (B/AB = 100 - 23,000) resolving power and I - 50
me time resolution. Imaging detector arrays measure rapid (- 10 "a) fluctuations due to
MWD instabilities and probe impurity behavior and radiative cooling. Future tokamaks
require more diagnostic channels to avoid spatial scanning, higher throughput for fast,
single-shot diagnosisi increased spectral information per sample period via fast scanning
or use of multi-element detectors with dispersive elements; and radiation shielding and
hardening of detectors.

I. INTRODUCTION

Controlled fusion offers the hope of an paper, the bulk of the work reported involves tokamaks.
essentially unlimited supply of energy with fuel This paper focuses on describing magnetic fusion
available to all nations (1]. Diagnostics energy (NFE) x-ray diagnostics to scientists who may
instrumentation plays an important role in controlled- not be involved in or have intimate knowledge of MFE.
fusion research 12-5]. It serves as the "eyes" and Review information on basic principles of M1FE are
"ears" of the experimental physicist, enabling him to presented without going into detail. The tokamak is
monitor his progress in the quest for attaining optimal used as an example although some x-ray diagnostic work
conditions for fusion. The transient plasma of most of from other NFE devices is presented. An effort is made
todays fusion-research devices and the large number and to illustrate what the diagnostic needs and problem
complexity of important interacting physical processes areas are so that researchers in other fields can
demand measurement of several physical parameters with understand how they might contribute to the diagnostic
good temporal and spatial resolution. As plasma effort. In Section II we review the basic principles
temperatures become higher, the electromagnetic of the tokamak. Section III emphasizes the importance
spectrum emitted by the plasma shifts toward shorter of impurities. This importance is supported by (a) the

Avelengths, and x rays become more important both as a extensive work done toward studying impurities, their
source of radiative power loss and as a means of making effects, and their control, and (b) a summary of some
diagnostic measurements (6]. Several types of specific impurity effects. In Section IV the
instruments have been developed over the years to probe mechanisms for x-ray production in plasmas and
fusion plasmas by measuring various properties of the properties of this emission are reviewed. Section V
x-ray emission [3-30]. A necessary part of these describes the major x-ray diagnostic instruments used
developments has been the contribution of expertise by on tokamaks. The purpose, principle of operation, and
scientists in many areas, such as solid state, nuclear, characteristics of each instrument are summarized.
and atomic physics, astrophysics, crystallography, Examples of data are presented and discussed briefly.
'electronics, etc. These instrments permit measurement Section VI describes some problems with present x-ray
of a variety of important plasma parameters. These diagnostics, some improvements planned for the Tokamak
include electron (8,37,45] and ion [22] temperature, Fusion Test Reactor (TFTR) at Princeton Plasma Physics
density [31], plasma equilibrium and stability [23,24], Laboratory (PPPL), and further development that would
plasma position, and plasma rotation (6 1. Other benefit the fusion program.
parameters inferred from x rays relate to impurities
and include radiative energy loss (10,32-35], II. THE TOKAMAK
concentration (6,8,10] and motion (361, charge-state
distribution (21,37], wavelengths of emission lines At Princeton two tokamaks, the Princeton Large
[38-42], and stomic physics parameters such as cross Torus (PLT) and Poloidal Divertor Experiment (PDX) are
sections for excitation, ionization, and recombination operating presently. A third larger machine, the
(43,44,46,47 1 This paper is a review of x-ray Tokamak Fusion Test Reactor (TFTR) (56], will begin
diagnostic techniques and apparatus, used in magnetic operation in 1982. The major goal of TFTR is to
confinement fusion experiments, involving measurement achieve "breakevsn" (fusion power out - heating power
of x-ray emission in both the low energy or ultrasoft In) in deuterium-beam-heated tritium plasma (DT
x-ray (USX) region (0.1 to I keV) and the soft x-ray operation). Several other tokamake are in operation at
region (SX) (1 - 10 keY). This extended range is other laboratories in the United States and other
addressed because some instruments operate In both countries. These include the Alcator tokamaks at KIT,
regions and others are applicable to both ranges but 18-2 (Impurity Studies Experimant) at Oak Ridge,
have historically operated in the 9X region due to the Doublet III at General Atomic, DITS at Culham, U.K.,
greater oomplexity required for USX operation. The low TIR at Ponteney aux Roses, France, and others in Italy,
energy or UIR range, however, is particularly important Germany, Japan, the U.S.S.R., etc.
because the emission in this region is often a The tokamak has been reviewed in several papers
significant fraction of the energy lons in tokamaks (1,48-55]. A brief description follows. The basic
(10,32-35). Although various types of magnetic components are shown schematically in Fig. 1. A
confinement devices exist and sa are addressed In the hydrogen-isotope plasma characterized by major radius R

0094-243X/81/750008-17$1.50 Copyright 1981 American Institute of Physics
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(130 cm for PLT, 265 cm for TFTR) and minor radius r-a goals are several poer-loss mechanism and other
(40 CM for PLT, 85 CM for TFMR) is created and heated processes which tend to cool and destabilize the pleema
in a toroidal vacuum vessel. A strong, static magnetic and prevent attainment of high temperature, high
field BT (1 - 10 T, depending on the type of tokamak density, and good confinement [51,58]. Power-loss
and the regime of operation b.' 'g studied) is mechanisms include radiation, ionization, charge-
superposed throughout the vacuum vessel by external exchange losses (a hot ion is neutralized by capturing
toroidal field (TF) coils. The basic purpose of T is an electron from a cold neutral atom, and is no longer
to confine the plasma ions and electrons by confined), conduction, and convection. Because of the
constraining them to move in helical orbits about the large thermal and density gradients possible and the
field lines. A transient toroidal current Ip is then profound effect gradients can have on cross field
induced in the conducting plasma by transformer action. transport of energy and particles, spatially resolved

measurements, of T, n, I , impurity concentration and
all other quantities A interest are of great
importance.

STAINLESS STEEL LA5~FL i .0
VI0UUM CHAM(R MGTIC FIELD LINE
TORIA FIELD COLST
PLASMA TR&SS~mM *5541

,ORIDL VAME 0.9- TEMP
FIELD O

t

AP'LIES EQIAILA 0.8
TRANSFORMER FLUX FIELD

4,*- -AT'.I

IDEOIUM FIELD 0.7

mOA OLIAs FIELD 0 6 DENS f i
PLASMA CURRENT I. '

. 0.5

0.4 -

Fig. 1 Schematic illustrating principles of tokamak 0. r
0.2mson mSctrn

operation. (PPPL-753361) 0 Thomson S0mec

This current usually has a quasi-steady "flat top" 0.1
value of several hundred kiloamperes for a period of ()
several hundred milliseconds. A time-varying vertical 0 T, I I I I iI I
magnetic field induced by ohmic heating (OH) windings -40 -30 -20 -10 0 10 20 30 40
around the toroidal direction generates the toroidal
current, which heats the plasma via resistive or RADIUS/cm
"ohmic" heating to a high temperature. In addition, Fig. 2 Sample electron temperature and density profile
the current produces a poloidal magnetic field (PF) from PLT measured by Thomson scattering. (PPPL-809052)
around the smaller cross section of the torus. The net
effect of the TF and PF is a helical magnetic field as
illustrate1. This field is characterized not only by Because temperatures achievable by ohmic heating
the net field strength, but also its rotational are limited to 3-4 keV, [51] several auxiliary heating
transform x. This transform is the poloidal angle a schemes are in use. Injection of intense beams (up to
field line traverses during one toroidal circuit around 3 MW of power) of 40-keV neutral deuterium (DW) atoms
the tokamak. It is this helical or torsional property into the PIT tokamak [32,59,60] has raised the ion
of the field lines which gives the tokamak its temperature from I to 7 keV. Recently, the ion
equilibrium and stability characteristics. A parameter temperature in PDX was increased from I to 5.8 keY by 7
more commonly used than x is the "safety factor" MW of neutral- beam power. Neutral-beam injection
q = 21t/i, which depends on r, BT , Ii,, and najor radius experiments have been done on other tokamaks (61-63].
R. The value of q varies with minor radiuj r, and has Heating by absorption of radio-frequency (RF)
a strong bearing on the stability properties of the electromagnetic radiation at several resonance
plasma. frequencies characteristic of the plasma (like a

The plasma Is characterized basically by the microwave oven) has been successfully tested 132,64].
temperature of the electrons (Te) and ions (Ti), Adiabatic compression is another successful auxiliary
typically one to several keV, and fectro density ne heating technique.
(typical peak value 1-10 x 10 cm ). These
parameters typically have large values near the center 1. IMPURITIES
of the minor cross section, and decrease to small
values near the limiter (a metal aperture which defines In addition to the working gas, traces of impurity
the plawsa diameter) as illustrated in Fig. 2. Also ions inevitably enter the plasma. These include oxygen
important are the particle and energy confinement times and carbon in the 1-10% range (relative to n.) and
for ions, I and cri, and electrons, 'e and c,,. The smallerquantities(< I%) of wall and limiter materials
basic goal of the tokamak is to heat the plasma so that (Fe, Cr, Ni, Ti, and No) (651. Tungsten (W) was also
the colliding ions can overcome the repulsive Coulomb used for limiters in earlier times. These Impurities
barrier (to permit fusion), and to provide sufficient can have profound effects, some deleterious and some
density and confinement for a sustained burn, i.e., beneficial, on the plasma. The Importance of these
heat input from fusion reaction products > power losses effects is indicated by the extensive experimental [64-
from plasma. The temperature required for the easiest 100] and theoretical (101-11e1 efforts by many groupe
fusion reaction to attain, that of deuterium and and individuals toward understanding impurity transport
tritium, is about 10 key or 10

8 
degrees K (1 eV - and impurity effects on the plasma, impurity production

11,600 K). The required density n and oonfineen It_ mechanism, and toward developing schemes for reducing
v are specified by the Lawson criterion, nT - 10 cm impurity influx and removing impurities from the
sec (57]. Working contrary to achievement of these plasma. Recipes for removal of adsorbed oxygen and
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carbon from the vacuum-vessel wall [119] are used for the periphery of a reactor by low Z impurities can be
all tokamaks. Titanium is evaporated onto walls to beneficial; low edge temperatures tend to reduce the
cover up adsorbed oxygen [58]. Special low Z limiters influx of higher Z wall impurities, presumably by
have replaced high Z materials to avoid the deleterious reducing sputtering [32]. The low Z impurities are
effects of high Z impurities in the plasma [58]. relatively benign in the center, as far as energy loss
Impurity studies and control has been a major emphasis is concerned, since fully stripped ions produce no line
in the PLT research program (58,60]. The PDX radiation. High Z impurities in the center can radiate
experiment was constructed to study, among other profusely because they have several bound electrons
effects, removal of impurities by a magnetic divertor which can be excited [10,33,34,62,80]. Several people
(50]. The ISX-A tokamak was constructed to do impurity have been involved in calculations of radiation power
studies and, in particular, to test a concept for from plasmas (87,106-108,110].
preventing impurities from flowing to the center of the
plasma 199,101]. Theoretical models of impurity 24
transport are used to help interpret experimental data 10 -

[62,102,105,111]. Calculations of radiative power lose
have been done for many impurity ions. These results
indicate that a W density of .01% of ne can prevent
ignition of DT plasma in a tokamak reactor [107].
Because of the importance of impurity effects and
because a major emphasis of x-ray diagnostics is
measurement of impurity radiation and behavior, we give i0

- 25 W(Z=74)
have a brief review of this subject.

As an impurity atom enters a tokamak plasma it is
ionized by electron impact to successively higher
charge states until a balance is reached between
ionization and recombination (6,112,113], assuming
steady-state conditions. Under these equilibrium E 0 (Z 4

conditions a distribution of charge states exists (Fig.
3). This distribution can be altered by motion of ions 10
from hot to cooler regions, or vice-versa, in
tokamaks. The most probable charge state typically has CL
an ionization potential approximately 1-2 times T e  Si(Q14)
The distribution is usually narrow, with 4 or 5
ionization stages existing at any particular Ti(Z22)

temperature. Thus, in a tokamak, whose temperature
varies significantly with radius [Fig. 2), the io-
distribution progresses continuously from low degrees
of ionization at the periphery to higher stages at the
center. A given charge state tends to cluster in a
shell of several centimeters radius. Low Z impurities :8)

such as C and 0 tend to be fully stripped at the
center, whereas high Z ions are only partially
stripped. 10201

0.1 1 10 100
Te (keV)

Fig. 4 Comparison of the radiative power loss for a
variety of impurities. (PPPL-772499)

3+/4+ ' , ARGON ,/16+ " " '18+ Also, impurities increase the plasma resistivity
* 5+/ \8+ 16'

'8+ \ 1, i and can change the plasma-current radial distribution,9 O+ + 12+ thereby affecting stability [109,120]. Low Z

-," impurities are usually the worst offenders here since
!7,,6+ 13 + 1 /high Z impurities are typically not present in

7+ . ~ / sufficient quantities to affect the plasma resistivity
Ssignificantly. As impuritiy content increases the

It I range of stable operating conditions diminishesy the
+ I onset of degraded confinement and disruptive

. .I instabilities occurs at lower density and plasma

10 101 10' 104 current [120].

Te (eV) A third harmful effect of impurities is dilution
of the reacting fuel ions. The overall effect of
impurities is often described in terms of their
contribution to the effective charge

2niZi

Fig. 3 Fractional abundance of several charge states Zff - E , (1)
of Ar vs. electron temperature for coronal i e
equilibrium. (PPPL-783804)

where the summation is over charge states Zi of all
ions of density ni. For a burning plasma the reaction

These impurities affect the plasma in several rate of fusion power for fixed ne and Ti is reduced by
ways. They cool the plasma by causing power to be a factor
radiated away via bremastrahlung, radiative
recombination, and line emission (Fig. 4) (6,52,107]. z - 2
This cooling can be deleterious in the plasma center, f (ZI  (2)
which we are trying to heat. Or radiation cooling of 1 I
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for a single impurity of charge Z., relative to an (3) The enhancement factor yi is typically ( 10 for

impurity-frm plasma. For a 3% fully stripped C clean diachargea (8, 15] but under so circum-

contamination, we get Zeff , 2 and f - .64 which stances can be as large aa - 1000 (15,36]. This
corresponds to a 50% increase in the cost of factor depends strongly on the ionization stage
electricity (1201. of an impurity ion [6]. Thus for a quantitative

Impurities can also reduce the penetration of evaluation of the continuum, the ion densities
neutral beams used for auxili iry heating due to the and charge-state distributi, 's must be known.
large cross section for electron capture by highly
stripped impurities from deuterium.

IV. X-RAY VIISSION CHARACTERISTICS

The x-ray emission spectrum from tokamaks consists POX PHA X-RAY SPECTRA
of a continuum with characteristic peaks II I ,", - -
superimposed. The continuum has two components C1 K Ti Cr Mn
resulting from electron-ion collisions.

(1) free-free (ff) breastrahlung on hydrogen 2
isotopes and impurity ions, and 102

(2) free-bound (fb) recombination of electrons with
impurity ions.

The dependence of the continuum intensity on atomic and
plasms parameters has been treated in detail (6,8]. 100

For our purposes it is sufficient to note that the

bremastrahlung emission is 4 , _ _ , , , _ _ , , , !

n 2 exp(-k/T) (3)
ff i

where AW is the radiated power per C"13 
into the photon V)

energy interval Ak, ne and ni the electron and ion
density, Ziff the ion charge relevant for free-free
transitions ( -nuclear charge), k the photon energy,
and To the electron temperature. For recombination c 0

0

radiation in the energy range above the ionization Rz 12

potential of the recombining ion, we can write 04

['lt 10, ,

because fb and ff radiation have the same spectral 10 2

shape. The parameter yi is the enhancement of the 0

continuum radiation over bremastrahlung due to the
recombination radiation. The dependence of the line
radiation spectrum on impurity content, atomic physics,
and plasms parameters has also been treated in detail 00 R 6
for some impurities [118,121].

Examples of typical x-ray emission spectra from 10 I

the PDX tokamak and the EBT device at Oak Ridge x-R4Y TEMPERATURE PROFILE

National Laboratory, respectively, are shown in Figs. 5 15 L * 60-120,.s
and 6. Absolute measurements of some impurity line 240-300

'e 0 480-50intensities in the USX region have been given [92]. kT)900-960

The volume emissivity of photons varies strongly with 102 05
energy and impurity goncetration. Typical values may - 0
range from near 1019 a ec

- for the Ni M 118A 0 0 20 30 40

line (92] to 10 cm3sec keV -
3 and 109 cm-3 sec

-1  RADIUS (c.)

keV - for the continuum at I and 10 kev, respectively,
for a plasma with T =1 keV and n 5 x 101'cm

"
. 0 -.a 10-a

We see that line nd continuum intensities can vary by R- 24

many orders of magnitude over the spectral range of
interest. Thus x-ray diagnostics must cover a wide 2 4 6 8 I0
dynamic range. Ns make three general observations: PHOTON ENERGY (keV)

(1) The continuum spectrum has an exponential
dependence on photon energy. The slope on a
semilogarithmic plot is -1/Te. Using this we can
measure To from the continuum spectrum. Fig. 5 PHA x-ray spectra from four chords of POX at

r - 0, 12, 16, and 24 cm. Temperature profiles at
(2) The intensity of the continuum deqends on the several times, deduced from x-ray continua, are shown

relevant ion charge Zi  as niZi. Thus a in inset. (PPPL-793687)

relatively small ion fraction nI can prod Yce a
relatively large contribution since Zi  is
typically large.
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on many present day tokamaks (6,13,15,17, 18, 30, 123,1

O4Les O4Z7)Z fEo and other fusion experiments [122]. It provides a
broad overview of the x-ray emission and yields
temporally and spatially resolved measuremnts of T
from the slope of the continuum, high and low B
impurity concentration ( from respectively, impurity
line intensities and enhancement of the continuum over
bremsstrahlung via recombination), and information on
non-Maxwellian features of the electron-velocity
distribution [6]. Sample PHiA spectra have been shown

0 102 in Fig. 5. The x-ray energy range at PPPL has
historically been limited to 1-30 keV because of

. beryllium vacuum windows and thin lithium-drifted
00 W silicon or Si(Li) detectors. Recently, however, the

PhA on PDX has been extended to the sub-kilovolt region
by implementation of a windowless SiLi) detector.

0O
O  

EBT-S 50kW28 GHZ) 6.0x40
6 

fort 7.25 kG This type of detector has already been in use at other
laboratories t1221. Figure 7 (located after
references) illustrates the principle of the PiA (6).

40" The PHiA may consist of one pivotable tube (for spatial
0 g00 4600 2400 3200 4000 4800 5600 6400 scanning) or several tubes to view several regions of

ENERGY (.VI the plasma simultaneously. In each tube a set of
collimators directs the x rays to one or more Si(Li)

Fig. 6 X-ray spectrum from the EST device measured by detectors. Multi-detectors are used to improve the
an array of Si(Li) detectors. (Ref. 122). time resolution and statistics by increasing the net

count rate of the system. The main technical
V. X-RAY DIAGNOSTIC INSTRUMENTS limitation here is pulse pile-up at high rates [6,14]

(two pulses arriving simultaneously at the detector are
There are several types of x-ray diagnostics used additive and register as one pulse at higher energy).

for tokamak research. Each has its own purpose based The effects of pulse pile-up are exacerbated by the
on its characteristics. These include: (1) energy exponentially decreasing continuum spectrum. A few
range, (2) energy resolution, (3) time resolution, and piled-up low energy pulses, due to high intensity, can
(4) spatial resolution, cause a relatively large distortion of the spectrum at

In the following sections some of these higher energy where the count rate is much lower. The
instruments will be decribed. Their principles, PHA minimizes this problem by constraining, by means of
geometry, mode of operation, characteristics, and absorber foils and apertures, each of several detectors
examples of data with some interpretation will be to focus on a portion of the total spectrum. The low-
presented. The grazing incidence diffraction-grating energy detector has a thin foil to pass low energy
spectrometer, traditionally considered a vacuum- radiation and a small aperture to reduce the count rate
ultraviolet (VUV) instrument, will be included since to an acceptable range. Higher energy channels have
important work in the low energy x-ray region has been successively thicker foils and larger apertures to
done using this instrument, equalize count rate. From the partial spectra from

Briefly the instruments to be described and their each detector the computer synthesizes a single total
basic characteristics are as follows: spectrum by:

(a) correcting each spectrum for its absorber and
(1) Pulse Height Analyzer (PHA) - wide spectral aperture size,

range, moderate time and energy resolution, and (b) discarding the higher energy portions which may
moderate spatial resolution, be susceptible to pile-up distortion, and

(c) overlaying the separate spectra (mathematically)
(2) X-ray Crystal Spectrometer (XCS) - Narrow on a common scale.

spectral range, very good energy resolution, and Four composite spectra measured from four
moderate time and spatial resolution. different chords of the POX tokamak are displayed in

Fig 5. The energy resolution of the PHA must be - 200
(3) X-ray Imaging System (XIS) - broad spectral eV FWHM at 6 keV to permit separation of liz impurity

range, crude energy resolution, very good time peaks from Fe, Cr, and Ni. These peaks are shifted
resolution, and good spatial resolution, toward higher energy, relative to the Kal 2 peaks, and

broadened because of the distribution 'of emitting
(4) Rotating Crystal Spectrometer (RCS) - moderate charge states (21]. Good energy resolution is also

spectral range, good energy resolution, moderate Important to permit separation of peaks from the
to good time resolution, and moderate spatial continuum so that undistorted regions of the continuum
resolution. are available for T. determination. To obtain time

resolution, sixteen or more spectra are taken during a
(5) Grazing Incidence Spectrometer and Konochromator single 1-second discharge. This time resolution is

(GISMO) - broad spectral range, good time limited at present to about 50 me by (a) the need for
resolution, good to very good energy resolution, reasonable statistics in *a spectrum, (b) count-rate
and good spatial resolution, limitations of the detectors at the required energy

resolution, and (c) the maximum number of detectors
(6) Other Instruments with various characteristics, which can reasonably be used in one PHA tube. The PHiA

on PLT has four detectors [6,9], PDX has three
The diagnostic names, acronyms, and instrument detectors per tube for each of five tubes (30], and the

decriptions to follow are characteristic of instruments TFTR PRA will have eight tubes each with six detectors
used at PPPL in the x-ray group and V, visible [125]. Any improvement in the time resolution such as
spectroscopy group. Similar types of diagnostics, by improvement of pulse-pileup rejection, development
however, are used at many other laboratories, of higher transconductance FET'e [126] , etc., would be

welcomed.
A. PULSE HEIGHT ANALYZER Figure 6 is a nice spectrum from the 5-detector

Si(Li) array on EBT showing a prominent Al Ka peak
The Pulse-Height Analyzer (PtKA) x-ray diagnostic 1122]. The continuum slope indicates a Te value of 850

is a very useful and versatile instrument. It is used eV.
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Fig. 7 Schematic of the multidetector PHA system installed on PLT. (PPPL-773872)
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B. THE X-RAY CRYSTAL SPECTRO ET4ER lattice planes, 0 - Bragg angle) and focussed to

corresponding points on the Rowland circle of radius
Crystal spectrometers have been used for detailed R. The range of wavelengths or energies which can be

investigations of impurity line radiation in both the covered during a single integration period is
soft x-ray region {SX) and the ultra-soft x-ray (USX) determined by the crystal angular dispersion, the
region. Wavelength scanning (point by point) flat detector length 1, and the crystal-to-detector distance

crystal spectrometers and curved crystal multiwave- R sine,
length polychrometers will be be treated in this
section. A newly developed dynamically rotating flat As ---- coto (5)
crystal spectrometer will be described in a separate E Rsin6

section.
Shot-to-shot scanning of x-ray spectra using flat The energy resolution is determined by the position

crystal spectrometers has been used both on 6-pinches resolution of the detector, the distance from crystal
for measurement of impurities (127] and for to detector, and the crystal rocking-curve width.
investigation of temperature diagnostics by measurement The XCS was first used on PLT to study the charge-
of dielectronic-recombination line intensities (451, state distribution of Fe XVIII - Fe XXV ions (21). A
and on tokamaks for separation of Ka radiation from knowledge of this distribution is important for (a)
different charge states of Fe (128], for investigation absolute measurement of Fe concentration from the Fe
of oxygen K and Fe L spectra in the region .5-1 keV peak of the PKA spectrum (since excitation rate varies
(6], and for measurement of No and Cl mission [82]. with charge state), (b) realistic studies of transport
Curved crystal spectrometers which are much superior to of Fe ions, and (c) verification of theoretical
the scanning flat crystal instruments have been excitation and recombination rates. As the central
recently developed. These have much higher intensity electron temperature T (0) increases the iron is
and are equipped with a position sensitive detector ionized to a higher charge state and the spectrum
which allows simultaneous measurement of an entire shifts to higher energies (Fig. 9).
spectrum, avoiding the problems associated with shot-
to-shot reproducibility (21]. While these instruments 80
have so far been used only in the SX region, the
principle is capable of extension to the USX region, Fe Ka Te (0)
although complications exist. These include: (1) II
operation in vacuum, (2) use of thin window or
windowless detectors, and (3) more severe limitations 650-800eV
on resolution because of the relatively broad 40 E50-00e
(E/AZ Z2000) crystal rocking curves.

The multiwavelenth Johann curved crystal
spectrometer, recently dubbed X-Ray Crystal
Spectrometer (XCS), was first used on tokamaks (PLT)
with film recording [129] for investigation of Fe KS
spectra. Subsequently, an improved version with time-

dependent readout using aposition-sensitive multiwire 0
proportional counter was developed [21]. The principle -
of operation of this XCS is illustred in Fig. 8. Also 0-0
shown is a crystal mounted in a jig used for bending 100
and holding it to a cylindrical shape. X rays from the 0
plama pass through a vacuum tight beryllium window I
into tubes filled with helium to minimize x-ray 6 0
attenuation. X rays of different wavelengths (e.g., hI  1000V
and X2 ) from different parts of the plasma are 200
diffracted according to the Bragg relation nA - 2d sin t
(n - order, K = wavelength, d - spacing of crystal |

URVED- CRYSTAL SPECTROMETER

1250

" - Pr~tioul400-

ROucal Fig 9 Sapl Fe 6.4pectr G.t difeen elctoX-RAY ENERGY (keV)

hog 9ut~r 0 apeF setaatdfeeteeto

Fig. 8 Schematic of the Johann X-Ray Crystal temperatures illustrate 'the shift to highr ionization
Spectrometer used on PVT and PflX. (PPP-773846) states as temperature increases. CPPPL-?7336A0)

...-.
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For these measurements an XCS with R - Sm,
3/Az - 1700, and using a Go (220) crystal was used.
The spatial resolution of the proportional counter was
.4 .. To obtain time resolution of - 50 us, 16
spectra can be recorded during a I second discharge. T _ __

although data from several similar discharges may haveS £
to be added for resonable statistics. 3

More recently the IC on PWb was greatly improved 4
by substitution of an a-quarts (2213) crystal with R
3.33 a to provide a resolving power X/AZ - 15000. An
Fe spectrum measured with this spectrometer is shown in 3
Fig.10 (22,37]. The peaks shown include resonance
lines of Fe XXIII - ft XXV (0, q, w, respectively), 2
forbidden (z) and intercoubination (x,y) lines of Fe -J
XXV, and lithium-like satellites excited mostly via 4 1
dielectronic recombination. ... "INS ft

30"0 Soo

8063 TIE (OW)r-w x t y q O(kJ) z
_j
W
2 Fig. 11 The ion temperature in POX derived from

4 Doppler broadening of the Ti XXI 2.61A line during a
neutral-beam heated discharge. (PPPL-81X2151)

(.-

Z plasmas. Other Ti measurement techniques will become

0 vseverely limited for reactor plasmas [5].
C-3
O C. THE X-RAY IMAGING SYSTEMS

Development of the technique used for the X-ray
Imaging Systems (XIS) has revolutionized the study of

0 110 220 330 440 550 magnetohydrodynamic (MHD) plasma instabilities or
fluctuations in tokamaks. Use of this technique of
measuring x ray fluctuations in tokmaks has been
actively pursued at many laboratories since about 1972

Fig. 10 Sample ultra-high resolution Fe Ka spectrum (23-27,132-138] when "sawtooth oscillations" were
from PLT. The resonance line w of Fe XXV at 1.8SA is discovered in the intensity of x-ray emission from the
used for Doppler ion-temperature measurement. ST tokamak, as measured by a two-detector system
(PPPL-793023) [132). Because of the profound effect, deleterious in

some cases and beneficial in others, the various modes
of oscillation can have on plasa particle and energy

This ultra-high resolution XCS was developed confinement, MrS theorists and experimentalists have
mainly to measure ion temperature Ti by Doppler devoted much effort to measurement and interpretation
broadening of the fe XXV helium-like resonance line of these fluctuations [23-27,132-139]. In addition,
w. A similar high resolution (3/A = 23000) XCS using the XIS has been extremely useful in characterizing the
an a-quArtz (20) crystal has been installed on the effects of impurity radiation on tokamak behavior and
POX tokamak at PPPL for Ti measurements and other understanding the behavior and means of controlling
investigations using x rays from highly ionized impurities [10]. Various investigators have also used
titanim ions. As shown in Fig. 11 this spectrometer the XIS technique on tokamaks to measure plasma
has measured ion temperature increases from -1.0 to 5.8 toroidal rotation (6], electron heat conductivity
keY resulting from - 7 1W of HSI heating. This figure [1401, and dielectronic recombination coefficients of
shows the time history of Ti as inferred from Voigt- impurity ions (47]. A further use is measurement of
function fits to the Doppler broadened titanium XXI plasma position.
ls-2p resonance line. The principle of the XIS is illustrated in Pig.

Detailed studies of intensity ratios of various 12. It is essentially a slot-hole x-ray camera. An
peaks indicated in rig. 10, relative to line w, as a array of x-ray detectors views the plasma through a
function of T. and n. have dmonstrated several other slot, permitting measure mnt of the line integrated x-
useful aspects of the high-resolution spectra. These ray intensity from several chords of the plasma. This
include measurement of T. from the ratio I /Iw, the x-ray intensity is modulated by rapid density and
leperture of Fe charge states from oitniation temperature variations which accompany the propagation
equilibrium, dielectronic recombination rates, and of waves or fluctuations through the plasma. The
impurity transport rates. Theoretical work by Gabriel detectors are typically silicon surface-barrier or PIN
and coworkers was used as a basis for some of these diodes, operated in current mode. The x-ray energy
measurements [37]. The IYR Group has recently reported range of sensitivity of the diodes is usually limited
similar studies in the USX region for oxygen ions to greater than .I keY by absorption in a gold contact
(1241. layer, typically 40 gg/cm , and a SL0 2 dead layer,

A different type of high resolution crystal typically 7 ;±g/cm2 , on the surface of the detector.
spectrometer using the design of von Ramsm and a The transmission of these layers is given in (6]. The
resistive-anode position sensitive proportional counter high energy efficiency depends on the effective
has recently become operational on the Alcator C thickness of the detector. Rough estimates of the
tokamak at NIT (130]. Measurements of Cl and S K spectral composition of the radiation are obtained by
spectra have been reported. A higher resolution inserting absorber foils into the x-ray path.
version has just been implemented for ion-temperature Reference (6] shows the transmission factor for various
determination [131]. foils used on the PIT XIS.

The importance of the ICS for Ti measurement The time scale for fluctuations in tokamaks ranges
increases for larger, higher density future tokamak from the millisecond to the microsecond range. Typical
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currents generated in the detectors range from a few
nanoap res to tens of microamperes. Thus the current
in the detectors mast be amplified by low noise, wide
band amplifiers. Typical noise levels are .3 na ras POX SHOT 25821
for a 500 kHz bandwidth (6]. The current is recorded a 60
by transient digitizers at rates of a few kHz to 1 Mlz 0

0 40

PLT/PDX X-RAY WAVE DETECTOR SYSTEM 20 A -

Vertical E 0
Array Vacuum Horizontal 0

Vessel Array
0Amps Trnsient2

Side Recorders 2
Cac Link -A________________________

-SEL 32/751 40(J ) Computer _

I Tapes Disks '60-s580 582 584 586 588 590
De Rea TTYs Graphics

Detctors Devices TIME (msec)

Fig. 13 X-ray emissivity vs. time for several chords
from POX, showing an m-1 oscillation. Stars indicate
chord radius and zero level of emissivity.

Fig. 12 Schematic of x-ray imaging system using an (PPPL-796219)
array of silicon surface-barrier detectors, as used on
PLT. (PPPL-796219)

POX SHOT 25e21
or stored on magnetic tape for later analysis. On PLT 8 -
the digitizing rate is switchable during the plasma Star t : 587.005 msec
shot, in order to permit measurement of details of fast Stop :588.985 msec
phenomena such as disruptions.

Figure 13 shows typical data from several _
detectors of the imaging array on PDX during a portion
of a discharge. Graphed is detector current or line
integrated x-ray emissivity as a function of time. The
stars indicate both chord radius and the zero intensity
level for that chord. An m-1 oscillation of the 4 -
plasma column about its equilibrium position occurs,
where m refers to the mode number of a fourier
expansion of the displacement in the poloidal angle
0. From these data we can also construct the time
dependence of the radial emissivity profiles as shown 2 -
in Fig. 14. These particular m-1 oscillations were
caused by neutral beam heating.

Emission in the ultra-soft x ray (USX) range (0.1
< E < I keV) is often a significant energy-loss 0
mechanism and an excellent medium for monitoring
particle transport and magnetic field evolution. A 60 40 20 0 20 40 60
detailed presentation of the use of the broadband XIS TOP (cm) BOTTOM
arrays for studying the USX with good spatial (- i cm)
and temporal ( - I me - 1 gs) resolution has been
given by Zamea [10]. Several interesting and Fig. 14 Radial profiles of x-ray emissivity vs. t jsm
significant phenomena have been observed. For example for the m-1 oscillation of Fig. 13. (PPPL-8068331
rf heating at the ion cyclotron frequency (ICRH)
resulted in a factor of 2.5 increase in the influx of
both Fe and deuterium into the plasma, with little oscillations are explained as a cyclic process in which
change in confinement time (, - 40 ms). With neutral the plasma is preferentially heated in the center
beam injection in the direction opposite to the plasma causing the soft x-ray emissivity to slowly rise and
current, evidence wasnotedof an increase in both the the current to redistribute to a more peaked profile
tungsten flux and its concentration at the center of [23,26]. At some point HHD or microstability processes
the plasma. The power emission density at the center become unstable, and the peak collapses or flattens,
of the discharge was a very large 2 W/cm3 just before a the energy being rapidly transported outwards. This
disruption occurred. The tungsten concentration, causes a sudden drop in soft x-ray emission near the
relative to n , was four times larger at the center center where the temperature drops and a sudden rise in
than at one haff the minor radius. emission at large radii, where the heat is deposited.

Another unusual observation was inverted A puzzling observation was that of so-called
"sawtooth" oscillations in the USX smission. While the "implosive" disruptions (10]. During the more comon
soft x-ray (SX) emission (Z > I keV) decreases at the "explosive" disruptions both the USX and the .X (Fig.
center, the USX radiation increases. Sawtooth 15) emission decrease rapidly at the center and
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increase at the edges. This is suggestive of a D. THE 1TATIfG CRYSTAL AND1 GlAZING INCIDEECZ
movement of the plasm outward from the center, hence, sPEcTROETRS
the name explosive." During "implosive* disruptions,
while the S emission exhibits the usual behavior, the The recent developsent of the Rotating crystal
USX emission increases at all radii (Fig. 16). The Spectrometer (RCS) [ 10, 141] at PPL has caused a
increase at the center is suggestive of movement of the tremendous increase in the volume of high resolution
plasma toward the center, from which the term USX data measurable from tokamaks, as compared to
"implosive" derives. Also observed during the grazing-incidence grating spectrometers. The mall
implosive disruption are an asymmetric soft x-ray flash size, light weight, and relative simplicity of
lasting for 10-20 ps and a simultaneous doubling of the construction of the RCS all represent significant
USX emission over the plasma cross section in 10 0s. improvements in versatility and in suitability as a
The soft x-ray flash is believed to be due to multichordal instrument for tokamak measurements. Even
conversion of magnetic energy into kinetic energy. The so, the RCS is by no means a replacement for the
doubling of the USX emission over such a short time grazing-incidence grating monochromator and
scale was somewhat difficult to explain. A tentative spectrometer (GISNO) which has been used for decades
explanation is enhanced oxygen radiation [10]. for high resolution spectrometry of WE plasma. The

two instruments are, rather, complementary, with GZISO
extending to longer wavelength and providing absolute
intensity measurements. GISM is compared with the RCS
here only because the two instruments partially overlap
in spectral range and are used for similar purposes.

-30- SX EXPLOSIVE The SC8 can scan the entire spectrum from 500 eV
to 2 keV with good energy resolution (N/AE - 400)
twenty times during a tokamak discharge, giving a time
resolution of 50 ms. Alternatively, the RcS crystal

-20- -can be fixed at one setting to provide very good time
resolution for one spectral point. The GS140 - type
instrument using film requires instead twenty
discharges to cover the range 200-1000 eV. Using

10- photoelectric readout the GISNO can measure the
* .5intensity at only two points of the entire spectrum

during one discharge, so that many discharges would be
required to scan the entire spectrum. The RCS,

0-however, may present some problems with regard to
absolute calibration since it detector, a series of
microchannel plates, has rapid variations in efficiency
as the angle of incidence of the radiation is varied.

I0- The PCS is shown in Fig. 17 (following
references). A soller collimator limits the angular
divergence of the radiation from the plasma to roughly
.1 degree. A set of absorber foils of I pa parylene

20' , and .6 p Al reduces background due to intense
303 304 305 306 307 306 radiation at wavelengths longer than 26A [141]. The

TIME (msoc) radiation is Bragg diffracted from a TAP or AdP plane
crystal and detected by a set of four Chevron

Fig. 15 Soft x-ray traces vs. time from imaging system microchannel plates (MCP) arranged on a semicircle.
on PLT showing an explosive disruption at 305.2 ms. The front surface of each MCP pair has a 14gF2 coating
(PPPL-793050) to enhance its sensitivity to soft x rays. The signal

output consists of current to the collector plates. In
order to obtain spectra the crystal is rotated,
typically at 10 revolutions per second, and the

-40- USX IMPLOSIVE collector current is measured as a function of time.
The energy calibration, i.e., the Bragg angle, is
determined by interrupting the light from an LED to a
photodetector by a slotted disk which rotates
synchronously with the crystal.

-20 Figure 18 shows output traces during a plasma shot
. /recorded with a transient analyzer. Traces (a) show

the signal from the photodetector, which is produced by
the slotted disk interrupting the light beam from the
LED. One of the slots has been covered to provide a

0_-1 reference for angle determination. Figure 18b shows
the current to the collector plates of the NCP.
Spectra are produced alternately by the TAP and the AdP

a crystal. The spectra with higher intensity are from
the TAP crystal, which spans the wavelength region 10-

20- 17 A where the iron L radiation is located. The two
lower spectra show iron L lines on an expanded time
scale early and late in the discharge. During the
early times re XVII lines are doinant (t - 109-110
m). Later all Fe charge states are present (t - 309-

40- - T-, ,,310 no). Figure 19 (after references) shows an Fe L
513.0 513.5 514.0 514.5 515.0 spectrum late during a PLT discharge. Peak

TIME (msecs) identifications were made from identifications of
prominent Fe L lines in solar flare and laser plasmas
[ 10,141] A nother spectrum from an oxygen-rich

Fig. 16 Iplosive type of disruption at 514 1W 5 discharge is shown in Fig. 20. By tilting the ICS
measured by ultra soft x-ray imaging system on PLT. about a pivot point, chordal profiles of x-ray emission
(PPPL-793049) can be measured. Fiqure 21 shows such profiles of
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several major iron L-transitions for different charge
states.

The grazing incidence diffraction grating 2D. ,,,,
spectrometer and onochromator has long been used as a 0 U Is-2p 18.97A
standard diagnostic for monitoring radiation from
tokamak plasmas, both in the low energy x-ray region 1.5
and at lower energies (Z < .1 keV). These instruments
are comercially available and are described in the
literature 129] . Both photographic (broadband, time- 1 .0 Om 1s-2p 16 I
integrated) and photoelectric (one or two narrow W 0
wavelength regions, time-resolved) detection have been 0.5 Is-403 0

o8.3 0 s-2r 21.60

650 655 660 665 670 675 680 685 690P TIME(ms)

Fig. 20 Oxygen K spectrum from PUT discharge with high

3 •oxygen level. (PPPL-809110)

100 300 Too /00 500 700
TIME /msgc
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Fe 1.75A
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102 TIME/mrec 113

I ~FeXIR 602 A
TP FeX 2.82 *

-3 I I 11.4

(b) 02
MP

306 TIME/msec 317

I020 30
rig. 18 Output from rotating crystal spectrometer with rO/ c m

3 different time scales. (a) Timing pulses generated
when a slot in the rotating disk passes the LED. (b)
Kicrochannel plate output obtained as the crystal
rotates. (PPPL-809056) Pig. 21 Chord integrated intensity profiles of several

iron-L transitions for different charge states,
measured by the rotating crystal spectrometer.

used (63,79,80]. (PPPL-S0674)
Comparison of photographic spectra from ORKAK with

theoretical calculations for emission from tungsten
XXXX-XXXV identified W &n-o transitions as the source possible to reduce the tungsten content through cooling
of intense pseudo-continua in the 40-70 A region of the plasma edge by adding small amounts of neon or
1890 . Similar pseudo-continue near 50 A and other oxygen, or by appropriate programming of the hydrogen
bands at longer wavelength have also been observed in influx. These experiments identifiying tungsten as a
the Japanese tokamak DIVA (34,35,94]. These continua malefactor. and further experiments with tungsten
are evidently largely due to thousands of unresolved limiters replaced by low Z limiters of stainless steel
An-o transitions involving the 4d electrons of several and carbon (which yielded much more favorable plasma
charge states of tungsten. In ORR= [80] and PLT (33] behavior), led to the policy at PPPL (591 and O1IL of
these bends of radiation often accounted for 40-80% of excluding high Z materials from the interior of
the radiated power and led to or contributed toward tokamaks.
undesirable effects such as poor confinement and hollow Grazing incident spectrometers are routinely wed
temperature profiles (cool central plasma). It was to monitor the OVII and OV111 radiation at 21.6A and
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18.96A, respectively. An interesting rapid increase in temporal resolution.
intensity of the OVIII 102A line from ORMAK coincident
with neutral beam injection has been interpreted to be Much of the development required for TPTR x-ray
the result of charge transfer from hydrogen (whoe diagnostics is associated with the increased radiation
density is increased significantly by the beams) to 0 levels, as compared to present-day toksmaks, expected
ions In excited states 163). Anomalously high during neutral beam injection (NI) heating. For 45 W
(relative to excitation by electrons) intens ities of (beamouer) DD plalmas a 2. 5-HeV neutron flux density
the 115.8-A line of o and the 81.9-A linensiti of (be 10 neutrons/cm /sec is expected near the tokamak,
ISX-A have been attributed to excitation via charse for a I second pulse. For DI plasmas a flux density of
transfer from hydrogen atom into excited states of O +  6 x 1013 14-14eV neutrons/cm /sec is predicted. These
(79]. neutron intensities can quickly damage solid state

detectors. The neutrons and concomitant secondary
E. OTHER X-RAY DIAGNOSTICS gamma rays from the tokamak structure and concrete

walls can generate background noise levels in detectors
The filter-detector scheme has long been used for which completely mask the x-ray signals. Thus all x-

measurements of x rays from plasmas [3,7]. A major ray diagnostics are being redesigned to include
defect of this method for temperature measurement is extensive neutron and gamma-ray shielding and
the uncertainty of interpretation and interference from collimation to maximize the signal to noise ratio. For
impurity radiation, the XIS, fast gridded ionization chambers are being

The gas proportional counter has also been used developed, because of their resistance to radiation
for tokamak x-ray spectroscopy [142]. The energy damage, to replace the easily damaged silicon surface
resolution is poor making it difficult to separate Ka barrier detectors.
peaks from Pe, Cr, and Ni. The gas scintillation The TFTR PHA will view more (8-12) radial chords
proportional counter, however, (GSPC) [143] has better than previously for PiT (1-chord) and POX (5-chords).
resolution, although not as good as the Si(Li), and To accommodate the larger range of Te and, thus,
high rate capability. Because of its radiation-damage intensity and improve time resolution, a combination of
resistance, it may be good for reactor-plasma Te more detectors per channel (6 vs 3 or 4) and faster
measurement were good energy resolution is not so electronics is being implemented. One germanium
critical. Photoelectron spectroscopy has been used to detector per channel will be added since higher energy
deduce the carbon content in the center of the T-4 x rays will be produced by the higher temperature
tokamak (67) following electron capture by CVII from plasmas. Since overall reliability decreases as the
hydrogen. This technique may have further application, number of detectors increases, and a vacuum failure is

potentially more serious, detector passivation
VI. FUTURE DEVELOPMENTS techniques will be developed to improve the probability

for detector survival under adverse conditions.
The controlled fusion research program has always Fourteen-MeV neutrons can generate large pulses (up to

suffered from insufficient information on plasma 11 HeV) in Si(Li) detectors. Special precautions must
behavior. Designing instrumentation to provide ideal be taken in the design of electronics to prevent
unambigous data has always been an elusive goal. Often saturation or overloading by these pulses. The amount
two or more schemes are developed to measure one plasma of remote control, monitoring, and testing is being
property, and neither method is fully adequate, e.g., increased due to the higher degree of complexity and
To, Ti, ne, I(r). In addition the research effort has sophistication and the reduced accessibility of the
often suffered from a shortage of money, manpower, diagnostics. Tokamak diagnostics have always had to be
time, and particularly physicists and engineers with more reliable and automatic than laboratory instruments
the appropriate expertise to develop optimal because of remote operation and limited
diagnostics. The trend at PPPL has recently been more accessibility. This will be even more true for TFTR.
toward either hiring specialists in particular areas of Some further improvements planned for the TFTR XIS
physics relevant to the development of needed are more detectors, an infrared-emitting diode for
diagnostics, or tapping the pool of expertise external system testing and comparison of detector responses, a
to the fusion program through cooperative development remotely movable standard detector for calibration of
efforts, subcontracts, DOE sponsored contracts to fixed detectors during operation, division of the
outside laboratories, etc. Such collaborative efforts amplifier into two modules with the first
are certainly benefical to the fusion effort and are (preamplifier) directly on the detector feedthrough to
probably beneficial, for various reasons, to the reduce electrical pickup and minimize input
external parties involved. The M.E x-ray diagnostics capacitance, and a wider range of gains in the
program has several areas where improvements in electronics. Because of the tremendous data-generating
instrumentation and techniques and new creative ideas capacity of the XIS when digitization rates up to 500
for measurements would be welcomed. In the following kHz are used (240 detectors x 5 x 105
paragraphs I will discuss some improvements in x-ray words/detector/sec), mass-storage techniques have been
instrumentation that are desirable, some of which are investigated. A scheme using FM multiplexing was
currently being developed for TFTR. devised to store data from up to 320 detectors at 500

In former times when tokamaks were smaller and kHz bandwidth on a 42-track high speed analog tape
diagnostics budgets were leaner than today, many recorder, Up to 100 shots per reel could be stored for
experiments required shot-to-shot adjustment of spatial later playback and digitization.
view or time windows to get adequate spatial or Developments for the TPTR XCS include improving
temporal information, or accumulation of data over time resolution by means of higher x-ray fluxes at the
several shots to get usable statistics. In view of the detector. This will be achieved by (1) using lower Z
magnitude, cost, importance, and more urgent nature of seed impurities, such as argon, which radiate higher
future fusion experiments such as TFTR and MFTF-B, such photon fluxes and produce usable signals at lower To
arduous, time consuming approaches are no longer (This enables us also to make measurements further from
practical. This is especially true for operation of the plasma center where To is lower.); (2) increasing
full tritium plasmas in TFTR (the crucial experiments), the crystal and detector size; and (3) choosing
since the maximum number of such discharges is 4000, crystals with higher reflectivity. To accommodate
being limited by the allowable tritium inventory on higher x-ray intensity, faster detectors and
site and neutron activation. Thus, the hope for TFTR electronics are being developed. The larger dynamic
x-ray diagnostics, and others, is to have several range provided by these improvements will be important
spatial channels and to improve throughput in each for TFTR since the temperature excursion during a
channel so that statistically significant data can be discharge (and, thus, the range of x-ray flux) will be
recorded during each shot with suitable spatial and large due to intensive neutral beam, rf, and
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oompression heating. RKFKRRNCES
Grating monochroators are being converted to

polychromators by use of multi-element detectors such -Work supported by Department of Energy Contract No.
as the intensified Uticon photodiode array [145). DE-AC02-76-CHO-3073.

There is need for further improvement of x-ray
diagnostics both for near future experiments such as (1] IEEE Spectrum, New York (De6ember 1, 1980) p.1.
TPTR and for future reactors. The need for higher (2) Z. Sindoni and C, Wharton, eds., Diagnostics for
count rates has been mentioned. Shielding and Fusion Experiments, (Pergamon Press, New York
collimation will just prevont damage to thft PIA Si(Li) 1979).
detectors over the life of TFTR (- 10 neutrons/ [31 T.F. Stratton in Plasma Diagnostics Techniques,
cm ). Reactors, however, will have much higher duty edited by Huddlestone and Leonard, (Academic

withstand neutron fluences two orders of magnitude [4] C.B. Wharton, in Physics Today, 52 (May 1979).
higher than present Si(Li) detectors can, or be exposed [5] Equipe TYR, Mucl. Fusion 18, 647 (1978).
to the reactor only for brief periods to make a [6] S. von Goeler, in Diagnostics for Fusion
measurement, A possible replacement detector is the Experiments, (Pergamon Press, New York, 1979)
gas scintillation proportional counter [143]. 79-109.
Improvement of reflectivity and resolution of [7] C. de Michelis and M. Mattioli, "Soft X-Ray
multilayer synthetic crystals would make them Spectroscopic Diagnostics of Laboratory
attractive for extension of the rotating crystal Plasmas," EUR-CEA-FC-1084 (March, 1981) 207 pp.
spectrometer to longer wavelength. The present design [8] S. von Goeler, W. Stodiek, H. Eubank, H.
of the TFTR x-ray imaging array (XIS) makes it suitable Fishman, S. Grebenshikov, E. Hinnov, Nucl.
for operation with DO plasmas only. Use of the Fusion 15, 301 (1975).
ionization chamber only hardens the system for DT [9] S. von Goeler, N. Sauthoff, M. Bitter, K. Brau,
survival; in DT operation background noise levels from D. Eames, B. Fraenkel, A. Greenberger, K. Hill,
radiation will render the system inoperable. For a DT- R. Horton, G. Hovey, J. Hovey, W. Roney, W.
operational XIS further development must be done. The Stodiek, "Soft X-Ray Measurements on the PLT
detectors must be moved further from the plasma and Tokamak," PPPL-1383 (1977) 15 pp.
more extensively shielded. In addition reflective x- [10] D.R. Eames, "Ultra-Soft X-Ray Emission from the
ray optics, such as grazing incident mirrors or Bragg Princeton Large Torus Tokamak," Doctoral
crystals will probably have to be used to permit Dissertation, Princeton University (January,
removal of the detector from direot view of the 1981) 204 pp.
neutron-emitting plasma. One candidate for an improved [11] P. Blanc, P. Brouquet, N. Uhre, "Soft X-Ray
detector for both the XIS (radiation resistance) and Spectrometry at High Count Rates," EUR-CEA-FC-
the XCS (high count rate, good position resolution) is 962, (June 1978) 17 pp.
the microchannel plate preceded by a high efficiency x- [12] Equips TFR, Nucl. Fusion 17, 213 (1977).
ray photocathode. Solid photocathodes are not [13] G.R. Dyer, G.H. Neilson, G.G. Kelly, Nucl. Inst.
suitable. Porus photocathodes of Cal have demonstrated Meth. 161, 365 (1979).
high efficiency [144]. Further work must be done, [14] S. von Goeler, W. Stodiek, H. Eubank, Y. Sun, P.
however, to answer questions about their reliability, Thompson, S. Slusky, "The X-Ray Pulse Height
construction, degradation with use, efficiency, etc. Analysis System of the ST Tokamak," MRTT-1060

(1974) 15 pp.
VII. SUMMARY [15] R.D. Gill, K. B. Axon, J.W.M. Paul, R. Prentice,

Nucl. Fusion 19, 1003 (1979).
The Tokamak is a major contender for demonstration [16] N.J. Peacock, D.D. Burgess, "New Developments in

of controlled fusion as an eventual power source. X- Measurement Techniques for High Temperature
ray diagnostics are an important part of the Plasmas," CLM-P612 (April, 1980) 32 pp.
experimental effort. These instruments permit [17] F. Pohl, "X-Ray Pulse Height Analysis," IPP
measurement of plasma conditions from various aspects 6/193 (February, 1980) 105 pp.
of the continuum and line radiation due largely to [18] R. Bartiromo, A. Tuccillo, "X-Ray Spectroscopic
impurities in the plasma. Soft x-ray diagnostics range Measurements on FT Tokamak," Associazione
from (a) instruments with moderate energy and time EURATOM-CHEN Sulla Fusione Centro di Frascati,
resolution, which provide an overview of the soft x-ray Report 80.24/p (June 1900) 19 pp.
emission and a measure of electron temperature and [19] P. Platz, J. Ramette, 3. Belmn, C. onnelle, A.
impurity concentration, to (b) those with very good Gabriel, "High Throughput, High Resolution Soft
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neutrons and gamma rays, development of radiation-hard Sauthoff, W. Stodiek, Phys. Rev. A19, 1770
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Law Energy X-Ray Emission from Light Ion Targets

L. P. Mix, E. J. T. Burns, D. L. Fehl, D. L. Hanson, and D. J. Jchnson

Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACr

The light ion fusion program is expected to achieve breakeven conditions in an inertial fusion
target in ex ima s on the PBFA II accelerator. This goal is expected to require ion paer densi-
ties of . 10" W/an'. The di qnostics which have been employed to diagnose this deposition are
described and some soft x-ray plasma measurements which have been made on targets on the 200 times
smaller Proto I accelerator are presented. Plasma brightness temperatures of 20 eV have been
observed in the deposition region and 35 eV (100 eV electron temperature) in the stagnation region
of imploding conical Al targets on Proto I.

Sandia National Laboratories is developing tech-
niques to use the energy and power from pulsed power
accelerators to ignite IT filled inertial fusion cap-
sules. This program, which had its beginning in the
early 1970's, has made significant progress in develop-
ing techniques for delivering the output of these inex-
pensive and efficient accelerators to a target. The
achievement of breakeven conditions in a target i4 01.•

generally thought to require power densities - I0' W1
m2 -. Consequently a comprehensive array of soft x-ray
diagnostics is required to diagnose the plasmas pro-
duced by the deposition in the target.

In this paper the techniques for generating and
delivering this power to a target will be discussed
with the specific exanplr of the recently capleted
1 MJ, 3BFA I accelerator and the applied-B radial ion
diode. The various diagnostic constraints associ-
ated with the pulsed power environment will be pre-
sented. Finally, a review of the x-ray measurements
and diagnostics which have been used to characterize
target plasmas on the sualler 20 kJ, Proto I acceler- Figure 1. PBfA I Accelerator.
ator will be given with some indications of future
area of interest. reliable, low-jitter switching for synchronism of

the outputs at the diode; typical operation indicated
PBFA I an RMS variation of - 3 ns can be obtained on PBFA

I. Through a minor modification of the initial
The PBFA I accelerator1 (1 MJ, 30 TW, 35 ns) was design, it is possible to operate the accelerator with

fired for the first time on June 28, 1980. Since that with either positive or negative polarity output at
time it has been undergoing various tests to prepare the full rated power. The high output power of each
for ion diode experiments which were initiated in May, module is achieved through a series of power arplifi-
1981. The accelerator (Fig. 1) is cylindrical in shape cation stages which are shown schematically in Fig. 2.
with a diameter of - 30 m and a height of - 5 m. The Through the various stages, the power is increased by
accelerator is modular in design with 36 small 'ccel- a factor of 6 with an energy efficiency of 25%. Mor#
erators arranged around the cylinder with thet. importantly, the energy density gor from 0.075 TW/n
outputs directed radially inward toward the target or at the marx generators to 500 TW/m in the diode
diode chamber. Each accelerator module consists of region. In the diode region, each of the 36 modules
an outer oil section where the high voltage is gener- may be coupled to individual diodes for converting
ated, an intermediate water section where the pulse is the electrical energy to ion bearns which can then be
campressed to - 40 ns duration, and an inner por- focused onto a target. In addition, tests conducted
tion containing magnetically insulated transmission on the accelerator during the early part of 1981 indi-
lines (operating at stresses over 2 MV/ an) which cate that the utouts of the individual modules either
transport the pulses from the individual modules to can be connected in parallel to drive a single 2 MV,
the target chamber. This modular approach requires 30 TW diode or that alternate positive and negative

MARXUISERMEANSFORMGR MAGNETICDIODE
GE A RF ,IT R E I T [ F R MING AND VAC. H M GNE 1t d STORE LNE INTERFACE LINES

4MJ TRIG.*1 2.7MJ TRIG.62 I.SMJ I.3MJ IMJ
5TW IOTW 397W 32TW 3OTW
750.. 300"1 5Ons 40.. 35. 2
0.075TW/ mZ  500 TW/ m2

Figure 2. Schematic representation of the power anplification and intensification in pulsed accelerators.
0094-243X/81/750025-07$1.50 Copyright 1981 American Institute of Physics
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modules cnuld be connected in series to drive a 4 MV, ties in the anode plasm and to variations in the cur-
30 TW diode to take advantage of favorable voltage rent and voltage during the pulse which change the
scaling predicted for ion focusing. magnetic component of the ion focus. If the focus is

indeed limited by these mechanism, then analytic cal-
APPLIED-B ION Diode culations indicate that the total intenity should

improve as the square of the voltage (V ) for no -
Several techniques can be used to deliver the elec- iov anote sa of the _o (V ) for

unif orM anode plasma limiting the focu3s and as V /2
trical energy from a pulsed accelerator to an inertial (m/Z)1/ " if magnetic bending is the focusing limita-
fusion target. In this section we shall cider one (where m and Z are the ion mass and charge, respect-
such device, the applied-B radial ion diode. Although ively). Particle-in-cell simulations are consistent
in conventional diodes, the majority of the current is with these scalings. Thus by going to higher volt-
carried by electrons, the applied-B diode, shown in ages and slightly heavier ions to maintain the qoti-
Fig. 3, uses an externally applied magnetic field to mum range, intensities adequate for inertial fusion

will be obtained. Initial tests of this scaling will
TO PINHOLE be conducted using the 2 MV and 4 MV options on PBFA I
CAMERA over the next two years. In the remainder of the

paper, the soft x-ray diagnostics, which have been
AP-FIELO LINES o Loop used to diagnose the Proto I ion focus, will be des-

cribed and results presented.
SOFT X-RAY DIAGNOSTICS

Several soft x-ray diagnostic techniques were
applied to cylindrical and conical targets located
at the center of the applied-B radial ion diode.
Evacuated line-of-sight pipes located on axis and at
12* to the axis permitted simultaneous time-resolved
measurements of both the spatial and spectral mis-
sion frao diagnostic targets. Time-integrated quan-
tities with higher resolution were also determined.
In this section each of the various measurements will
be described with the implication they have on the

DSC CATOE CNCAL TARGET determination of ion beam parameters. The environ-
ment for diagnostics on pulsed accelerators is parti-
cularly severe on the larger accelerators such as

Fig. 3. Schematic of applied-B radial ion diode. The PBFA. Electron losses during the turn-on phases of
diode is cylindrically symmetric around center the magnetically insulated transmission lines and ion
line on the right of the figure. diode are likely to represent over 200 kilojoules of

electrons and will generate an intense Bremsstrahlung
restrict the flow of electrons so that most of the background with an end point energy of 2 or 4 MeV
diode current is available for the ion beam. Success- depending on the diode configuration. Electric
ful diode operation requires the following sequence of fields near the accelerator are well in excess of
events. The magnetic field coils are pulsed from an 100 W/m requiring care in the acquisition of e ec-
external capacitor bank. A positive pulse is applied trical signals. The relatively low vacuum (10!4 torr)
to the anode when the magnetic field reaches peak. makes detector surface contamination a real concern.
Electrons are emitted from the cathode, but, because The debris which results when several hundred kilo-
of the strong field, are forced to EXB drift around joules of energy is deposited in a target can cause
the circumference of the diode forming a space charge considerable damage to spectrograph slits, filters,
cloud and virtual cathode opposite the anode. The attenuating screens, etc. Although slightly less
positive pulse on the anode also causes a plasma to severe, these same constraints apply to the 20 kJ
form on the anode both due to induced voltages devel- Proto I accelerator.
oped across dielectric material imbedded in the anode
and due to some electron leakage early in the pulse. INNER-SHELL EXCITATION DIAGNOSTICS
Although the electron leakage represents almost 100%
of the diode current early in the pulse it quickly The K a-line emission due to beam induced atnmic
falls to alnost zero such that overall ion extraction excitation in conical aluminum targets was used to
efficiencies of > 80% are typically obeerved. The determine the beam profile in the axial and azimuthal
ions emitted from the anode plasm are focused to the directions. Spatial data were obtained with x-ray
target region both by the geometrical shape chosen for pinhole cameras mounted on and at 12* to the diode
the anode as well as by the self field pinch forces axis. The emission was also observed with 20 jnm
produced by the ion flow. Although the anode source thick PIN diodes which integrated over the spatial
plasm is composed of hydrocarbons, over 80% of the dimensions of the target. Since the x-ray production
extracted ion current is carried in protons. cross section increases with proton energy below

A number of ion focusing experiments have been 3 MeV, it is necessary to compute the theoretical
fielded with this diode on the Proto I accelerator atnmic excitation emission for the target geometry
(2 MV, 20 ns, 1 7W). The diagnostics for these have and detection angle used to allow for pulse to pulse
included nuclear activation, praipt-7, hard and soft comparison of the experimental data. The data acqui-
x-ray measurements and mass acceleration measurements sition computer provided on-line calculations of the
using both ablative and exploding pusher-type target expected emission using published x-ray production
geametries. The experimental results indicate peak cross sections

3 
and the measured proton energy and

intensities of 1-3 TW/'ce on 3 n diameter targets current. (Electron loss is measured with absolutely
with the average intensities smetat lower due to calibrated, hard x-ray (h > 80 keV) PIN detectors
beam non-uniformities. The main limitations to the and is subtracted from the total diode current to

focused intensities are believed due to non-uniformi- obtain the net ion current.) Typical targets used
for these measurements were hollow truncated Al

.1" i .- _. . .. ... . . ..: ,, . . . .-
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cones; with 8 ;m wall thickness and half angles of 30, angle aluminum cone target with 8 pm thickness is
15', or 3.5 • The calculations indicated that the 3.5 °  shown in Fig. 6. The annular ring is the inner shell
configuration yielded reduced emission and significant excitation image. This surrounds a bright spot at the
self-absorption of the 1.49 keV characteristic photons center of the target which represents thermal emission
in the target. from high temperature foil material stagnating on

The symmetry and stability of the ion focus was axis. The film exposure due to inner shell excitation
measured with a tine-resolved x-ray pinhole camera can be used to estimate the magnitude of the proton
system (Fig. 4). In this camera x-ray radiation from current incident upon the target. This exposure was

converted to the number of eoton_ emitted from the
FILM target, via the sensitivity of the Kodak no screen

film used, and then ompared with calculations. The
PLATE comparison indicates a peak current of 290 kA for this
Ppulse. This is in good agreement with the value

-P-Il PHOSPHOR obtained for similar size targets using the prompt-
5 CA nuclear technique. The peak proton currents calcu-
8 NS VOLTE lated in a similar manner for conical targets from 3
8 NS VOLTAGE to 17 mm diameter ranged from 100 to 400 kA, respec-

GATE tively, with a reproducibility of + 30%. The sae
EXPOSURE currents were observed for targets with 3.5 and 15"

half angles and with cameras mounted at 12" off axis.
The tine resoved PIN diodes gave similar results with
the signals proportional to target diameter for tar-

i0-6 VACUUM get smaller than 5 mu, and gradually increasing until
they were a factor of 1.7 larger for 15 am targets.

The axial FWN for a given proton pulse was esti-
mated from densitameter scans of the pinhole photo-
graphs after an approximately 10% correction was made

5 PINHOLES for pinhole broadening of the image. In addition, an
attempt was made to correct for second pass image

VACUUM effects produced by protons passing completely through
WINDOW the target. This effect was judged to broaden the

25 gm Be observed FWNM by 10% also. The typical minimuu FWNlM
2 pm KIMFOL of a given proton pulse, after corrections, was 3.5XUV PHOTONS man, with + 1.5, - 0.5 mn deviations as a function ofthe azimuthal position on the target. The FEW was

rather constant for targets ranging from 3 to 17 m
diameter with a slight tendency for smaller values
with larger targets. Since the target foil expands
approximately 1 mm due to hydrodynamics during the
pulse and the focus position may move slightly with
time, 3.5 mm is an upper limit on the bean FWHt.

THEW AL RADIATION DIAQZSTICS
CONICAL TARGET

Thermal emission from ion beam targets has pro-
Figure 4. Five frame proximity focused soft x-ray vided valuable information on the ion beam soure

pinhole camera. parameters. Aluminum photocathode x-ray diodesr
(XRDs), PINs, and grazing incidence spectrographs have

the inside surface of the conical targets is focused seen extensive use in determining the plasna para-
on five individual microchannel plates (MCPs) via five meters in the ion focal region. Temperature inform-
pinholes. Each MCP is sequentially and independently ation from XRDs was obtained by comparing the observed
gated with 9 ns FMi, 1 kV voltage pulses. The output signals with the calculated XRD response for variais
of the MCPs is proximity focused onto a P-11 phosphor blackbody temperatures assuming the beam focus area
and a visible image is conducted to the film (Pola- obtained in the atomic excitation pinhole photographs.
roid or Royal X-Pan) by a fiber optics vacuum inter- Techniques are also being developed to measure the
face. Thus five individual frames are obtained. The total radiated energy fran ion beam targets.
actual exposure time has yet to be determined experi- Typical XRD signals from 3, 5, and 9 n diameter,
mentally but is estimated to be - 3 ns when the volt- 8 Mm thick aluminum cones with 3.5* half angle are
age pulse is folded with the MCP gain characteristics. shown in Fig. 7. The signals were obtained with aluni-

For the example shown in Fig. 5, clear images ware nora cathode XRDs, operated bare and with a 2 pm thick
observed on four of the five frames. This exploding polycarbonate filter, and represent thermal emission
pusher target had a diameter at the midplane of the at 10 to 25 eV and 150 to 280 eV, respectively. With
diode of 7 1/2 mm and a half angle of 30°. The gains the two larger targets an initial radiation peak is
for each MCP ware not well characterized and therefore seen at 40 ns. This first signal corresponds to
only qualitative information can be derived from the thermal radiation from the inner surface of the foil
exposures. For these measurements the imaging optics which reaches its maximum temperature late in the PDAer
consisted of a 0.75 mn pinhole with 1:1 magnification. pulse when the Bragg peak in the proton deposition
The photographs obtained indicate a focus with 2.8 mm function is near the inner surface. This occurs at a
FWHM in the axial direction. This diagnostic confirmed proton energy of approximately 700 keV for the 8 pm
that the + 25% azimuthal variation of the beam profile thick aluminum used. A first order analysis of these
observed with the time integrated x-ray pinhole cameras XRD signals as well as 0.8 pm Al and 0.33 pm parylene
was constant throughout the ion pulse. (C 8 ) filtered XRDs indicates blackbody radiation

The on axis time integrated atomic excitation pin- spectra with terperatures of 21, 18 and 15 eV on the
hole camera photograph from an 8 mm diameter, 15" half inner surface of the targets. These spectra are
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(43 ns) (0b ns)

(47 ns) (50 11S)

(S2 ns)

Figure 5. Five frame pinhole camera record of ion
deposition in a conical target. Times
indicated are relative time for eachi
exposure.

Fig. 6. Pinhole photograph taken of an 8 in
diameter conical target.
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so - assumed to be composed primarily of free-bund conti-
nuum associated with free electrons recumbining with
aluminum ions in their ground state. The ground state

90 9mm ion populations of a pure aluminum plasma are given by
the coronal ndel with the ionization levels depressed
to the collison limit. This is a close approximation

to the correct model the collisional-radiative-equi-
40 librium lod l(CRE).6 For the source volume of

1 llxO-3 ate observed for 3 mm diameter targets with
pinhole cameras, a peak electron temperature % lOO3 eV

20 ' and peak iB and electron densities of 2.3x10  an-

and 2.5x10 cm-3, respectively, have been achieved.
The time-integrated radiation spectrum fran the

stagnation region of a 3 mm diameter, 8 ;Am thick
_aluminum cone was measured with a a one meter, split

grating (600 and 1200 lines/m) grazing incidence
(88° ) spectrograph (resolving powers E/ E = 1250 and

US 040 2500 at 124 eV photon energy, respectively). Figure 8
shows the radiaton spectrum taken on the same pulse

6 - A) 2400 LINE/mm GRATING c" 141.

NA 6242 USI A

Ch1 A-tl (112- A 1 &-01,

__ _ _ __ _ _ 2 3; 430 444 4 1  1 40 1A 3343A C 5 6144

40 I 2Mum Kimfol

/ BARE too 2 I 0 4

20 3) 1200 LINE/mm GRATING

0 20 40 s0 so 100 200
TIME (i)aee)i , Zdp ,, ,O (3p-2,)

Figure 7. MUD signals. 0i, 0 In (W-20

reduced a factor of two at photon energies below
20 eV apparently due to absorption of radiation by
cooler plasm outside of the maximum focus.

A second radiation pulse is observed 5, 15, and /T =0V
40 ns later for the 3, 5, and 9 rm targets, respect- Al X(3&-p) K*-3e
ively. This emission is also of thermal origin but
originates from the stagnation of high temperature
foil material at the center of the target. This sig-
nal represents an optically thin plasm with peak
emission occurring when the optimum high temperature
and density are achieved. Since less covergence is
necessary to assemble a high density plasma with a
sller target, the mass will be assembled faster than
r for a constant implosion velocity as the target
diameter is decreased. This explains the apparent
implosion velocities of 30, 17, and 10 cm/s for the 3,
5, and 9 m targets, Which at first estimate woul
imply peak proton current densities scaling as r-1
rather than < r"l as determined from other observations
of beam on target. Ii i

Electron and ion densities and electron tempera- 300 200 I00 140 I20 10 0O 80 10 so
tures for the stagnation region of the 8 jim thick PHOTON ENERGY (IV)
aluninum targets have been deduced from radiation
measurements above 400 eV photon energy. The detector Fig. 8. Radiation spectra from 8 M thick conical
system consisted of thin alumimin, filters in front of aluminum targets.
the 20 ;Am thick PIN diode detectors. The filter thick-
nesses wre 3.2, 4, 8, and 12 jm. By virtue of the with the 1200 and 2400 split grating. On the 2400
strong K-edge of neutral aluminum, the Lyman series of line/am grating there is line emission from H-like
line emission associated with helium-like and hydrogen and He-l e carbon contaminaton, in addition to Li-
1 ikn aluminm ousld be stro~ly atteratd. The radia- like (A1 ") and Be-like (Al ) line emission. This
tion spectrum above 400 W photon energy is therefore carbon emission is believed to emanate fran the inside
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surface of the target and is likely due to hydrocarbon
contamination. Using a coronal model with the ioniza- AP.- T M Ai D
tion potential depressed to the collisiroa limit, the FLTER HOLDER
intensity ratio of the 2p-ls and ls2p-ls transitions
in H-like and He-like carbon are consistent with an
electron temperature of 100 eV, assuming opacity
effects are dominated by doppler broadening and the
ratio of ground state populations of H-like to He-like
carbon ions is 3:1. Table I lists the integrated
intensities of the line emission from Li-like alum-
inusn. The letters (c) through (f) are those used by

LINE WNVELENGM INTEGRATED INTENSI Y RELATIVE RESISTANCE
ON FILM (ERIGS-A/an) INTENSITY ELEMENT

2p-3d 52.299 .00
(c) 52.446 100

2s-3p 48.297 .007 18
(d) 48.338 CONNECTOR

2p-4d 39.091 .0036
(e) 39.180

Figure 9. Bolameter nodule with magnets for foil
2p-3s 54.388 < 1 photoelectron suppression.

(f) .0004

a given experiment. The substrate mounted resistance
elements have proven more rugged and reliable than
free-standing foils, while no significant differences

TAXEE I. Li-like Al lines between 39 A and 55 A. in thermal response between the to have been observed
at least for the fast signals (< 100 ns) of interest.

Davis aid Whitney. 7 By comparing our intensities with The time response of 0.75-1.0 pm thick Al film bolo-
calculations of Davis and Whitney, we see line (e) meters has been studied by energy deposition with a
exceeds line (f) ay thejefore our electron density ruby laser. The bolcmeters were able to accurately
is greater than 10 cm- , consistent with the PIN integrate laser pulses of 30, 6, and 3.5 ns FW4M, and
results. Also shown in Fig. 8 is a comparison of the and the original laser pulse shapes were recovered by
spectrum taken with the 1200 line/m grating and a differentiation of the bolcmeter signals (Fig. 10).
30 eV blackbody spectrum. The comparison between Tim-resolved measurements of ultra-soft x-ray energy
60 eV and 100 eV photon energy is quite good. Above pulses of < 20 ns have been performed in the harsh EMP
100 eV photon energy, the spectrum has a tenperature noise envirornent of the Proto II accelerator (300 kJ,
greater than a 30 eV blackbody. Above 220 eV photon 30 ns, 10 TW) using a differential bolameter circuit
energy, the spectrum is optically thin as noted by the and common mode noise reduction techniques.
appearance of Be-like aluminum line radiation. This Work is also underway to develop large area stand-
30 eV blackbody teuperture compares quite well with off pressure gauges for time resolved measurement of
the 35 + 10 eV (i.e., uncertainty in the emitting total radiated energy at high fluence levels. These
source ares accounts for the large error bars) bright- detectors consist of thin quartz or lithium niobate
ness temperature determined from the X) signals for piezoelectric transducers which measure the thermo-
the stagnation region at the center of the target. elastic or ablation (depending on fluence) pressure

Methods to make time resolved measurements of wave generated by x-ray energy deposition in a thin
the total radiated energy have been developed for the metal surface absorber. These gauges shyld bg usefil
magnetically imploded foil program at Sandia. To at low energy x-ray fluence levels of 10 - j- 10 J/cny•
cove) the levels of x-ray fluence from 10- to 10 Initial tests of a 1 an diameter quartz gauge were
J/crn, two principle techniques are being pursued, performed with an intense x-ray source. For a shot
thin fiNm bolameters8 and piezoelectric pressure where the incident power level at the gauge was below
gauges. Both techniques provide - ns time resoltion the threshold for absorber ablation, the quartz gauge
and will be fielded on future experiments to diagnose pulse shape was in excellent agreement with the shape
ion beam generated plasmas. of the bare XRD signals (Fig. 11). The negative pulse

Thin film bolometers (Fig. 9) consist of a nar- is due to bremsstrahlung which penetrated the 12 pm
raw strip of metal whose resistance increases almost thick Au absorber on the face of the piezo-electric
linearly with absorbed x-ray energy. Determination gauge. Additional standoff gauge tests are being
of the change in the resistance of the resistive carried out on the Proto II accelerator at SNL
element provides a large amplitude, fast response and work is in progress to relate the observed
signal which is particularly useful for detirminiqg pressure to the incident radiation flux and spectrum
radjated pnergy in the fluence range of 10 - J/cmr to through hydrodynamic calculations.
10' J/cm'. Bolometer resistive elements consisting of
- 1 gm thick film of Al, Ni, Ta evaporated onto a SUMMARY
MrMR glass ceramic substrate have been tested. Film
material, geometry, and thickness are chosen to opti- Ion diode experiments have been initiated on
mize the detector sensitivity and spectral response for the I M7, PBFA I accelerator. In experiments on the
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1 will occur with the completion of PBFA II in 1985.

S UVs LaSER PULSE - 3.6 as FI.M This 4 MJ, 100 7W accelerator should produ hot
0plasmas with ion intensities approaching 101 W/c"2 .

We gratefully acknowledge the loan of the NRL
I m grazing incidence spectrograph from George Doscek

SNOOD and Uri Feldman (NRL, Washington, DC) which was used-- SIGNAL

3A 9FWNM I for the acquisition of the grazing incidence data in
4 ,weTRAoIEo this paper. This work was supported by the U. S.

SJNAL Dept. of Energy under contract DE-ACO4-76-DPO0789.
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Figure 11. Comparison of bare aluminum XRD signal
with a quartz gauge signal.

smaller 20 kJ, Proto I accelertor target plasma
temperatures over 20 eV have been measured with a
variety of soft x-ray diagnostics. At 8e higher
fluences expected on PBFA I, saturation uof XRD diag-
nostics can easily occur if present techniques are
employed. The use of x-ray mirrors and pinhole imag-
ing are presently under investigation for reducing
the flux at the XRDS. The next step toward fusion

Dr. L. Paul Mix during his presentation in Monterey.
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A NEW, EFFICIENT PULSED PLASMA SOFT X-RAY SOURCE

G. Dahlbacka, S. M. Matthews, R. Stringfield, I. Roth,
R. Cooper, B. Ecker, and H. M. Sze

Physics International Company
2700 Merced Street

San Leandro, California 94577

ABSTRACT

A compact, efficient, high-briqhtness pulsed
plasma X-ray source has been demonstrated. The source
has a conversion efficiency, from electrical input to
usable X-ray energy, of greater than 1%. For example,
total radiated yields of 150 joules of neon K-line ra-
diation have been produced in a single pulse. X-rays 7mm

are emitted from a cylindrical volume approximately Fig. 1. Pinhole photograph of 7 A plasma
1 mm in diameter and 10 mm long. Various wavelengths x-ray source - three shot overlay
can be obtained by the choice of appropriate plasma
materials. This X-ray source compares favorably to
synchrotron radiators in intensity, and most users of The desirability of an intense pulsed X-ray

synchrotrons will find this source attractive, source is apparent when one examines existing labora-
tory X-ray source technology. Presently, rotating

For example,* using X-ravs in the 12 A region, anode sources are the most powerful X-ray source

submicrometer features have been replicated by ex- available in the laboratory. They have conversions

posinq a wafer, coated with FRM resist (- 50X PMMA efficiencies to X-rays in the I key regime on the

sensitivity), through a polyimide/gold X-ray mask. order of 10
-
. The sources we have developed at PI

The exposure was made through a 1-mil-thick beryllium have conversion efficiencies of 10
-2
. Thus, because

filter with the wafer 30 cm from the source. Twenty the plasma sources are very hot they are approximately

X-ray pulses were required to fully expose the resist. 100 times more efficient than the conventional rotat-

For this experiment, the available electrical pulse inq anode sources in this regime. Synchronization

power supply was limited to one pulse every raw sources are also very efficient, but experimenters

minutes; however, the X-ray source itself is capable must typically go to a large facility in order to

of much faster pulse rates and electrical driver tech- conduct experiments. Synchrotrons do not qualify as

noloqy to power the X-ray source at one or more pulses laboratory sources for this reason. There are very

per second is within the present state of the art. few synchrotron facilities available, so it would be

Other applications and experiments using this source desirable to have a source that had the efficiency,

are discussed and a comparison with synchrotron short pulsed duration, and wavelength selectability of

sources is made, the synchrotron for use in smaller laboratories.

DISCUSSION The Physics International X-ray Illuminator
(PIXI) class pulser can be used for a variety of

As a result of the experiments conducted at P1 applications in the lab. The source can be used to

for the Defense Nuclear Agency and the Air Force facilitate development of X-ray diagnostics and to

Weapons Laboratory, we have developed an intense pulse study the physics of atomic X-ray sources. In

plasma X-ray source that is very efficient in convert- addition, the source can be used to heat high-atomic-

Ing capacitively stored electrical energy into X-ray number gases for spectroscopic studies of these mater-

energy. The reason this source is so efficient is ials. The source is also capable of flash radiography
that it is pulsed in a very short period of time, when the sample density distance product on the order

creating high plasma temperatures. It is well known, of 10-3-13
-
2 g/cm

2 
assuming typical mass absorption

for example, that blackbody plasmas radiate power as coefficients. The PIXI source can also be used for

T', and the nonlinear temperature dependence of the flash X-ray microscopy of blood cells using the
radiation creates the efficiency. The processes that technique of contact printing on a photo sensitive

govern radiation from plasmas are bremastrahlung, resist. In addition, the source could be used to
free-bound, or bound-bound radiation. The bound-bound perform organic and normal crystal diffraction

and free-bound processes have the largest cross sec- studies, presently carried out using conventional
tions for creating X-rays. The plasmas we create X-ray sources. The new fields of extended X-ray
predominantly radiate due to the free-bound and bound- absorption and fine structure (EXAFS) and surface
bound processes. Plasmas are created with electron extended of absorption fine structure (SVXAFS) will
densities of 1020±1 with dimensions of I m in also benefit from the development of the~e sources
diameter and 7 in in length (see Figure 1). These where the fundamental relationships of atoms to their
plasmas presently convert electrical energy driven crystal lattice and nearest neighbors can be
from the power grid into full spectrum X-ray yield studied. The most significant impact of the sources
with an efficiency of about 7%. Efficiencies in may occur in the field of X-ray microlithography.
excess of 7% are certainly possible but have not been Because of the high efficiencies, it is possible to
accomplished to date. envision commercial production of microlithographs

with half micron line features. This accomplishment

would extend the state of the art of computer memory,
density, and speed by a factor of 30 to 100 from that

*The X-ray lithographs were made in collaboration with most recently available (HP 0.5 Mbyte RAM).
Lincoln Labs (N. P. Economou and D. C. Flanders), and
were sponsored by the Department of the Air Force and The pulsed power driver PI has used to date has
DARPA. 7.5 kJ in the capacitor bank. This driver has created
"The U.S. Government assumes no responsibility for the 150 joules of X-rays in neon-helium- and hydroqen-like
information presented." lines (- 12 A). Figure 2 shows a spectrum obtained in

'3 fl4-243X//7l232-Ol.S0 Cop7 riht 198l American Institute of Pilysirs
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Fig. 2. Neon plasma x-ray source.

the vicinity of 12 A in neon plasma. The source was
2% efficient in this case. Figure 3 is the spectrum
of a krypton plasma X-ray source that has a radiated
yield of 25 joules representing 0.33% efficiency.
Figure 4 shows an argon plasma source with an X-ray
output of around 4 A. These spectra were taken using
KAP crystal spectrographs. The radiated yields for
the various gases were determined using X-ray diodes,
calorimeters, TLD detectors, and PIN detectors.

The temporal history of the X-ray emission is
very short. X-ray diode measurements of the source
show that the X-ray pulse is roughly a 15 to 20 ns
full width at half maximum. Figure 5 shows a neon I I I I

X-ray pulse measured using an X-ray diode. This rapid 2.5 3.0 3.5 4.0
pulse can be used to stop motion in many systems where WAVELENGTH IN ANGSTROMS
other X-ray sources would smear the data. Thus,
crystal diffraction studies, studies of transport Fig. 4. Argon plasma x-ray source.
across biological membranes, flash radiography of
systems moving up to 106 cm/s, and other rapid phenom-
ena can be studied by using this X-ray source.

N. P. Economou and D. C. Flanders of Lincoln Labora-
As an example of the power of this source, micro- tories at MIT. These experiments prove the principle

lithography exposures were made in collaboration with of pulsed plasma X-ray microlithography for semicon-

ductor applications.

An X-ray mask of 0.5 micron lines and spaces was
placed in contact with a FBM-coated (fluorobutyl
methacrylate) silicon wafer. The wafer was placed
25 cm from the source with a 1 mil beryllium filter
between the source and the assembly. The X-ray
machine was pulsed nine times using neon as the radia-
tion source. Each neon pulse contributed 80 joules to
the total exposure. In addition, 17 pulses of krypton
(7 A) radiation were used, with each pulse having
8 joules of energy. The reason for the mixture of
neon and krypton radiation was strictl? for source

development reasons and not for wafer exposure. The

total X-ray dose on the wafer was 56 mJ/cm
2
. The

wafer was developed for 2 minutes in 150:1 IPA MIBK
developer and 10 seconds in 100:1 IPA MIBK developer.

Figure 6 shows a scanning electron microscope
view of the results of this exposure. The pattern
shows clear 0.5 micron lines and space with 0.10
micron edges on the photoresist. These results were

conducted in 10
-
4 torr of vacuum. No precautions were

taken to avoid dust or other airborne surface con-
i F rtaminants. Thus, X-rays produced from our source have

exposed photoresist in an environment that is
thousands of times less clean than those experienced
in typical semiconductor assembly lines. In addition,

5 5 .0 6 .5 the resolution shown in this photograph demonstratesAEN IN0 8.5 O 7.0 7.5 8.0 potential for X-ray microscopy of very small objects.WAVELENGTH IN ANGSTROMS

In summary, we have conducted the first demon-
Fig. 3. Krypton plasma s-ray source. stration of an efficient pulsed plasma X-ray source



34
- !1

IL

. Fig . Xr .... , -........

mesue on an x-a -iode-

of mn poes can b

50ns/cm

Fig. 5. X-ray pulse is 15 ns FWHM as
measured on an x-ray diode.

of many processes can be made. We anticipate that
this machine would have a footprint upon the order of
1 M

2 
in the laboratory. The source then would be

-- J compact and provide a new range of intensities and
pulse lengths for research in the future.

Fig. 6. Wafer exposure #2.

for the use in the laboratory for a variety of appli-
zations. We envision a future source that will use a
power of 10 kW with a minimum X-ray power of 200 W at

J 12 A assuming a 2 pps operation. This source would
have a kilowatt overall X-ray yield at much longer
wavelenrths. The source size will be selectable
around 5 to 10 mm in length and have a reproducible
1 mm diameter. Objects for investigation can be
placed as close as 10 cm to this source.

In principle, the source can be constructed to
achieve repetition rates up to 500 Hz. This repeti- Dr. Glen Dahlbacka describing ne results at P1.
tion rate is limited by the vacuum pumps necessary to
extract plasma debris and inject gas from the vacuum
chamber. At these repetition rates, motion pictures
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Sub-kilovolt X-ray Emission from Imploding Wire Plasmas

John C. Riordan, Jay S Pearlman. Miriam Cersten and John E. Rauch

Maxwell Laboratories, Inc.
8835 Balboa Avenue
San Diego CA 92123

ABSTRACT

We present measurements of the sub-kilovolt X-ray emission from imploding wire arrays on
the I TW BLACKJACK 3 pulsed power generator. The plasma is created by driving a I MA, 100 ns
current pulse through a cylindrical array of 12 fine wires. The wires form individual plasmas
which then implode to become a single plasma on the axis of the array; this hot, dense plasma
is an intense source of soft X-rays. Calorimeter measurements show that maximum soft radiation
yield is produced from arrays having a linear density of 100 to 200 pg/cm; for such arrays the
implosion occurs within 20 ns of the current peak. The dependence of the total yield on mass
is largely independent of wire material. The radiation pulsewidth measured with an unfiltered
X-ray diode increases monotonically with array mass from a 25 ns FWHM observed for 50 mg/cm
arrays.

The soft X-ray spectra radiated by the imploding plasmas approach a blackbody spectrum
with increasing wire mass and atomic number. Tungsten and silver plasmas radiate continuum
spectra in the sub-kilovolt range; no lines are discernable in either case. Stainless steel
plasmas radiate a similar continuum, but L and M lines are present for lower mass arrays.
The continuum radiated by aluminum plasmas is less smooth, and significant K and L lines
are present for lower masses. Carbon plasmas radiate intense K and L lines and an optically
thin continuum. Similar soft X-ray emissions can also be achieved with small imploding gas jet
plasmas.

I. INTRODUCTION with an unfiltered X-ray diode (XRD) and an unfiltered
calorimeter. The spectrum of the radiation is mea-

Soft X-ray emission from exploding wire plasmas sured with grating and curved crystal spectrographs.

was first observed 20 years ago by Vitkovitsky et The spatial character of the plasma is recorded with
al(1) using a 10 GW capacitive discharge system to a soft X-ray pinhole camera and a high speed visible
explode fine aluminum wires and hollow cylinders, framing camera. The framing camera photographs show
With the development of terawatt pulse power genera- not only the array implosion (Figure 1-4a), but also
tors 10 years ago, creation of significantly more the growth of instabilities in the pinched plasmas
intense soft X-ray emission sources became possible. (Figure 1-4b).
Mosher et al(2,3) produced tens of joules in the
1-10 keV range by exploding single wires on Gamble 11; X-RAY
detailed spectral measurements on these plasmas were DIAGNOSTICS

reported by Burkhalter et al(4). The coupling of
electrical energy to the wire plasma was significantl _
improved by Stallings et al(5), who showed that a
better match to the 1 impedance of the terawatt T WIRE
generators could be achieved with an array of parallel TRSuE RN LOAD
wires. Measurement and analysis of the hv Z I keV LINE LINE

spectrum from these imploding wire array plasmas were
reported by Burkhalter et al(6).

Imploding wire array plasmas are also intense 100Ok WATER-FILLED VACUUM

sources of ultra-soft X-ray (hv i I keV) emission. In MARX PULSEL;NE DIODE
this pa- r we will characterize the sub-kilovolt GENERATOR

emission from these plasmas with experimental measure- Figure 1-1. Wire load on BLACKJACK 3 pulseline.
ments of the relative radiation yield, pulsewidth,
and spectrum. Since wire mass and material have
previously been shown to strongly affect the FRAMING
hv > 1 keV emission (2-7), we shall also present a CAMERA
detailed study of these two parameters on the
hv _ I key emission.

A typical experimental arrangement for imploding
wire arrays is illustrated schematically in Figures X-RAY
1-1 and 1-2. The plasma is created by driving a DIODE A I
cylindrical wire array with a mega-ampere current
pulse from a terawatt pulse power generator(8). A
typical 1 MA, 100 ns current pulse from the BLACK-
JACK 3 pulse power generator(9) is shown in Figure WIRE
1-3a. The current initially vaporizes and ionizes
the wires to form individual wire plasmas. These CRYSTAL LOAD GRATING

SPECTRGRAPHSPECTROGRAPH
wire plasmas are then accelerated by the 3 x SPECTROGRAPH
force toward the axis(lO), where they collide to form
a hot, dense plasma. The dense plasma emits a strong
radiation pulse (Figure 1-3b), which is monitored PINHOLE' CAMERA

Figure 1-2. Soft X-ray diagnostics.

0094-243X/81/750035-09$1.50 Copyright 1981 American Institute of Physics
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a CURRENT b. XRD II. SOFT X-RAY PHOTOGRAPHS
14
12 The spatial distribution of soft X-ray emission
10- from the plasma was recorded using a pinhole camera

0.8- and Kodak Fine Grain Positive film. One of the two
JJO.6 c.s2O 0.4Q o pinholes was filtered with 100 pg/cm of carbon to

xM produce a strongly peaked spectral response in the0.j 100-300 eV range and a weaker response in the range
0O0 10o 200 300 400 0 100 200 30 400 above 500 eV. The other pinhole was filtered with

TIME(ns) TIME(ns) 200 pg/cm2 of aluminum to match the transmission of
the carbon filter above 500 eV, but with no signifi-

Figure 1-3. Typical experimental waveforms cant lower energy window. Figure 2-la shows two
(shot 3682). images of the same aluminum plasma, one produced

primarily by L-shell radiation near 200 eV and the
other by K-shell radiation near 1500 eV. The left
image made with softer X-rays shows a plasma column
with many lateral flares; the right image of the
harder X-ray emission shows a string of intense

a TRANSVERSE POSTS sources (hot spots) along the column. Both the
SECTION
72 tg/cm W WIRES -- flares and hot spots appear to be caused by the

"sausage" instability, an axially symmetric (m = 0)
, current-driven KHD instability. The dark strips

130 140 150 160 170 bounding the plasma are the nearest two current
TIMEns) return posts (Figure 1-5), which obscure the edges of

the plasma.
As the mass of the wire array is increased,b LONGITUDINAL CATHODE

SECTION a smaller number of less intense hot spots are
164 g/cm At * observed. This trend is illustrated in Figure 2-1

for aluminum plasmas, but is equally valid for stain-I less steel, silver and tungsten plasmas. With theANODE 150 160 170 160 190 most massive arrays, the plasma column exhibits lat-

TIME Ins eral plasma displacements produced by the "kink"
(m = I) instability, another current-driven MHD insta-

Figure 1-4. Typical framing camera photographs. bility. The m = I instability is also present to a
lesser degree for the lower mass array, but it is
somewhat masked by the m = 0 instabilities. Photo-
graphs of the massive arrays also show shadows of the

To provide a wide range of conditions for examin- wires in their initial positions backlighted by the
ing the effects of wire mass and material on soft pinched plasma. This indicates that the implosion of
X-ray emission, one element was selected from each massive arrays leaves behind a substantial amount of
row of the periodic table, viz., carbon (Z = 6), cooler wire mass.

aluminum (Z = 13), iron (Z = 26), silver (Z = 47) and
tungsten (Z = 74). In each case, the load consisted
of 12 identical fine wires strung in an array 3 cm
long by 4 ma in diameter (Figure 1-5). The wire
diameters were varied from 7.5-40 pm to obtain arrays
with linear densities from 50-500 Pg/cm. The I mm dia
current return posts were located on a 9 ma dia
circle to provide a 3.5 ma wide view of the plasma
between the posts; the outermost wires are obscured
by the posts. The 2 mm gap between the wires and
current return posts is magnetically insulated (8).

ANODE

0

CATH0DJ
0/HOI*0 a. 59 pg/cm Al b. 164/cmAl c. 420m g/cm Al

-Figure 2-1. Soft X-ray photographs -- effects
3cm 2mm GAP of array mass.

1 mm DIAMETER
12 WIRES ON CURRENT RETURN
4mm DIAMETER POSTSON For s given array mass, as the atomic number of

9mm DIAMETER the wire material is increased the hot spots become
Figure 1-5. Wire array configuration, tighter and more nearly colinear (Figure 2-2). This

effect has been noticed previously in single exploded

wire plasmas(4). The photograph of a tungsten plasma
(Figure 2-2b) shows many m = 0 hot spots, but no

The soft X-ray emission from imploding plasmas evidence of any m = I Instability. Carbon plasmas,
is the subject of this report. The spatial distribu- on the other hand, show a striking m = I Instability
tion of the radiation is discussed in Section 11. In and no m = 0 ins-b ility (Figure 2-3). Carbon wire
Section TIT, the relative radiation yield and pulse- implosions clearly leave substantial wire mass at the
width measurements are presented, while in Section IV original array position, whereas equally massive
the spectra obtained with the various wire materials arrays of other materials show no mass left behind.
are given. In Section V, emission from an Imploding The backlighted fibers of organic polyolefin (Figure
gas jet is described. Finally, the important findings 2-3h) even show the wrinkles that existed when the
are summarized in Section VI. fibers were mounted.
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Figure 2-2. Soft X-ray photographs -- effects I

of wire material. 100 200 300 400 500 600 700 800 9001000
ARRAY MASS (pg/cm)

Figure 3-1. Radiation yield vs. array mass --
stainless steel.

The relative radiation yield for all the wire
materials is presented in Figure 3-2. Each plotted
point represents the energy averaged over all shots
for that particular array; arrays with nine or more
shots also have the standard deviation marked by
error bars. With the exception of carbon, all the
data points of Figure 3-2 appear to be within a
standard deviation of a single curve. This yield
curve shows that the peak yield occurs for array
masses of 100-200 Vg/cm. The radiated energy from
the lower mass arrays is only one standard deviation
below the peak and, thus, may represent a plateau

a. 185 Ag/cm GRAPHITE b. 190Opg/cmPOLYOLEFIN rather than a fall-off.

Figure 2-3. Soft X-ray photographs --
carbon plasmas.

A rough estimate of the average ion density for
the imploded plasmas can be obtained using the soft 1.0 r -I

X-ray and framing camera photographs. Assuming that
most of the wire array mass is compressed into the _

1 mm dia region from which the strongest emission
3

occurs, one obtains a mass density of 0.013 g/cm for -- 0.8
a 100 g/cm array. The corresponding ion density < 0 0

19 -3
ranges from 4.3 x 10 cm for tungsten arrays to M

20 -
2.9 x 10 cm for aluminum arrays. For the complete - 0.6
range of array masses used in these experiments, the 0

ion average density lies in the 1019-1021 cm 
3 

range. 0

CARBON

III. RADIATION MEASUREMENTS 0 ARBON0OALUMINUM

The total energy radiated by the plasma was 0 STAINLESS STEEL
measured with two unfiltered tantalum foil calori- 0 SILVER
meters which agreed to within five percent. Both w N TUNGSTEN
calorimeters were placed approximately 2 m from the I I I

source and were protected by fast (<I ms) shutters to 100 200 300 400 500
prevent erroneous readings due to hot gasses. Rela- ARRAY MASS (pg/cm)
tive total radiation yield measurements are shown in
Figure 3-1 for stainless steel wire plasmas; each
point represents a single experimental shot. The Figure 3-2. Radiation yield vs. array mass
lines drawn through the data points illustrate the and wire material.
extremes of the data.
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The pulsewidth of the radiation emission was +60
measured with aluminum X-ray diodes (XRD). Most of I I I I I I I I

the data was taken with an unfiltered XRD, which is O
most sensitive to the softest radiation, i.e., ultra- -500
voilet. The bare XRD FWHM pulsewidth was found to X ' 0
increase monotonically with array mass (Figure 3-3). +40 -

Again, the data all lie within a standard deviation O +
of a single curve with the exception of carbon. A C +30-

X .-minimum pulsewidth of 225 ns was measured for u|Z
44 pg/cm arrays. Several measurements were taken 0u +20 0

2 :M+1
with an XRD filtered with 100 pg/cm of carbon. The - +
XRD thin responds primarily to 100-283 eV photons* +10

these data suggest that much of the radiation is a
emitted in a pulse whose width is half that measured Q 0 - 0 CARBON
by the bare XRD. o 0 ALUMINUM

WJ -10 0 STAINLESS STEEL
U 0 SILVER

-20 1 TUNGSTEN

120 1 1 1 1 1 1 1 I -30 1 J ' I '

100 200 300 400 500
110 0 ARRAY MASS (pglcm)

S100 -X Figure 3-4. XRD peak timing vs. array mass
A CARBON and wire material.90 -
0 ALUMINUM

- 80- * STAINLESS STEEL
)0 SILVER

-J 70 - * TUNGSTEN One can calculate the kinetic energy transferred

C. to the imploding wire plasmas by considering the
60 - equation of motion for a thin annular cylinder driven

50 V O only by the ix B force

U" 0
C' 40 - IoZ

I2

X sir = 4Tr (1)

LU 30 CARBON
S 0 FILTERED Here I is the current flowing along the cylinder,

20 XRD and m , r and Z are its mass, radius and length,

respectively. Multiplying by r and integrating
10 with respect to time we obtain

S I I I I I I I I t

100 200 300 400 500 p / i 212;
ARRAY MASS (yg/cm) m;dt = - J r dt . (2)

t t
Figure 3-3. XRD pulsewidth vs. array mass 0 0

and wire material.
If I is constant, this equation can easily be inte-
grated to obtain a simple relation between the
increase in kinetic energy and the compression ratio:

m( 12 - .o2) 1 k2 r
The bare XRD was also used to monitor the timing = 1 nR (3)

of the radiation pulse relative to the current wave- 2 467
n  

rI
form. The data of Figure 3-4 show that, for all
material studied, the radiation pulse occurs later in When the appropriate experimental values are used the
time as the array mass increases. The highest yields observed radiation yield is found to be significantly
occur on shots whose XRD signal peaks 10-20 ns after higher than the kinetic energy input.
the current peak. We also observe that the radiation Calculations with a one-dimensional fluid code
pulse is simultaneous with a current dip due to an have obtained reasonable agreement with experimental
increase in the impedance of the plasma load. When yields and pulsewidths when the classical resistivity
the dip occurs near peak current, a shift occurs in is multiplied by an ad hoc factor of fifty(13).
the timing of the current peak. This is particularly Additional evidence for the anomalous resistivity
obvious with the low mass arrays where the dip is hypothesis is provided by two dimensional fluid
most pronounced. calculations with a non-classical resistivity, which

One of the major unanswered questions in the predict saturated sausage instability wavelength and
physics of imploding wire arrays is the nature of the amplitude in good agreement with experimental observa-
plasma heating. According to the early theories, the tions(14). While anomalous joule heating may well be
plasma is heated by a rapid thermalization of the the major plasma heating process, this hypothesis has
kinetic energy of the individual imploding wires as never been directly verified because of the extreme
they collide on axis(11,12). Improved experimental difficulty of measuring electric fields and current
measurements such as those presented here show that densities in the plasma. Furthermore, the cause and
this process can account for only a fraction of the scaling of the anomalous resistivity are open to
radiated energy. speculation.

& _____
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The experimeatal data do show that the plasma Aluminum plasmas created from the lighter arrays
radiation and, thus, the plasma heating, are strongly (i150 pg/cm) radiated intense K lines. In the K
correlated with the m = 0 instability which is so spectrum measured with the KAP spectrograph (Fig-
prominent in the pinhole camera photographs. The ure 4-2), the strongest lines are from Al XII (helium-
framing camera photograph (Figure 1-4b) shows that like) but significant Al XIII is also present. The
the peak of the radiation pulse (Figure 1-3b) coin- XUV spectrum taken with the grating spectrograph
cides with the presence of m = 0 sausages in the (Figure 4-3) shows L lines primarily from Al XI
plasma (t - 170-180 ns). Furthermore, the larger (lithium-like) but also from Al X. Simultaneous
radiation yields are strongly correlated with the observation of emission from all these ionization
presence of the m = 0 instability. Carbon plasmas, states is indicative of temperature gradients in the
whose yields are half those of the other wire mate- plasma. The Al XII and Al XIII radiation emanates
rials, show virtually no m - 0 sausages (Figure from the hot spots, whose temperature is estisated to
2-2). For the other wire materials, higher yields bez300 eV, while the Al X and Al XI radiation comes
were obtained for the lower mass arrays, which showed primarily from cooler regions with Z50 eV tempera-
prominent m = 0 sausages (Figures 2-1 and 2-2). tures.
The fact that the yield was independent of wire
material (except for carbon) suggests that the current
is still being carried primarily by electrons rather
than by ions. Additional experiments are planned to Al XI
investigate the plasma power balance and the evolution Is-2p
of the m - 0 instability. Hopefully, this will
lead to an understanding of the nature and scaling of
the plasma heating.

IV. SPECTRAL MEASUREMENTS

Several spectrographs were used to obtain tempo- C Al XII Al X1i
raliy and spatially integrated spectra of the plasma Z is-2p
radiation in the 40-4000 eV range. An extreme ultra- Mg XI
violet (XUV) spectrograph with a I m radius, Is- 2p C'
1200 lines/mm grating covered the 40-500 eV region; I I I I
Kodak 101-01 film was used to record the spectrum. C.)
Lead myristate and potassium acid phthalate (KAP) Mg XIA
curved crystal spectrographs with Kodak 2490 film MgAl X1
were used to measure the spectrum in the 700-4000 keV 0 is-2p
region. These instruments were uncalibrated for V .
spectral intensity, and so only qualitative observa- I I

tions on the radiation spectra will be presented. In
general, the spectra show lines superimposed on an
intense XtV continuum; isolated lines are also present
at higher energy in some cases. The lines merge into
a smooth continuum as the mass and atomic number of
the wires is increased.

The XUV spectra of carbon plasmas show intense 1.2 1.3 1.4 1.5 1.6 1.8 2.0 2.2'2.4
K and L lines superimposed on the continuum (Fig- PHOTON ENERGY (ke\
ure 4-1). The continuum appears optically thin when
compared to the line intensities. This is not sur- Figure 4-2. Aluminum K spectrum -- 164 pg/cm
prising considering not only the relative lack of
carbon transitions in the XUV range, but also the (shot 3661).
mass left behind in the implosion. The ionization
state is primarily C VI (hydrogen-like) with lesser
amounts of C V (helium-like) and presumably C VII
(fully-stripped). Although the plasma is time-
varying and inhomogeneous, one can estimate a tempera-
ture of 50 ev from the line intensities. A) X1

C~l Al XI

SCV

0 ~~~~~ mm OFF AXISO ONI/- N
f

40 60 80 100 150 200 300400
40 60 80 100 150 200 300 400 PHOTON ENERGY (e0)

PHOTON ENERGY (eV)
Figure 4-1. Carbon XUV spectrum -- 185 pg/cm Figure 4-3. Aluminum XUV spectrum -- 59 ug/cm

(shot 3723). (shot 3746).

I'i I I I 'r .. ... ... ....li. • -
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As the mass of the aluminum array was increased,
the intensity of the K line radiation was observed
to decrease monotonically, while the continuum became Fe XVIII FI
relatively more intense. For the 164 Ig/cm array, 26-2p
severa L lines are barely perceptible above the f
continuum (Figure 4-4), while for the lighter 59 hg/cm I
array the continuum is weaker and the L lines are . I I
more prominent (Figure 4-3).

Z

Al-41 Al X1a 2s-
2
p Ni XVIII

Al X 3d - MW
3d -417

FOG

w
0

40[ I II I I I

FO 40 60 80 100 150 200 300400
O PHOTON ENERGY(e )

Figure 4-6. Stainless steel XUV spectrum --
44 pg/cm (shot 3736).

40 60 80 100 150 200 300400

PHOTON ENERGY (eV)
Stainless steel plasmas also radiate distinct M

Figure 4-4. Aluminum XV spectrum -- 164 lg/cm lines and a continuum for lighter arrays (Figure 4-6),
(shot 3733). but for heavier arrays, the M lines merge into the

continuum (Figure 4-7). The prominent M lines are
The radially resolved spectra of Figure 4-3 from the sodium-like species Fe XVI and Ni XVIII;

show that when the line of sight is moved off axis, from these we estimate a plasma temperature of Z50 eV.

the continuum intensity falls faster than the line The lower ionization states of the stainless steel

intensity, revealing additional lines. This is species are undoubtedly also present. Note that the

consistent with the theoretical expectation that the continuum is smoother and more intense than that of

continuum results from a complicated merging of the aluminum plasmas.
opacity-broadened lines and radiative recombination
continua from the L-shell of many aluminum species.
This hypothesis is further confirmed by the observa-
tion that the lines merge more completely into a
continuum for heavier arrays (more matter in the line
of sight) and for higher Z arrays (more transitions
available in the Xlv range).

With stainless steel plasmas, L lines are
observed only for the lighter arrays. The L lines
measured with the KAP spectrograph (Figure 4-5) are

from highly ionized species: neon-like (Fe XVII, Z
Ni X), flourine-like (Fe XVIII, Cr XVI) and oxygen- W
lie (Fe XIX, Cr XVII). The XUV spectra also show 0 1

intra-shell (An = 0) L lines from the same highly
ionized species (Figure 4-6). These species are F

presently only in localized hot spots, where the
temperature is estimated at _200 eV. *For the heavier 0
arrays, the L lines disappear.

Fe XVII
20- 3d 40 60 80 100 150 200 300 400Ni XIXFe X1 20- 3d PHOTON ENERGY (e%4

iFe XIX
2 -3d Figure 4-7. Stainless steel XUV spectrum --

Fe XV11176 lig/cm (shot 3731)._j Fe XVII 20 -5d

-- 2P - 35

The XUV spectra of silver (Figure 4-8) and
tungsten (Figure 4-9) plasmas show smooth, single-
peaked continua with no discernable lines. The
similarity of the two spectra suggests that high Z

plasmas are sufficiently opaque throughout the XliV

0.7 0!8 09 1.0 1. 1.2 range that the emission spectrum no longer depends

PHOTON ENERGY(ke upon the electronic details of the constituent ions.
Even the light arrays of high Z wires show the same

Figure 4-5. Stainless steel L spectrum -- spectrum indicating that the plasma is still optically
44 pg/cm (shot 3121). thick.
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up to 250 eV, whereupon they convert their input

energy to radiation. High Z plasmas radiate all
their energy in the <1 keV range, whereas low Z
plasmas radiate significant energy in Z1 keV lines
because of their lesser emissivity in the <1 keV
range.

The spectra also show a consistent trend with
array mass. Low mass plasmas have lower emissitivity
below I keV and, thus, their <1 keV continua are less

z intense while their ZI keV lines are more intense.
W Increasing the mass, transfers more radiation into

the <1 keV range, but only up to a point. For masses
above 200 hg/cm, the decrease in plasma input energy
is more important and the continuum intensity dimin-

.ishes.
0 FOG

V. IMPLODING GAS JET PLASMAS

Imploding plasmas, such as those discussed
above, are intense X-ray sources which can be impor-
tant for a variety of applications. For example,

40 60 80 100 150 200 30400 X-ray diagnostic development, micro-lithography,
biological microscopy, absorption spectroscopy(15),

PHOTON ENERGY (e0) and extended X-ray absorption fine structure (EXAFS)

Figure 4-8. Silver XUV spectrum -- 102 Pg/cm studies have already been performed using imploding
wire plasmas on BLACKJACK 3. These and other areas(shot 3722). of study can be actively pursued with the BLACKJACK 3

user facility by interested scientist.
A more compact laboratory source of soft X-ray

emission than BLACKJACK 3 is provided by imploding a
I hollow, cylindrical gas jet with a direct capacitive

drive. The gas jet implosion dynamics are quite
similar to those observed with wire arrays. The
advantages of the gas jet are: first, the ability to
use gases and thus complement the line spectra avail-
able with wire arrays, and second, the ease with
which the gas load can be repetitively pulsed. The

Z gas jet, shown schematically in Figure 5-1, is pro-
duced by opening a fast valve and allowing gas to

pass through an annular nozzle. A capacitor bank is
then discharged through the jet causing the gas

L(plasma) to implode onto its axis. The pinched
I mm dia plasma emits a burst of soft X-rays which

0 typically lasts several tens of nanoseconds.

CYLINDRICAL A
/GASJET

40 60 80 100 150 200 300 400 EMISON 
CAT

H
DE

PHOTON ENERGY (eV) T_ _

Figure 4-9. Tungsten XUV spectrum -- 141 Wg/cm _ UI
(shot 3715). CURRENT/

RETURN

POST

END VIEW SIDE VIEW

X-ray measurements of tungsten and silver plasmas Figure 5-1. Imploding gas jet plasma.

with the crystal spectrographs show no significant
emission above 700 eV, indicating that essentially The small pulsed gas jet plasma source, LEXIS I,
all the energy is radiated in the continuum. In has been operated with a number of gases. Preliminary
contrast, the same spectrographs recorded significant measurements show that the line and continuum spectra
aluminum K radiation (Z1.6 key) and iron L can be adjusted by varying the mass and atomic number
radiation (0.8 keV). In a previous investigation(4) of the gas; the relationships between X-ray emission
single exploded wires of 50-100 og/cm did produce and gas jet parameters appear to be similar to those
silver L radiation (z3 keV) and tungsten M observed with imploding wire array plasmas. With
radiation (Z2 keV) when driven with twice the elec- krypton, for example, 20 J pulses of 1.65-1.95 keV
trical energy available in the present experiments, radiation from the L lines of neon-like Kr XXVII

The spectral data show a number of significant (Figure 5-2) have been observed. This radiation has
trends running through the complete range of array been used successfully to expose resists for X-ray
mass and wire material. The most important of the micro-lithography(16). The source also produces
trends is an apparent, consistent increase in emissiv- several hundred joules per shot of softer (hv < I keV)
ity below I keV with both increasing mass and increas- radiation, with a continuum-like spectrum (Figure
ing atomic number. Furthermore, the shape of the 5-3). This softer radiation has proven to be very
<1 keV continuum appears to be converging with in- useful in applications such as the microscopy of
creasing Z ; for sufficiently high Z the spectral biological materials and surface EXAFS. A detailed
shape is independent of the electronic details of the description of the source and some of its applications
plasma species. Both high and low Z plasmas heat has been presented elsevhere(17).
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Kr XV,1 xxand iron, an increase in mass also increases the

opacity, which produces a smoother, more intense
2p-3 2P3d 2-3pcontinuum; however, above 200 Mg/cm, an increase in

Fl mass diminishes the continuum intensity for the same
z I reasons as in high Z plasmas.

In addition to the soft X-ray continuum, the
plasmas also emit line radiation (primarily from the
hot spots). The intensity of these lines increases
with decreasing atomic number and decreasing array
mass. With lower mass arrays (!150 g/cm) aluminum
plasmas radiate intense K lines, while stainless

165 170 178180 1A5 19419 steel plasmas radiate less intense L lines; alumi-
PHOTONENERGYIkeV] num L lines and stainless steel M lines are

Figure 5-2. Krypton L-shell spectrum. observed above the continuum for low mass arrays. No
distinct line radiation is observed for either silver
or tungsten plasmas.

d-4p 3-4s Imploding gas jet plasmas provide compact,
convenient laboratory sources of intense soft X-ray

xx-= emission for diagnostic development and other applica-
tions. The line radiation of the lower Z plasmas
has already been succcessfully applied in X-ray

Zmicro-lithography and in biological microscopy. TheWsmooth continuum of the high Z plasmas has been

shown to be an ideal backlighting source for absorp-
Qtion spectroscopy and extended X-ray absorption fine

structure studies.
We are grateful for the technical assistance of

J. Devlin, G. Hulse, W. Kaiser, J. Mangelsdorf,
D. Powell, and A. Vasquez. Without their skill and
dedication it would not have been possible to obtain

_ _ _ _ __'_ _ _ _ such a comprehensive set of data in the limited time
40 6o so 100 150 200 300 400 available. We are also grateful to Dr. B. Henke for

PHOTON ENERGY(eV) providing the lead myristate crystal, and to J. Owren

Figure 5-3. Krypton XUV spectrum. and Marco Scientific for support in making the framing
camera photographs.
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Photoemission Measurements for Low Energy X-Ray Detector Applications
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ABSTRACT

Photoemission has been studied for nearly 100 years as both a means of investigating
quantum physics, and as a practical technique for transducing optical/x-ray photons into
electrical currents. Numerous x-ray detection schemes, such as streak cameras and x-ray
sensitive diodes, exploit this process because of its simplicity, adaptability, and speed.
Recent emphasis on diagnostics for low temperature, high density, and short-lived, plasmas for
inertial confinement fusion has stimulated interest in x-ray photoemission in the sub-kilovolt
regime. In this paper, a review of x-ray photoemission measurements in the 50 eV to 10 keV
x-ray region is given and the experimental techniques are reviewed. A semiempirical model of
x-ray photoemission is discussed and compared to experimental measurements. Finally, examples
of absolutely calibrated instruments are shown.

INTRODUCTION the photocathode surface, and t is time. Photo-
electrons are extracted by an applied electric field,

The subject of this afternoon's session will focus , and can be used directly as the detector signal or
our attention on detectors for sub-keV x-ray plasma the photocathode return current can be measured.
diagnostics. It is frequently desirable to transform The photoelectric process has three important
x-ray emission into an electrical current for subse- properties which make it useful in low energy x-ray
quent recording and the photoelectric effect is a pulsed plasma detectors.
useful mechanism for transducing electromagnetic radia- 1. Speed: The intrinsic speed of the photo-
tion into free electrons. This paper is a brief review electric emission is <I0-17s. Transport of
of this process as it applies to pulsed plasma x-ray electrons to the surface takes <10-14s and
detectors. collection of the emitted current can take

The photoelectric process is conceptually simple <10
-
12 s.

as outlined schematically in Fig. 1. Radiation 2. Linearity: For many metallic photocathodes
incident on a photosensitive surface interacts with the and modest extraction field, the process is
cathode via photoelectric absorption or Compton scat- linear to better than IS over 15 orders of
tering, creating energetic primary and Auger electrons, magnitude In photon intensity.
These electrons traverse the material creating low 3. Simplicity: The technique is adaptable to
energy secondary electrons. Some fraction of the many experimental geometries, is sensitive
primary and secondary electrons are emitted from the over a broad range of x-ray energies, and can
surface of the photocathode. be tailored to specific needs by choice of

materials.

Because of these features, photoelectric emission
has found widespread use in many detector systems.
This paper reviews the status of our knowledge of this
process as it applies to the design, calibration, and
use of low energy x-ray diagnostics. It starts with an
historical perspective on research into this process
and then summarizes a model of photoemission. The

E, measuring techniques of each major differential elec-
9/ tron distribution are described and typical experl-

mental data is presented. The long term stability of
the photoelectric emission process is discussed and it
is shown how these elements are applied In a practical.
absolutely calibrated, sub-keV x-ray spectrometer
system.

HISTORICAL PERSPECTIVE

Photoelectric emission is one thread in the fabric
of modern physics which is deeply woven into the

tapestry of quantum electrodynamics. The photoelectric

E, effect has been observed, studied, and utilized for
nearly 100 years with the first descriptions reported
in 1887 by Hertz,(1) Schuster,(2) and Arrhenius.(3)

During the next 18 years, the basic properties of
photoemission were discovered: *1

1. The total emitted current is linear with elec-
Phofocalhodq trom agnetic intensity.

2. The highest electron energy increases linearly
with the exciting photon's energy irrespective

Fig. 1. Schematic of the photoelectron emission of the incident intensity.
process. 3. The emission is essentially instantaneous.

It was recognized that properties 2 and 3 in the
This emission is a complicated function of space, list above are incompatible with Maxwell's classical

energy, and time characterized by the distribution electromagnetic theory and th'd contradiction motivated
N(E ,E p,O,4,t), where E is the emitted electron the second of Albert Einstein's three seminal papers

published in Annalen der Phsyik in 1905.(4) It wasenergy, Ep is the incident photon energy, 0 is the entitled "On a Heuristic Viewpoint Concerning the Pro-
photon angle of incidence from the photocathode sur- duction and Transformation of Light" and laid the
face, * Is the electron emission angle relative to groundwork for representing photons as localized

0094-243X/81/750044-15$1.50 Copyright 1981 American Institute of Physics
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particles with energy and momentum. During the next 20 Once an accurate model or measurement of the elec-
years, detailed experimental investigations by tron distribution at the surface of the photocathode
Millikan(5), Compton(6), and others established the has been obtained, the transport of this distribution
photon as the particle component of the electromagnetic through the electron-optical detector is usually well
wave-particle duality, understood. This step establishes the time response of

As interest in the photoelectric effect fell the detector system. For example, the energy width of
behind the frontiers of quantum physics, interest the secondary electron distribution establishes the
increased in applying this unique process to a broad maximum time resolution in a streak camera system.
range of applications. Many modern detector systems Similarly, the rise time, tr . of a photodiode
such as ionization chambers, proportional counters, ro
photomultiplier tubes, photodiodes, x-ray streak and dcors givencythe ght-time of the e nacross an anode-cathode gap spacing, d,(16). For an
framing cameras make use Of this effect, anode-cathode gap voltage, V; tr a d//. This func-

PHOTOEMISSION MODELS tional dependence has been verified(17) and the data is
shown in Fig. 3. With modest accelerating voltapes, -3

Despite nearly 100 years of research, we still do kV, and anode-cathode gap spacings of the order of
not have a complete theory of photoelectric emission as 1-mm, it is possible to build photodiode detector
it applies to practical detector systems. The mech- systems with sub-100 ps response times.
anisms that must be accurately modeled include: 1) the
generation of the primary electron either through
photoelectric absorption or incoherent scattering, 2)
the transport of primary and Auger electrons to the 3
photocathode surface and their energy loss to second- 10
aries, and 3) the generation of a detectable signal ANODE-
from these electrons. Of these three steps, the CATHODE
secondary generation and transport process is by far GAP

the least well-understood. i 0.090"
The photon interaction is dominated by photo-

electric absorption and recent theoretical studies by
Pratt, et al.(7) demonstrate that good models of photo- 0 - 0.050
electric cross sections exist above ten kilovolts.
More important, for a predictive model of detector - g0
behavior, excellent compilations of x-ray cross sec-
tions are available for all elements at photon energies

above 100 eV,(8-11) and for selected elements at lower
energies.(12-13) Thus, it is possible to model the
primary electron production mechanism quite accurately.

The primary electron transport and secondary
generation and transport provides a much greater
challenge. A typical electron distribution, dN/dEe.

for photoemitted electrons is shown in Fig. 2 as re- 10I

printed from Henke. et al.(14) The important features 100 o
0

of this spectrum are "no loss" peaks for the photo and
Auger electrons, their associated loss tails, and a Detector Bias (kV)
large secondary electron emission in a distribution a
few eV wide below 10 eV. Fig. 3. Detector risetime versus anode-cathode gap

voltage and anode-cathode separation.

PHOTOEMISSION DATA

Because there is no complete theory of photo-

PHOTO emission, and photoemission is a surfae'e phenomena
Awhich depends critically on surface condition andAUGE.f contaminants, it is necessary to perform extensive

measurements on individual materials and geometries of
dN SECO#EOARY practical interest. Fach parameter in the electron

dEe distribution, Ep, Ep. 0, and 4, critically affects

different types of detector systems.
In the following subsections, a brief description

wil] be given of how a particular parameter affects
0 20 40 60 so 100 120 different types of diagnostic devices, the techniques

Ee (eV) utilized to measure the parameter. Samples of the
available data will be presented with comparison to
models when possible.

No attempt is made to compile a complete bibliog-
Fig. 2. A typical photoemission spectrum. raphy of the available data in the text of this paper.

Rather, it is presented in the Appendix as a thorough
Henke, et al.(14) have proposed a semiempirical but not exhaustive list of references on photoemission

model that accounts for the "no loss" peak and provides data above 10 eV. Tables are also included which
shapes of the secondary electron distribution. The organize the different types of data by element and
model has also been modified to account for the in- energy.
ternal electron scattering processes in semiconductors
and insulators.(15) Though absolute predictions of A. Quantum Efficiency dN/dE
electron yield or spectra, are not yet possible, this
model quite accurately predicts the shape of the see- The quantum efficieny, number of electrons emitted

ondary electron distribution and the photon energy per incident photon, is the most common photoemission
dependence of the total emitted electron yield. data and is required for most absolutely calibratedsystems.
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A quantum efficiency experiment is performed as

shown schematically in Fig. 4. A monochromatic photon
beam is incident on the photocathode, and the incident
flux and emitted current are monitored to derive the ..
quantum efficiency. The primary beam energy is changed
and the photon energy dependence is determined.

2 % : M4,5A0 x 01eIfunua2 ,0,o2 3
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Fig. 4. Quantum efficiency measurements are performed N N,
by comparing the emitted photoelectron current to the *2x-ray flux. 0

Many such measurements have been made on a wide
variety of metallic, semiconductor, and insulating
surfaces as part of detector development programs over t3 3
the past 50 years. Our interest in characterizing 1 2 ' "
x-ray detectors for subkilovolt x-ray measurements has 20 10 - 20 201
required extending this data into the 50 eV to 1 keY Energy (keV)
photon energy regime where few measurements have been
made. Typical results for photon energies of 20 eV to
10 keY are shown in Fig. 5 for photocathodes of gold, Fig. 5. Quantum efficiencies for gold, aluminum,
aluminum, copper, and nickel. Many references for this copper, and nickel. Quantum efficiency is defined as
type of data are listed in Table I of the Appendix. the number of electrons emitted per incident photon.

The best available photoemission models such as
Henke's model mentioned above, predict quantum effi-
ciencies, QE. with an energy dependence:

QE aEpaL (Ep)*f(Epo ;* m .

where u(E p) is the incident radiation photoelectric A

cross section and f(E ) is a slowly varying function of
p

photon energy related to the efficiency of converting A
photo and Auger electrons into secondaries. I -.

To test this result, QE/(V(E)*E) vs F is plotted , , &,c,
in Fig. 6 for carbon, aluminum, and gold samples. The
resultant curve is the energy dependence of f(E). The - -
lines drawn through the data points of Fig. 6 are
provided to guide the eye and do not represent a model " 1'.-t

of f(E).
In general, f(E) is a slowly varying function of

energy and the M(E)GE term accounts for most of the two
or three orders of magnitude variation in quantum
efficiency. For gold, f(E) does not vary by more than ' ' so'
20-30% from 20 eV to 10 keY. A small anomaly is seen (10

near 150 eV at the N abosrption feature and again at
1.8 key at the N absorption edge. Aluminum shows the
largest absorption edge and large changes in f(E) over Fig. 6. Energy dependence of f(E) for carbon, A12031
the entire range of energies. The aluminum surface was and gold.
modeled as A1203, and if we use a pure aluminum
surface, the effect Is even more pronounced. For the B. Electron Spectra, dN/dE
carbon surface, f(E) is again slowly varying except at
very low energies and with a 30% decrease from 100 eV As indicated above, the electron spectrum is 0
to 1.5 keY. complicated function of electron energy, reflecting the

,t
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energy loss and scattering of the initial electrons C. Angular Distributions, d
2
N/dOd!

during transport through the bulk material. Such The electron emission process is dependent upon
spectra are the subject of photoelectron spectroscopy both the photon angle of incidence relative to the
and are a powerful tool in surface analysis. However, cathode surface, 0, and on the angle. f, at which the
the electron energy distribution is also an important electrons are emitted relative to the cathode surface.
element in modeling detector time -:ponse. These distributions are important since angle of

As shown in Fig. 2. the spect, s primarily a incidence is frequently used to reduce the incident
two component system consisting of the photo and Auger x-ray flux by going to grazing angle or to enhance
electrons and a secondary electron spectrum peaked at a electron emission(20).
few eV with a few eV half-width. With this type of
spectrum, a simple retarding-potential spectrometer(18)
can be used to measure the relative primary and second- -K (147eV) ON GOLD
ary contributions. Al

In this measurement, a reverse bias is applied to EXPERIMENTAL-3.6 OV
the photocathode and only electrons above a critical
voltage can escape and contribute to the "high energy
yield," YH.E. Subtracting the photocathode quantum dT4

efficiencies Measured under forward and reverse bias ,
conditions produces the "low energy yield," YL.E." 1e dEe

ratio of the low to high energy electron yield for gold
in the 1 to 10 keV photon energy range is shown in Fig.
7 as reprinted from Gaines, et al.(19) This level of

information is sufficient for modeling photodiode time
response. 2 4 6 a 10 12

Ea (*V)

Fig. 8. Secondary electron distribution from gold at
105 

0
C in a 3 x 10-8 Torr vacuum. 7he lower curve is

4ANGLE the distribution as measured by the spectrograph of
O Henke(14) and the upper curve has been corrected for
INCIDCE the instrument response and is the electron distri-Nbution at the photocathode surface. The solid line is

a fit to Henke's semiempirical model.

The standard technique for measuring quantum

efficiency vs photon incidence angle is reported by
Gaines and Hansen(19). In this experiment, a simple
parameter such as total yield or primary to secondary

2 4 6 * I0 electron ratio is monitored as a function of photon
angle of incidence. For angles greater than a few

Energy (keV) degrees, quantum efficiency decreases as 1/sinO due to

decreased photon deposition within a secondary electron
escape depth as reported by both Gaines and 1ansen(20)

Fig. 7. The ratio of low energy (<50 eV) electron and by Ganeev and Izrailev(21).
yield. YL.E. to high energy (50 eV) electron yield, An enhanced "no loss" primary photoelectron yield

is seen for photon incidence angles just above the
H.E.for a .19 mg/cm

2 
gold fo.(19) critical angle for total x-ray reflection(20). This

effect is due to increased photon deposition within a
For other applications, such as predicting streak primary photoelectron escape depth of the cathode

camera time response at the few picosecond level, more surface when the photons are refracted nearly parallel
detailed secondary electron energy distribution infor- to the photocathode surface. Ihis effect will decrease
mation is required. Such studies have been undertaken the time response of a photodiode detector due to a
by Henke, et al.(14) using an electrostatic focusing decrease in the electron flight time across the
electron spectrometer. A sample of the data for Au anode-cathode spacing.
excited by Al K x-rays is reprinted in Fig. 8. The The more complicated measurement of electron
solid lines shown in this figure are fits to Henke's emission versus 4 is much less commonly reported.
semiemperical model of photoyield and demonstrate that Henke's model of secondary yield predicts a Lambertian.
the shape predictions are acceptable, sinO, dependence to the secondary emission resulting

However, this model predicts an absolute yield from isotropy of the secondary distribution below the
which is a factor of three too smell for the case shown photocathode surface. This assumption, however, is not
here. This occurs because the model only handles valid for all primary electrons and data from Pernstein
secondary electron scattering empirically. The assump- and Smith(18) and Paird and Fadley(22) contain such
tion is made that the secondary electron distribution results.
shape is only slightly modified by secondary electron Angular distribution photoemision data is swmUM-
scattering while the absolute numbers of secondaries is rized in Table III of the Appendix. It is compiled by
increased. element and angle of incidence or emission.

This model has been extended to insulators and
semiconductors(15) where the presence of a band gap D. Enhanced Photoemission
restricts the phase-space for electron scattering. The Studies of total yield(23-26) and secondary
case of insulators is particularly interesting because electron distribution(l4) have indicated that certain
small energy loss eleetron-phonon scattering and/or alkali halides, Iodides. and semicondcutors exhibit
density of states distributions generate structures in enhanced secondary electron emission under x-ray
the secondary electron energy distribution. A guide to excitation. A comparison of CsT data with Au is shown
these and additional electron distribution measurements in Fig. 9. Over most of the energy range from I to 10
is contained in Table II of the Appendix. keY, Cs! shows an enhanced photoemission by a factor of
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30. This allows significant latitude in designing surface. Photoelectric emission is a surface physics
systems with greater low flux sensitivity, effect and any change in the surface composition or

structure will appear as a change in the secondary
electron yield. Some discussion of long term aging is

r _ available In the literature(25,29), but historically,
I most photocathodes have been utilized in sealed vacuum

a A environments where aging effects are minimal.
o Csl Experience at the Los Alamos National Laboratory,

LANL, indicates that with care, photocathodes can be
- used for extended periods of time in the laser fusion

experimental environment as subkilovolt, x-ray
top transducers without large, >15%, changes in system

~,oO calibration. Photocathode surface preparation is
important to achieve this level of stability. Figure
10 is a long term aging study of micromachined aluminum
cathodes. It shows that for this type of surface
quantum efficiency changes of less than 10% are

w possible over six months exposure to air. These
ii N ! cathodes are used in the LANL low energy x-ray

spectrometer at the HELIOS laser facility. They are
MlM Ic used behind replaceable filter windows and are exposed

to the laser chamber vacuum on each shot. Between
shots, the diodes are housed in a selfcontalned ion
pumped vacuum system. Several aging and use studies at
LANL indicate that an absolute calibration of better
than ±15% can be maintained over four months in the

06 _______ _ ,__ ,_,_ _ operational environment.

Energy (V)

)L-firtChined Aluinum

Fig. 9. A comparison of quantum efficiency for gold
and cesium iodide photocathodes. A first calibrationl

o imwd calirtio,
This effect for dielectrics can be understood

qualitatively by noting the increased scattering length
for low energy electrons below the fermi level. This
allows electrons to be collected from deeper within the
cathode resulting in higher electron yield.

This enhancement does not come without penalty,
however. First, the alkali iodides are deliquescent
and care must be taken to maintain them in a
water-vapor free environment. We know that heat -2

tosealing CsI photocathodes in plastic bags filled with
dry nitrogen and storing them in a dessicator will
induce no apparent degradation in cathode appearance U
for as long as six months. However, exposure of these
cathodes to air at 20 to 25% relative humidity for more
than a few hours impairs performance.

Second, the time response of these cathodes may be E
less rapid. The emission process seems to have a
slower component at the level of a few percent of the
main emission which persists for approximately 100
picoseconds(27). Furthermore, effects caused by large
photoemissive currents and the finite cathode material
resistivity may cause time dependent sensitivity. At
present, these materials show promise as useful
photoemissive cathodes but care should be taken to
carefully characterize their energy and time response
until further study answers some of these outstanding -3 I I ,
concerns. 11

Another class of enhanced photoemissive materials o0
based upon gallium-arsenide and gallium-arsenic- Energy (keV)
phosphide has been reported by Bardas et al.(28).
These materials show quantum efficiencies of 100 at 2
keV x-ray energy. Of even greater interest, is the Fig. 10. A before and after comparison of cathode
linear increase of quantum efficiency with x-ray quantum efficiency for micromachined aluminum. The two
energy. However, these materials are very sensitive to calibrations are separated by six months storage in
vacuum contaminants and are generally used at less than air.
10-10 torr. This greatly limits their practical
application. Less stringent manufacturing and handling

precautions can have a very damaging effect on absolute
PHOTOCATHODE AGING EFFECTS photocathode sensitivity as shown in Fig. 11. This

before and after comparison is described in detail by
Aging effects similar to those seen on alkali Day, et al.(25) and includes a one month use on the

iodide cathodes are also present on any metallic LANL GEMINI laser facility during which time the

I
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cathodes were conintually exposed to the target chamber The energy dependent response of the system is
vacuum, determined by the energy dependent sensitivity of the

photocathode convolved with the filter window

transmission. The sensitivity of four typical channels
ld6 . is shown in Fig. 12.

10
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0 boK 0 Fig. 12. Typical FULTIFLEX response functions.
E 10 oChannel 3 - bare photocathode plus three layers of Ni
C mesh.

Channel 7 - 70 pg/cm
2 

of polyropylene plus three layers
O -J  of Hi mesh.

0 - Channel 6 - 7600 A of Aluminum plus three layers of Ni
CC mesh.

CK 0 Unobroded Channel 2 - 272 ug/cm2 Kimfoil pluss 1O0 A of aluminum.I02 _ Vro s 02

10 AThe risetime of the detector is determined by the
photoelectron flight time across the anode-cathode gap;
while the decay-time is given by the decay-time of the

o3 anode-cathode gap capacitance into the characteristic
impedance of the signal line. The detectors we have

0 )mltl0 calibtioAn built for MULTIFLEX have a full-width-at-half-mximum,
FinaI colibotion FWHM, time response of 75 psa which is more than ade-

4" vitreo Cc quate to measure the 1 ns x-ray pulses from CO2 laser

2 I 100 0plasmas.
The data consists of seven oscilloscope traces

Energy (keV) showing detector currents versus time, all common timed

to t50 ps. These currents are sampled at 100 ps time
intervals and used as inputs to a deconvolution code.

Fig. 11. The quantum efficiency of gold, aluminum, This code accepts the absolutely calibrated detector
carbon, and abraded and unabraded vitreous carbon. The response curves, the set of seven detector currents.
cathodes were stored in air for six months and used in and iteratively minimizes the difference between the
the LANL GEMINI laser facility between calibrations, most recent spectrum and the observed currents. A

typical time resolved spectra for a glass microballoon
The aging effects for these samples can exceed irradiated by 8.2 TW of CO2 laser light is shown in

plus or minus a factor of two. Obviously, significant Fig. 13.
care must be taken in handling photocathodes for
windowless detector applications. The procedure we SUMMARY
have adopted to use windowless detectors(25) is to
establish a reproducible photocathode manufacturing The MULTIFLEX system is one of several detectors
process and to replace and recalibrate photocathodes we will hear about in this conference, which utilizes
frequently, every few weeks, photoelectric emission in the detection of soft

x-radiation. Photoelectric emission is a complicated
APPLICATIONS spatial, energy, angular, and temporally dependent

process and our empirical and theoretical understanding
The primary purpose of this paper has been to is not sufficient to model all potential device per-

discuss the status of photoelectric emission measure- formance criteria.
ments as they apply to subkilovolt x-ray diagnostics. In this paper, the most important parameters which
The topic of this section will be the practical appli- are used to describe photoemisslon have been discussed
cation of photoemission measurements in an absolutely and it was indicated how they affect detector system
calibrated time resolved x-ray spectrometer for laser performance. An outline of the measurement techniques
fusion plasma diagnostics. has been provided and typical data was shown in com-

The detectors are simple biplanar x-ray sensitiv- parison with available models. The Appendix provides a
ity photodiodes, XRD's, in a seven element array guide to the literature where the Interested reader can
covering the spectral range from 20 eV to 2 key with go for data and details of the measurements. Photo-
low resolving power, E/AE = 1-9. The detector system's emission studies have played A vital role in the devel-
acronym is MULTIFLEX for multiple fast low energy x-ray opment of modern physics and the detailed study of this
detector. XRD's are simple detectors consisting of an process will continue to be important in our pulsed
x-ray cathode and anode mesh. The photoelectric plasma diagnostic Instrumentation.
current resulting from x-rays impinging on the photo-
cathode is the detector signal.

,~~~~~~~~~e I -I I-- I . ... ...
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Table I

Quantum Efficiencies

This table of elements and compounds lists measurements of photoelectric quantum efficiency for each
element. The entries refer to reference numbers In the master reference list at the beginning of the
Appenidt and the numbers in parrenthe313 give the energy range of the emasurement in eV. A "P" following
a reference number indicates that only primary photoelectron emission Was measured.

Acetone 19(8-12)

Arrodag 7(1-6 keV), 7P(1-6 keV)

Ag 85(6-30), 12(10-62), 84(12-25), 61(4-5), 28(30-90 keV), 45(.5-30 key), 23F(1.2-3.3
key). 25(4-8 key), 7(1-6 key), 7P(1-6 key), 28P(30-90 key), 20(6-100 keY)

AgCl 31(6-10)

AgI 72(5-11). 31(6-10)

Al 83(7-27). 85(7-27), 14(0.01-10 keV), 32000O-1000). 21(0200-8000), 53P(1.7-8 keV),
65(21-248). 75(0.1-10 keY), 15(0.01-10 key), 11(0.01-1.5 key), 61(4-5), 28(30-80 key),
70(8000). 22(6-12), 45(4-30 key), 62(8000), 12(10-62), 68(41-124), 60(7-12),
23P(1.2-3.3 keY), 25(4-8 keV), 7(1-6 keV), 7P(1-6 keV), 28P(3080), 70P(8000).
62P(BoO), 67(10-41), 20(10-60 key), 69(109. 185, 284. 394, 525), 21P(1200-8000),
41P( 150-01500)

Al-mg 12(12-31)

A1203  57(8-21). 64(10-65), 63(20-250), 28P(30-75 key), 7(1-6 key), 7P(1-6 key), 32(100-1000)

*Ar 66(14-31)

Au 85(8-27) 12(10-62). 24(1.5-8 key), 21(1200-8000), 49(109-525), 53P(1.7-8 key),
65(21-248), 66(10-31), 84(12-25), 15(0.01-10 key), 76(10-41), 28(30-90 keY). 70(8000),
62(8000), 68(41-124), 60(7-12), 23P(l.2-3.3), 39 (.5-8 key), 39P(.5-8 key), 7(1-7
key), 7P(1-7 key), 32(100-1000). 28P(30-90 keY), 70P(8000), 62P(8000). 13(21),
20(10-100 key), 41(0.1-10 key). 41P(150-1500), 21P(1200-8000)

*Ba 61(2-4)

Baa 61(2-4)

* Be 42(8-17), 12(10-62), 51(100-500)

BeO 49(109-525). 9(110-140), 68(41-124)

BeS1O 3  9(110-140)

Be(OH)2  9(010-140)

BeS0 4 -4H2O 9(110-140)

Be3(P04)2  90110-140)

Bi 85(8-27). 70(8000), 62(8000), 70P(8000). 62P(8000)

C 15(0.01-10 keY), 23P(1.2-3.3 key)

CS2  19(8-12)

Ca 61(3-5)
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CaF2  21(1200-9000), 51(100-500). 71(8000). 71P(8000). 21P(1200-9000)

Ce 61(3-5)

Cd 85(8-27), 2(0-12), 61(4-5)

CdS 74(7-25)

CONSTANTAN 46(10-20)

CORTEX-D GLASS 61(3-5)

Cr 15(0.01-10 keV), 70(8000), 45(5-30 keV), 62(8000), 62P(8000). 70P(8000)

CsBi 30(2-3.5), 27(1.5-3)

CsBr 19(5-12). 78(7-11), 52(12-22)

CsC1 21(1200-9000). 78(7-11), 52(12-22), 70(8000), 70P(8000), 21P(1200-9000)

CsF 52(12-22)

C31 19(5-12). 17(5-12), 32(100-1000). 21(1200-9000), 49(109-750), 50(1-8 keY), 78(6-11),
52(12-22), 65(21-248), 5(6-60 key), 15(1-10 key), 39(100-1000), 39(25-310),
31(6-11), 70(8000), 68(41-124), 70P(8000), 41(0.1-10 keY), 41P(150-1500),
21P( 1200-9000)

[Cs)(NaK)3Sb 73(0.3-4.3)

C3Sb 1(1-6), 74(2-12), 73(1.6-4

Cs-Bi 3001.8-3)

Cs-C2 0-A& 27(1.4-3)

Cs-Sb 19(4-12), 30(2-3.5), 27(1.5-3.0)

CsTe 19(3.5.-6), 30(2-3.5)

C32Te 79(1.5-6)

Cu 2101200-8000), B4(9-31), 10.-. keV), 61(4-5), 28(30-90 IceY), 45(.5-30 IceV).
62(8000), 62P(8000). 28P(30-90 keY), 12(12-31), 17(4-11), 12(12-21), 17(4-11),
15(0.1-10 keY), 21P(1200-9000)

Cu-CaI 17(4-11)

Cur 19(5-12), 47(7-25), 65(21-248), 72(5-11), 41(0.1-10 keV), 41P(150-1500)

ETHELENE OXIDE 19(8-12)

ETHYL SULFIDE 19(8-12)

Fe 12(10-62), 11(0.1-10 keY), 70(8000). 70P(8000),

GaA3+C3 74(2-12)

GBAS-C3+02  80(0.5-4 keY)

GaAS 47(7-25). 74(1-12)

GLASS 7(1-6 keY), 7P(1-6 key)

In 85(8-27). 12(10-62)

InAsP 74(1-12)

K 16(2-6), 27(1.5-3.0)

K2BeF4 9(110-140)

* K~r 19(5-12), 18(8-22), 78(8-11). 52(12-22), 70(8000), 2101200-9000), 70P(8000),
21P( 1200-9000)

KCI 18(8-22), 21(1200-9000), 49(109-750), 78(8-11), 31(8-12), 52(12-22), 70(8000),
71(8000), 68(41-124), 70P(8OOO), 71P(8000). 26(5-9 keY), 21P(1200-9000)

KF 18(8-22). 78010.5-11). 52012-22)
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KI 18(8-22). 21(1200-9000). 78(2-12). 31(7-11). 52(12-22). 21P(1200-9000)

KSb 55(2-6)

K3Sb 73(1.8-4.6)

Kr 66(14-31)

LiBr 18(8-22). 52(12-22)

LIC1 18(8-22). 52(12-22), 21P(1200-9000)

LiF 18(8-22), 21(1200-9000). 51(100-500), 49(109-750), 58(10-24). 31(7-17), 52(12-22),
68(41-124)

LiI 18(8-22). 78(6-10). 52(12-22)

LiSb 55(2-6)

mg 46(10-20), 61(3-5)

NgF 2  13(10-25), 49(109-750). 71(8000), 68(41-124). 71P(8000)

mo 12(10-62), 45(.5-30 kev), 84(9-25)

MYLAR 7(1-6 keY). 7P(1-6 keY)

N2  81(15-25)

Na 16(2-6)

NaBr 18(8-22). 50(1-8 keY), 52(12-22)

NaC1 18(8-22), 21(1200-9000), 51(100-500). 31(8-12) 70(8000). 71(8000), 70P(8000).
71P(8000), 52(12-22), 21P(1200-9000)

Na2BeF 4  9(110-140)

NaF 18(8-22), 21(1200-9000). 51(100-500). 52(12-22)

NaI 18(8-22), 78(7-11), 52(12-22)

NaSALICYLATE 66(10-31)

NaSb 55(2-6)

Na 3Sb 73(2.4-4.8)

NaKSb 55(2-6)

(NaK)3Sb 73(1.4-4-.6)

NO 19(8-12)

Ne 66(14-31)

Ni 46(10-20), 43(5-25), 12(10-40), 51(100-500), 84(9-31), 15(0.01-10 keY), 68(41-124),
20(10-100 keV)

02 81(12-25)

Pb 12(10-62). 21(1200-8000), 70(8000). 70P(8000), 62(8000). 62P(8000). 21P(1200-9000)

Pd 84(12-25)

Pt 43(5-25), 12(10-62), 18(10-22), 50(1-8 keY), 81(12-25), 84(9-31). 76(10-41),
52(12-20), 45(5-30 keY)

RbBi 30(2-3.5)

RbBr 52(12-22)

RbCl 21(1200-9000). 52(12-22), 21P(1200-9000)

RbF 52(12-22)

RbI 19(5-12), 78(7-11), 52(12-22)

RbSb 30(2-3.5)

RbTe 19(4-8), 30(2-3.5)
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Rb 33b 73(1.6-4)

(Rb](NaK,)Sb 7301.4-3.5)

So 15(0.01-10 keV)

SARAN W(-6 keY). 7P(1-6 keY)

SI 47(7-25), 7(1-6 keV), 7P(1-6 keY)

Sn 83(7.5-27). 85(8-27). 12(10-62). 21(0200-8000). 70(8000), 70P(8000), 62(8000).

62P(8000). 20(10-100 keV), 21P(1200-9000)

SrF2  19(4-12). 21(1200-9000). 51(100-500). 49(109-750). 50(1-8 keY). 68(01-124),
21P(1200-9000)

Ta 19(4-6). 12(10-62), 81(12-25). 61(4-5). 45(.5-30 keY), 12(10-62). 25(4-8 keY),
20(10-100 IceY)

Te 21(1200-8000), 79(1.5-6). 62(8000). 62P(8000)

Ti 12(10-62), 21(1200-8000). 50(1-8 keY), 11(0.1-1.5 keY). 61(4-5). 70(8000). 7(1-6 keY).

7P(1-6 keV), 70P(8000). 45(.5-30 keY), 21P(1200-9000)

Th 61(3-5)

W 46(10-20), 19(0-12). 12(10-41), 43(5-25), 51(100-500). 50(1-8 keV). 63(20-250).
84(12-25), 61(4-5), 45(5-30 keY), 47(7-25), 25(4-8 keY)

W-0 46(10-20)

U 61(4-5)

Xe 66(14-31)IZn 61(4-5). 12(10-41)
Zr 61(4-5)

Table II

Electron Finergy Distribution

This table of elements and compounds lists measurements of electron energy distribitions. The entries
refer to reference numbers in the Master list at the beginning of the Appendix and the numbers in
parenthesis give the energies of the measurement. Reference 6 Is indicated by a "0" to indicate the
measurements were made with an unusual broadband x-ray source.

Ag 06(.5-3 keY), 8(30-100 keY)

Al 56(1-24), 65(277), 66(.5-. 3 keY). 65(277). 35(277, 1487, 8048). 10(8-50 key). 8(15-100
keY), 22(9.7. 10.2. 11.2, 11.5). 41(277, 8048)

A1203  06(.5-3 keY)

AgCl 40(1487). 38(1487)

Au 65(277). 39(277. 8048), 83(10.2, 14.9, 17.6). 82(10, 15, 18). 54(1.5, 4.5, 8 keY),
38(1487), *6(.5-.3 keY), 37(1487), 36(277, 1487). 35(277, 1487, 8048). 24(8 key),
40(1487), 41(277, 8000). 32(1487)

C 06(.5-.3 keY), 8(15-100 key)

C22HION205  06(.5-. 2 keV)

UdS 40(1487), 38(1487)

CaI 17(4.5-10.2), 40(1486), 65(277). 39(277, 8048), 38(1487), 37(1487), 65(277), 32(1487),

47(7.1, 7.88. 10.2, 11.6, 13.3, 18.6), 41(277. 800)

Cs2Te 79(6.7, 6.19, 5.38, 4.89)

Cs-Sb 48(2.1, 8.5)
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Cs3Sb 1(6.7. 5.8. 4.7. 4.3. 4.0)

Cu 10(04-50 We')

CuI 40(1487). 65(277). 39(277, 80MB). 38(1M87). V7(14B7). 65(277). 32(1MB7), 41(277. 8000)

GaA3P 4(.85, 1.25. 1.49. 2.17, 2.98 keY)

Ge 40(1487). 82(00. 18). 54(1.5. 4.5. 8 keY). 3804M87)

K 16(3. 3.96. 4.89. 6.71)

K~r 40(1487). 38(0487)

KC1 40(11487). 59012-19), 38(1487), 3704M87)

KI M4(0M87). 38(11487). 37(0487)

Kr 66(13)

LiBr 87(5-30)

LiCl 59(17-23)

Li F 58(13-27). 38(0M87), 40(1MB7)

Hgo 71(8000)

No 10(04-50 IceV)

Na 16(14-.6.7)

NaCi 40(1487). 59(114-21). 38(1487), 71(8000)

NaI 40(1487), 38(1487)

Ne 66(5.3)

Pb12  40(1487), 38(0487)

PbS 40(1487). 38(1487)

RbBr 40(11487). 44(12-16), 38(12-21)

RbCl 44(13-23)

RbF 44(16-27)

Se 40(0487). 38(114B7)

SrF 2  71 (8000)

Ta 10(114-50 keY). 8(15-100 keV)

TiO2  77(21.2)

W 43(7.71)

Xe 66(15)

Table III

Angular Distribution

This table of elements and compounds lists measurements of photoemission angular dependence. The entries
refer to reference numbers in the master reference list at the beginning of the Appendix. The numbers In
parenthesis refer to the angles at which Measurements were made.

Ag 25(15 , 350, 450, 600)

Al 67(0 -90 0), 68(0 -0.J0), 69(0 0 ). 25(150 350 M40 60 ), 8(0O 800

Au 24(30, 450 60 70 900). 68(00-400). 34(00-60). 6(00, 60 0. 900. 1800), 76(00, 450,
700). 20(306, 606, 906)
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BeO 49(00-40
° )

30., 190110'00)0.0

C 3(1 ° , 100
° , 

200, *300 400, 500, 60'. 700. 800, 900, 950)

Cal 49(0°-40°), 68(00-400)

Cu 8(00-800)

KC1 49(0°-400), 68(00-400)

LiF 49(0°-40°), 68(00-400
)

NgF2  13(0°-750), 49(0°-400). 68(00-400 )

Pt 76(00, 450, 700)

SrF2  49(00-400), 68(00-40
°
)

Ta 25(150-600), 10(00-70'), 8(00-800)

Ti 8(0
0
-80

°0

w 25(150-60 0)

Dr. Robert Day of Los Alamos describing his work an
low energy x-ray detectors.
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TIME-RESOLVFD X-RAY DIAGNOSTICS

P. B. Lyons

Los Alamos National Laboratory, P. 0. Box 1663, MS 410, Los Alamos, NM 87545

ABSTRACT

Techniques for time-resolved x-ray diagnostics will be reviewed with emphasis on systems
utilizing x-ray diodes or scintillators. System design concerns for high-bandwidth 01 GHz)
diagnostics will be emphasized. The limitations of a coaxial cable system and a technique for
equalizing to improve bandwidth of such a system will be reviewed. Characteristics of new
multi-GHz amplifiers will be presented. An example of a complete operational system on the Los
Alamos Helios laser will be presented which has a bandwidth near 3 Gi~z over 38 m of coax. The
system includes the cable, an amplifier, an oscilloscope, and a digital camera readout.

Nanosecond and sub-ns time resolution of low preparation and protection for accurate measurements.
energy x rays may be achieved with at least three types A good vacuum, below at least 10

- 5 
Torr, is essential

of diagnostic systems. Photoelectric x-ray diodes or for operation. Gain is achieved only with electronic
scintillators and optical detectors provide electrical amplification. The scintillators are less sensitive to
signals for electronic recording and processing. The vacuum requirements and care in storage but require
photoelectric process may also be used to provide a that the photodetector be shielded from all extraneous
source of electrons for deflection in a streak tube.(1) sources of visible light. Gain is easily achieved if

The first two types of diagnostic systems will be needed with photomulipliers (PMT), but the PMT may be
discussed in this paper. The paper is organized in susceptible to high energy background photons in the
sections that highlight specific sub-systems: the same environment.
detector, the cable transmission system, the data In Fig. 1 a sensitivity comparison between NEll
recorder, supporting instrumentation, and system con- plastic and a windowless Al x-ray diode is given. The
siderations. Examples will be drawn from experiences plastic is assumed to be coupled to a photodiode with a
at the Los Alamos National Laboratory with the large typical S-20 surface. At lower energies, the x-ray
C02 laser systems (primarily the Helios system). The diode sensitivity is superior. Some x-ray diode
final section reviews the parameters of an operational surfaces show sensitivity well above the Al diode.(2)
system at the Helios facility which is providing a 3
GHz bandwidth over 38 m of coax.

X-RAY DETECTOR 800OX-RA DEECTR 8O-A Photoelectric diode

X-ray photoelectric diodes provide a very simple 600 o Platconersion
and, potentially, very high speed, detector for low
energy x rays. The letector relies on x-ray inter- 400
action in an x-ray photocathode with subsequent release
of photoelectrons, Auger electrons, and secondary elec- l
trons from the material surface. 2200-The sensitivity of the detector is approximately
proportional to the x-ray attenuation coefficient and
demonstrates increased sensitivity in spectral regions A"
(above x ray edges) with increased attenuation. The c 100
detector current is dominated by secondary electrons .0 so-
and is thus very sensitive to surface conditions. 60

Surface conditions are, in turn, strongly influenced by €
the techniques used to prepare and store the photo-
cathode. These concerns, as well as detailed sensitiv- 4

ity data, are available in published literature.(2-3)
The time response of an x-ray diode is governed by

simple considerations. The detector geometry resembles 20
a parallel electrode configuration. The response in
such a geometry is simply calculated.(4) The rise time
is given by the time for electrons to traverse the
anode-cathode gap. The fall time is given by the RC 0
time constant. The transition between the diode and B
the transmission line must be carefully engineered to 6 - .--
minimize reflections. A poor transition can completely 01 02 04 06 0.8 I 2 4 6 8 10
dominate the excellent time response possible with an Energy (keY)
optimized diode geometry. Rise and fall times below 50
ps have been demonstrated In an x-ray diode.(5) A FWHM
for such a diode below 50 pS should be achievable. Fig. 1. Comparison of representative Al x-ray diode

2

Scintillators are also useful for low energy x-ray and scintillator6 sensitivity for low x-ray energies.
detection.(6) In a scintillator, the energy of in-
cident x rays is transferred to excitation of the The scintillation must be measured with some type
solvent (base plastic) molecules with subsequent trans- of photosensitive detector. This detector can be a
far to other scintillating molecular species. The time simple biplanar photodiode or a photomultiplier (PMT)
response is dominated by the inter-molecular transfer with significant gain. Several types of PMTs with
times and the decay time of the final scintillator sub-na response are available.(9) The fastest suitable
molecule. Standard commercial scintillators provide PMTs commercially available utilize a microchannel
time response as short as 1.3 ns(7) and special plate (MCP) as the gain stage and provide a FWI*M of 200
scintillators provide time response below 200 ps with ps. Biplanar diodes are available with FWHM of 100 pa,
reduced light output.(8) but do not provide gain. Faster solid state devices do

The choice between x-ray diodes and scintillators exist, but their very limited detection areas are not
depends on several factors. The diodes will provide a usually compatible with scintillators. When a PM4T is
faster system but require considerable care in surface used, attention must be given to limitations on peak

0094-243X/81/750059-07$1.50 Copyright 1981 American Institute of Physics
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linear charge and/or current output capability of the non-linear phase characteristics of several cables are
unit. Most PMTs have definite limits on these output shown. Thus while the largest cable has the least
values which are largely independent of PMT gain. attenuation, it shows the greatest phase distortion. A
Operation of a PMT at high gain can restrict the dy- coax system will "ring" or oscillate at the approximate
namic range of the instrument to a ver small value, frequency, fR where the dispersive, or nonlinear,
For most applications, gains of 1-10 are optimum, phase shift exceeds 180 . In practice a system will beEither scintillator or x-ray diode systems can stable if the ringing frequency is attenuated by 7-10
provide sensitivity in selected x-ray spectral regions. db below the attenuation at the half power frequency,
The x-ray diodes show a rapid variation of sensitivity
with x-ray energy and demonstrate significant changes f3db"
in sensitivity near x-ray edges of the cathode
material (of Fig 1). Scintillator sensitivity can be
varied by changing the thickness of the scintillator,
thereby altering the sensitivity at high energies. The 106
system sensitivity can be further defined through the
use of:

a) x-ray reflectors - providing reflection only I keV source
below a critical energy.

b) x-ray filters - providing transmission as a
function of the material attenuation Ni pre- /
properties. The use of x-ray edges can filtere /i
provide considerable spectral resolution.

c) x-ray fluorescers - providing (ideally) 104
sensitivity only for x-ray energies exceeding
the x-ray edge of the fluorescer. C

d) Bragg reflectors - providing reflection only
when the Bragg conditions are satisfied. E

e) grazing incidence gratings - providing
reflection when the grating equations are >
satisfied.

Low energy x-ray systems frequently require the -02
use of very thin foils. Such foils can be rolled, 2
stretched, or vacuum deposited depending on the 10
particular material.

Many low-resolution systems use either a filtered
diode or a filter-fluorescer geometry. Figure 2 pro-
vides an example of filter-fluorescer system sensitiv- 2
ity for a detection channel intended for temperatures 10
near 1 keV. The system consists of a Ni pre-filter and
a Ti fluorescer in the x-ray beam with a Ti post-filter
and Al diode at 900. This figure shows the variation
in channel response vs x-ray energy as additional
elements of the channel are included. Filter- Ti fluorescer
fluorescer systems are much less sensitive than and Ti post
filtered diode systems. For many applications in ICF filter
diagnostics, the filter-detector system is used(10) and 0 0
typical responses are given in ref. 2. 10

DATA TRANSMISSION SYSTEMS 0

Coaxial cables are far from perfect transmission
media. High bandwidth signals suffer serious distor-
tion as they propagate along coax cables. The simplest
solution would involve location of the recording in- "
strumentation very close, within a few meters, of the A -
detector. In practice, however, this is not a feasible I -2 Alo-a
alternative. Significant radiation and electrical
background can be anticipated near the target area of
any laser system and an e-beam pumped laser (like the
Los Alamos Hellos laser) would be an even more diffi-
cult environment. In addition, personnel are excluded L
from the target area during tests and the recording 10 ,01 102
equipment would have to be remotely controlled.

Radiation background provides a particularly Energy (key)
severe problem with modern high speed oscilloseopes( l)
which utilize a micro-channel plate (MCP) gain element
preceding the phosphor. The MCP exhibits significant Fig. 2. System sensitivity for a Ni pre-filter-Ti
radiation sensitivityo fluorescer- Ti post-filter - Al diode configuration.

l ese considerations require that the recorder be In Fig. 2a the 1 key Planck source is attenuated bylocated se distance frm the detector. us coax transmission through the Ni pre-filter. Wen the Tilines, typically 20-40 m In length, are required. The fluorescer is added in Fig. 2b, only energies above the
severe limitations of the cable then become a serious Ti- edge contribute florescence at 900. Al energies
concern. also scatter off the T fluoreser foil. A Ti

In Fig. 3 the attenuation in db is shown as a a stter ofide Ti addios 1 foi A nd

function of frequency for 37 m of several types of high post-filter provides slight additional shaping and

frequency cable. Larger cable shows signficantly lower prevents any UV light from reaching the Al diode. The
loss at all frequencies, but other considerations argue Al diode (with a Be entrance window) thsn detects the
against the large cable. As a practical matter, the predominantly Ti fluorescence in the 90 bem. The

resulting channel has almost all of its sensitivitylargest cables ore extreely difficult to handle. A between the Ti-K and Ni-K edges.
more serious concern is show in Fig. 4 where the
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In Fig. 3. the ringing frequency. fR' Is shown for sensitivity is reduced but an improved system bandwidth
results. This is illustrated in fig. 69. It Is Impor-each cable. Note that the largest cable rings at about resolt th t is izatin miy be a tpis to r-
tent to note that equalization may be applied to any2.5 Gz. The ringng frequency can also be thought of electrical system whose frequency characteristics are

as the approximate frequency above which modes other known. The "system" may be only a cable. only an
than TEN can propogate. Cable ringing is shown oscilloscope. or a complete detector/cable/amplifier/
experimentally in Fig. 5 where a short pulse was used oscilloscope com peter br
to excite a 15- length of large diameter cable. The oscilloscope combination.
output was measured with a sampling system.

20 I I I 1 I 

Cable ?Y ijm.

CABLE FREQUENCY RESPONSE

Io 10

441'-14 in. Super flex

"/In. Foam iteliax0

---- FR -5i.Fam eliax III_ I

Time (n)

1.0 F3d8 FR ngineeq. Fig. 5. Cable ringing in a 15 m sample of 7/8 inch

F3,, Max. equalized coaxial cable.
bandwidith

- - - Max. equalizer attn. 0

37 m Cable lengtli

0.1 1.0 to 100.Oo
Frequency (GHz) -1o

Fig. 3. Attenuation vs. frequency for selected
high-frequency coaxial cables. See text for discussion C

0.of figure abbreviations. . - -20-

,N o i . " -- - Transmission line
a-3 Equalizero~m 374./liflflsi -30 --- Lift as equaliii

200 za 37mal-1/2n. Hellax

-~~~ - - - - - - - - -1 o to' 10 1
IS Frequency (MHz)

I. , I

o b.

2i
A U 0 6I U 1 2 4 6 8 10 Bridged 'T"Equolzer

Finiany (GHz) Stoge

Fig. 6. a) An example of the concept of equalizationFig. 4h. Non-linear phase characteristics for 37 m and b) one possible equalizer configuration.
lengths of sevii-al coaxial cables.

The bandwidth of any system can be Improved a4ny texts deal with equalizer technology(12) and
throuh equalization. 7is technique involves the describe a variety of equalizer constructions involving
introduction into the line of a high pass filter whose resistive, inductive, and capacitive elements. Equal-
frequency characteristics cofiensate for the frequency izers may be matched to the line characteristics to
roll-off of the original system. The system provide a "matched" or "non-reflective" equalizer or

may be reflective. While reflective equalizers are
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simpler to design and fabricate, care Must be exercised Many parameters (cost. mode of operation, detailed fre-
to assure that either 1) the coaxial cables are of quency response, over-voltage protection, etc.) must be
sufficient length that the reflections do not impair addressed in selecting equipment for each application.
the data, or 2) that the system is suitably back-termi- However, as a major over-simplification, several
nated to prevent mulitiple reflections. A standard presently available recorders are compared in a two-
type of matched equalizer, the "bridge-tee" construe- dimensional space (f3db bandwidth vs. sensibility) in
tion, is shown in Fig. 6b. Fig. 8.

The various coaxial cable systems discussed
earlier can be equalized. However as previously
described we must assure that fR is attenuated well

below the final cable f 3db With this concern as a

guide, the maximum equalized bandwidth for each cable 10
is presented in Fig. 3 and labeled as f3db"

Standard components may be used to construct
equalizers with frequency characteristics providing is-3 ac-S TUC-4
f3db into the 500-1000 MHz range. However, as frequen- 11117-67912

NKR-25
cies exceed 1 GHz, the standard discrete components 8 KR-23
have too much stray and/or distributed reactance to T
allow construction of computer-generated designs. A 7 10-0A.
new type of equalizer has been originated to address
this high frequency area.(13) This equalizer consists 791

of a microstrip transmission line to which one or two 7

microstrip stub lines are added. Each stub line is
terminated in a resistor and the stubs may be different
impedances and lengths. The reflections from the
various line/stub and stub/resistor interfaces can be
tailored to give suitable high pass filter charac-
teristics. IQ 0, I low

Hybrid thick film circuit technology has also been Se,,.owy(REN)
explored for construction of multi-GHz equalizers
(using conventional designs like the bridge-tee of Fig.
6b), but to date has not approached the stub equalizer
success. The stub equalizers can be built with Fig. 8. Bandwidth and sensibility for several
conventional printed circuit techniques and closely commercial recorders. See text for details.
approach computer calculations of expected performance.

To conclude this section, Fig. 7 is constructed Sensibility is defined as the number of resolution
from the data of Fig. 3. The attenuation of four elements per input volt. A resolution element is de-
possible cable types is shown. From Fig. 7 the optimum fined either as a trace width for an oscilloscope or a
cable choice for a 37 m cable length and a specific least-significant-bit for a digitizer. The actual
bandwidth can be quickly determined, value of sensibility quoted for each recorder is open

to considerable interpretation and is not an exact
quantity. (Various trace widths or sensitivities may
be seen in different samples of a given recorder.) The

10__ sensibility values in Fig. 8 should be treated as rough
11 .I guides only. The equipment described in Fig. 8 is made

- _----' in.SoemfI., by Tektronix, Inc. (7912-direct access, 7912, 7104), by
37 a,% in. Fam heina EG&G, Inc. (KR-23 and KR-25), by Lockheed(14)

37 in.Yi. Fam Win (LM-7912), by Lockheed and EG&G(15) (S-3), by a Los
Alamos/Tektronix collaboration(11) (1776) and by

31 in. F/s m Idi Thomson-CSF (TP4C-4 and ThC-5). The Thomson-CSF. the
1776, and the KR-25 scopes use MCP current amplifica-\ \I

\
tion.

All of these recorders are electron beam devices
\ \ (conventional oscilloscopes or scan converters) except

\ %I| the single-shot-sampler (5-3) system. This system
utilizes sixteen 4 GHz Tektronix, Inc. sampling heads

\l stobed and timed by a single trigger pulse. The input
II signal is distributed to the 16 sampling heads.

Sixteen high bandwidth samples are thus recorded.
SI Additional units can be used to expand beyond 16

uN .L I, samples.
The 1776 oscilloscope is used in moderate quanti-RIeI ti AIlmnlof ties in several Los Alamos programs. It serves as

another example of equalization technology. The re-
sponse of the basic scope, without equalization, is
shown in Fig. 9. The unequ Lized sensitivity is about

Fig. 7. Frequency and attenuation for 37 m high 450 mV/cm with a 700-800 MHz bandwidth. Since the
frequency cables within the operating range of each attenuation curve is fairly smooth, the unit can be
cable. equalized to much higher bandwidths. (Not shown in

Fig. 9, but of equal importance is that the phase
DATA RECORDERS characteristics are well behaved past 6 GHz.) Shown In

Fig. 9 is one configuration of the 1776 used in severel
Few options exist for data recording above 500 MHz applications. A 4 db stub equalizer is used to provide

bandwidth. No commercial A/D converter or transient a 1.6 GHz bandwidth at a sensitivity reduced to 700
digitizer (except the 7912/direct access) can presently mV/cm. The example in Figure 8 was equalized to about
approach this bandwidth with acceptable resolution (8 2.5 GHz and provided 1.1 V/cm sensitivity. The
bita). Sampling techniques do achieve this bandwidth trade-off between bandwidth and sensitivity must be
but customarily are used only with repetitive signals, guided by the specific experiment.
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and test facilities are essential. Any equalization
also demands detailed knowledge of system response.

The final area of useful instrumentation concerns
0oscilloscope digitizers. For systems using scopes,

film recording may be used. An alternative would use a
vidicon tube to scan the scope face. Such systems,

-based on SIT vidicon tubes, are in use at Los
4 imdm Alamos.(2) In a rapid test schedule, the desirability

IS of such devices is apparent.

40- JSYSTEM CONSIDERATIONS

13A130Dz  The choice of a complete system must be guided by

the experimental requirements. The concept of
sensibility, introduced earlier, has proven to be very
useful in characterizing experimental requirements.
Each experiment can be characterized by a bandwidth and
sensibility needed to adequately record the anticipated
data. The sensibility is deduced from a review of the
required resolution and the anticipated output signal

-I1 levels.
As an example of such system considerations,

l1 IUz graphs like Fig. 10 may be constructed to show the
achievable bandwidth and sensibility for several
recorder systems operating through 18 and 37 m cables.

Fig. 9. Frequency response of the 1776 scope in an If an experiment required 3 GHz bandwidth, if 100
unequalized mode and in one equalized (4 db) mode. The resolution elements (R.E.) are required, and if 10
equalizer response is also shown, volts peak signal are expected (requiring 10 RE/V).

then the 1776 and 7iC-4 systems can be used with 0.5
SUPPORTING INSTRUMENTATION inch cable.

The beam diagnostic system for the Helios and
This section briefly addresses three classes of Antares laser was constructed from similar consider-

instrumentation which are critical in high bandwidth ations.(25) Thirty-eight meters of 0.5 inch cable.
systems: amplifiers, test instruments, and scope amplification(26), a 1776 oscilloscope, and a digital
digitizers. camera were used. System modeling guided the choice of

An amplifier of suitable bandwidth can increase a 3 GHz system bandwidth. Without equalization the
the sensibility values shown in Fig. 8. However, the system was cable limited to -250 MHz. The system fre-
amplifier must be carefully tested to insure that it is quency response (Curve A) is shown in Figure 11 along

not introducing significant distortion into the re- with the calculated performance (Curve P) of a stub
corded system. Some amplifiers can introduce severe equalizer with 18 db equalization and the calculated
ringing or other artifacts into signals. The amplifier final system response (Curve C). A 2-3 GHz system
must also have enough linear output to deflect the resulted and provided the measured response of Fig. 12.
chosen oscilloscope.

Test instruments are required to verify the pulse
response of each component of a system. Both impulse
and step generators provide suitable data for sub-
sequent Fourier analyis.(16) Both amplitude and phase
must be inspected in the Fourier analysis to insure
adequate pulse fidelity. Pulse generators may use
either step-recovery diodes(17) or mercury pulsers.(18) N \'i._t
These diodes can deliver Up to 30 V at high repetition m i-

rates in a 60 ps impulse while the mercury pulsers can __

provide much larger voltages in a single shot mode.
Tunnel diode pulsers(19) can provide 20 ps risetimes
with 250 mV output. Mercury pulsers fabricated at Los Otis.

Alamos, similar to those described in ref. 18, have
demonstrated a 37 ps risetime.(20) For many applica-
tions a set of calibrated step generators(21) which O I is s1.
provide well behaved and characterized step shapes from
50 to 200 ps is very useful and can be ordered from
NBS. Delay lines are required to provide trigger
advance times to the recorder system and ideally would
provide -50 ns delay without pulse distortion. Cryo- Fig. 10. System sensibility for systems based on five
genic lines at liquid He temperatures with superconduc- recorder choices at two distances. The 7A19 refers to
ting coaxial cables have been documented with 70 ns a Tektronix, Inc. preamplifier.
delay and >20 GHz bandwidth.(22) Similar lines con-

* structed with 2.1 mm diameter semi-rigid coax in liquid
N2 constructed at Los Alamos provide 60 ns delay with a
bandwidth of 5 GHz. The Los Alamos delay line requires
7 db equalization to achieve the bandwidth.

Sampling techniques are needed to document the
performance of several of the components discussed In
this paper. Sampling measurements can provide
bandwidth data up to 18 GHz.(23)

The importance of test instrumentation cannot be
overemphasized. Attempts to rely exclusively on manu-
facturer's specifications or literature descriptions of
specifications for similar systems will usually be met
with serious failure. High bandwidth systems require
careful attention to all details of system construction

l l . .. Im-
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ABSTRACT

A Soft X-Ray Streak Camera (SXRSC) is a fast timing instrument sensitive to x rays from
100 eV to 30 keY. The instrument has excellent time resolution (-15 ps) and large dynamic
range (_103) which are well suited for measuring x-ray pulses produced by laser-fusion
targets. The SXRSC uses a thin transmission photocathode to convert x-rays to a secondary
electron signal which is accelerated, focused, and deflected onto a phosphor producing an
image of the x-ray pulse time history. In the past, such instruments have been used only to
make relative measurements of the time history. At LLNL we have calibrated the SXRSC in
order to make absolute intensity measurements of the soft x-ray flux from laser fusion
targets. Such measurements will assist in understanding the laser plasma processes and
conditions needed to attain laser-produced fusion. Because of the nature of the instrument,
we have calibrated it in the dynamic mode using a small laser-produced pulsed x-ray source.
Details of the calibrations will be given. We have measured the SXPSC response to be linear
over more than two orders of magnitude with the range limited by the A-ray source strength.
The dynamic range of similar instruments sensitive to optical light has beei. demonstrated to
be greater than 103. Based on first generation calibrations, flux measurements are
accurate to + 30% with the largest uncertainty in the calibrations being in determining the
source spectrum and intensity. The uncertainties can possibly be reduced by a factor of two
by better source characterization. In that case errors in SXRSC measurements would approach
those of other x-ray pulse detectors, such as x-ray diodes.

I. INTRODUCTION the tube is controlled by a set of deflection plates
in the image converter tube. By rapidly varying the

X-ray streak camera technology has been voltage on the deflection plates, the slit image
developed at LLNL (1) and elsewhere (2) to time position varies as a function of time resulting in a
resolve x-ray pulses, primarily for application to two-dimensional image on the phosphor. The temporal
laser-fusion plasmas. Such plasmas are intense x-ray history of the x rays is recorded in one dimension
sources lasting for nanoseconds or less. At LLNL a orthogonal to the slit while the other dimension is
soft x-ray streak camera (3) (SXRSC) has beer the spatial variation of the x-ray signal along the
developed which is sensitive to x rays from 100 eV to slit. The light intensity of the phosphor image is
greater than 30 keV. Its temporal resolution of 15 amplified with a microchannel plate intensifier (MCP)
psec and dynamic range of greater than 103 allows and recorded either with film or with an active
for detailed study of the target emission. Until readout CCD array. (5)
recently, its primary application has been relative An example df x-ray data from a laser fusion
time history measurements of the x-ray emission. target is shown in Fig. 2. The data is recorded with
Efforts have begun to absolutely calibrate the SXRSC a CCD array using an 8 bit digitizer. In this
for quantitative measurements. In this article some example several x-ray channels are placed across the
of the SXRSC properties are summarized emphasizing slit and their time histories are recorded
the quantititive calibrations. The calibration simultaneously. By combining such data with
method is discussed and some initial results are calibrations discussed below, x-ray flux versus time
presented. can be measured.

The SXRSC signal, s, is related quantitatively
II. PRINCIPLE OF OPERATION to the incident x-ray flux, Fx, by the expression

The SXRSC operates similarly to optical streak s dc-- n F (1)
cameras(4) developed at LLNL which is an application m2V/ x
of electron imaging technology. Signal processing is
illustrated schematically in Fig. 1. First, x rays where d is the entrance slit width and ve is the
are converted to an electron signal at the front of sweep speed of the deflection plates. The electron
the image converter tube. A thin transmission transmission ,fficiency, c, image magnification, m,
photocathode produces a signal of low-energy and electron to light conversion efficiency, t, are
secondary electrons at the rear surface whose properties of the image converter tube and image
intensity is proportional to the x-ray intensity intensifier. The detection efficiency, y, for either
striking the front surface. A thin narrow slit film or CCD array averages over the spectral output
(-100 W wide) collimates the x rays in front of of the phosphor. The SXRSC response depends on x-ray
photocathode resulting in secondary electrons being energy primarily through the photocathode conversion
emitted over the slit area. Electrostatic fields efficiency, n. Photocathodes normally consist of
accelerate and focus the secondary electrons imaging thin Au films evaporated on carbon substrates
the slit onto a phosphor at the rear of the image although other substrate and cathode materials are
converter tub*. The image position at the rear of being investigated. If the secondary electron

* Mock perfocmed under the auspices of the U.S. Department of Energy by the Lawrence
Li.ermore National Laboratory under Contract No. W-7405-Eng-48.

W)%-243/81/75006-0851.50 Copyright 1981 American Institute of Physics

U.
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Fig. i Schematic showing signal processing for an
x-ray streak camera.

spectrum and angular distribution from the
photocathode are independent of x-ray energy, the
camera parameters, in parenthesis in Eq. (1), are Iron Vanadium Carbon
also energy independent. They can be replaced by a Shot #80121508
single constant, a. characteristic of the instrument EL =3.90 kJ, L =900 ps
and independent of x-ray energy. Eq. (1) then 3 X 1015 W/cm 2

becomes S2240_
Sx - axFx  , (2)

where subscripts denote x-ray energy dependence. 200r
Henke et al. (6) have measured of the secondary Iron
electron spectrum for various photocathode materials
and found them independent of x-ray energy. The
energy dependence can also be tested by the energy 160
dependence of the calibrations. *

Another application of SXRSC technology is time
dependent measurements of x-ray source sizes. By
using an x-ray imaging element such as an x-ray 120 Vanadium
microscope (7) or pinhole (8) to image the x-ray
source onto the SXRSC slit, the time history of a
spatial dimension is recorded. Streaked spectroscopy 80
can also be done by placing the SXRSC slit along the Carbon
plane of dispersion of a diffraction device such as a
crystal (9) or grating. (10)

40

III. S.RS: PROPERTIES

The unique feature U the SXRSC is its excellent
temporal response although its dynamic range, 0
sensitivity, and one dimension of information also 0 1000 2000 3000 4000
make the instrument attractive for pulsed x-ray Time (ps)
measurements. Temporal response of the SX[RSC is
estimated to be 15 psec which is an order of Fig. 2 Example of SXRSC data. Top is the two -

magnitude better than existing x-ray dimensional image of the intensity vs time recorded
diode-oscilloscope systems. Fig. 3 illustrates the by a CCD array. Bottom is the time history of three
SXRSC temporal response to a series of short x-ray subkilovolt x-ray energies defined by filter material
pulses separated by 500 ps. (11) The short x-ray labeled on each curve.
pulses (-70 psec) are created by irradiating a Ta
foil with a series of 50 psec laser pulses. The Spatial resolution is important especially for
pulse shapes are very uniform with little imaging and spectroscopy applications. Spatial
instrumental structure. Temporal data at the 50 psec resolution is influenced by broadening in the
resolution level can easily be interpreted without photocathode and light detection systems as well as
complicated instrument response unfolding by the quality of electron focusing optics. Fig. 4
techniques. The resolution limit of the SXRSC has shows portions of a streaked image from SKRSC in
not been directly measured because a fast, intense which a 75-Us wire grid is placed in front of the
x-ray source is not available. Resolution of optical photocathode slit. On the left side of the raw data,
streak cameras having similar design has been the grid is removed displaying the unmodulated
demonstrated to be in the sub-10 psec range. (12) pulse. A digital scan along the cathode slit, shown
Resolution of x-ray streak cameras is expected to be on the right of Fig. 4, displays the 150-to period
similar. Measured secondary electron distributions indicating that features as small as 7 l.p./mm are
from x-ray photocathodes indicate that additional clearly resolvable. The noise in the data results
temporal broadening due to the greater energy spread from small scale fluctuations in the MCP gain.
of the secondary electrons will not decrease temporal Signal statistics also contribute to the noise,
resolution significantly. (13) Direct measurements especially in the wings of the pulse.
of the temporal response are needed to better Although specific tests have not been made, the
understand the instrument response in the 10 psec dynamic range and sensitivity of the SXlSC are also
range. excellent. From data such as that shown in Fig. 3,
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04, have to withstand atmospheric pressure. Present1060A O rhsu~iwindows of commercially produced vapor-deposited

carbon film (15) 50 Mg/cm2 thick extend the range
/ 67 pa FWHM of sensitivity down to 100 eV. These substrates have

1/ proven to be stable under normal operation although
150 A 74c they can be destroyed if handled improperly. Thin

103OA polymer films are being tested to reduce the lower
chtannel -\-80 se x-ray limit and to improve detection capability

around the carbon K edge which is presently
74 pm- attenuated by the carbon windows. The polymer films

.5 should also have improved mechanical strength.
102 Effects of these non-conducting cathode substrate on

Vtemporal resolution and dynamic range are presently
anot known.

Sp 74Photocathode material, usually Au, is deposited
6psw- v on the substrate window. Its large absorption cross

section makes Au an attractive material especially at
101 higher energies. Measurements by Day et kl. (16)

have shown that its quantum efficiency in the
sub-kilovolt region is also high for a metal and
relatively stable under normal applications. The
photocathode layer must be thick compared to the
range of secondary electron contributing to the

100 signal, but relatively thin to minimize absorption in
0 400 Boo 1200 1600 2000 the front region, or dead layer from where secondary

Time, p electrons cannot escape. Thin film layers also must
be thick enough to insure uniform deposition. Benke

Fig. 3 Example of the temporal response of the SXRSC et al. (17) have found Au thicknesses around 200 A to
to 70 psec x-ray pulses separated by 500 psec for Au be optimum. Quantum efficiencies for these
and CsI photocathodes. transmission photocathodes vary from 0.01 e-/photon

to 0.1 e-/photon over the range from 100 eV to 10
Raw data SXRSC demonstrates 7 I.pimm resolution keV. The Au surfaces are easily prepared by vapor

deposition and seem relatively stable when exposed to
-l MM -air. Cal cathodes are also being investigated for

-increased sensitivity (11). Cal quantum efficiencies
a are a factor five to thirty greater than Au quantum
P 150 JAM efficiencies in the soft x-ray region. (17) Fig. 3

- compares the response of Cal and Au photocathodes to
Zthe same x-ray pulse train illustrating the increased

- I I I efficiency. Csl may have a late time temporal
Space 0 150 300450 600 750 900 - component evidenced by the residual signal betweenpulses in Fig. 3 which may restrict its usefulness.

Cathode distance ( rn) Bateman and Apsimon (18) have also developed a low

Fig. 4 SXRSC response to 150 Jim period modulations density CsI cathode which is being employed for x-ray
across the entrance slit. On the left is the raw streak camera applications. (19)
data while on the right is a digital scan of the data
across the slit. V. ABSOLUTE FLUX HEASURD(ENT

no significant broadening is observed at the Absolute flux measurements have begun at LLNL
50 psec level over three orders of magnitude. A using the SXRSC taking advantage of its excellent
dynamic range of 3 x 103 has been measured with an timing and large dynamic range. Such measurements
optical streak camera for 50 psec pulses. (12) The require an energy discrimination technique as well as
SXRSC also has high sensitivity being determined by calibration of the instrument. Initial measurements,
the photocathode efficiency. From calibration data shown schematically in Fig. 5, use three broad-band
minimum detection levels appear to be set by counting channels defined using x-ray mirror-filter pairs.
statistics due to single photon or electron events in The channels are placed across the SXRSC slit, so
the photocathode. Increased sensitivity can be that their time histories are recorded simultaneously
achieved by widening the slit which enlarges the with a single instrument. For future measurements
detection area. Work on optical streak cameras the number of channels can be expanded by adding more
indicate that slits as wide as 1 m can be used by mirror-filter pairs. More precise spectral
changing the focus without significantly degrading definition can be obtained using narrow-band
the temporal resolution. (14) Further studies are interference mirrors, (20) or continuous spectral
needed to assess if the technique is applicable to measurements can be made using a dispersive device
x-ray streak cameras. such as a transmission grating. (10)

The composition and spectral response of theIV. X-RAY PHOTOCATHODE RESPONSE three initial channels are shown in Fig. 6. These
broad-band systems provide energy resolution

The useful spectral range of the SXRSC is E
limited by the x-ray photocathode response. The low - 3 - 5, with good channel definition. The
energy limit is set by the minimum x-ray energy transmission filters define a spectral window just
transmitted by the photocathode substrate. At high below the K or L edge of the filter material. The
energies, both photocathode quantum efficiencies and x-ray mirrors act as low-pass filters having high
x-ray intensity usually decrease with increasing reflectivity in the spectral window of the filter.
energy, limiting the useful range to less than about At higher energies where the filters become
35 keY. In early development of x-ray streak camera transparent, the mirrors have poor reflectivity
technology, the image converter tubes were sealed suppressing this contribution to the signal.
requiring a cathode window which could withstand The transmission filter, and mirrors are
atmospheric pressure. Be windows 8 Um thick calibrated individually using auxiliary x-ray sources
limited the useful range of operation to greater than determining the spectral flux incident on the SXPSC
1 keV. Presently, the SXRSC uses auxiliary pumping Below 1 keV the calibrations use a proton-induced
equipment allowing for thinner windows which do not line source (21). Results from a Mi mirror

' ' " " . .. " . . . .... ....... . r " : . .. ',
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n o(Xto) monitor the source at 45 to the target
aoh cbnutt eplane. The Sr views the target at 45 an the

0 m a 1 keY ui opposite to the XRD's as shown in Fig. 8. The SXRSC
0 0.2 0O4 0.6 0.8 1.0 is calibrated for the three x-ray channels described

X-ray energy bkeVh in the flux measurements. The channel response of
the three XRD's have been matched as nearly as

Fig. 6 Spectral respse of the three SXRSC channels possible to the SXRSC channel responses. The SXRSC
used for the flux measurements response, RSX SC, is related to the signal ratio

from the two instruments as shown in Fig. 8. The
cabration is shown in Fig. 7. This mirror is made signal ratio is corrected for the difference in

by vapor depositing 1000 A of Ni onto a flat effective width of the two corresponding energy
aorphorus carbon substrate. Reflectivity channels and for the difference in solid angle of the
measurements have been extended above i keV using an two instruments. The XrD response, RirD, is the
electron bremsstrahlung source from a Ti target. The channel response averaged over the input spectrum.

reflectivity is predicted through the cutoff energy The nSXRSC is similarly averaged by the input
by a semclassical calculation, (22) while at higher spectrum.

energy the measured reflectivity is less than Thl l e inhe o spectrum is structured
predicted. At the higher energies x rays are not depending in target material with most of its energy

totally externally reflected at the surface but contained below 1 keV for these irradiation

penetrate through the mi layer to the carbon conditions. Spectra: intensities for several targets

substrat. Lower reflectivity from the low Z carbon measured by the XRD's is shown in the top curve of

substrate produces an observed reflectivity less than Fig. 9, and total conversion efficiency from incident

predicted for bulk Ni. Use of higher Z films on a laser energy to x-ray output in this spectral region

low Z substrat i appears viable for i roving the low is plotted in the bottom curve. While precise values
pass filter qualities of x-ray mirrors. Improved depend on irradiation conditions, the high 9 elements

computational capabilities now being developed for of Ta and Au produce a more intense x-ray source over
x-ray interference mirrors should be useful in this energy region. For lower Z elements line

predicting their reflectviter ew emission effects are more evident. For exmsle, the
intensities from Fe and V targets are fsmiler at 200

VI. SXRSC CALIBRATIONS eV and 400 eV, but at 600 eV the V intensity is an
order of magnitude larger, approaching that of Ta and

SXRSC calibrations are done in the pulsed, or Au. In this region V L-shell emission hgminates the
dynamic, mode using the broad-ba d channels defined spectrum. Preliminary high resolution measurements
above. Such calibrations are necessary because late in this region, shown in ig. 10, display the
time background signals can interfere with a complicated spectrum produced by these targets. The
steady-state, or d.c., calibrations. The background spectra in Fig. 0 are taken using an e filter which
is easily suppressed electronically in pulsed cut off the spectrum at 710 eV. although the line

affect d.c. calibration. For pulsed calibration, mating the filter and target material, high intensity
x-ray sources an the order of 1018 emission in a relative narrow band region say be
photons/cm2-s¢ are required. These photon fluxes possible.

are at least three orders of magnitude greater than SXRSC calibration data is similar to that shown
obtainable from a d.€. source but can be readily in Fig. 2. Intensity vs. time curves for the three
obtained from a pulsed x-ray source. x-ray channels are integrated in time and compared

Present calibrations use laser-produced x-ray with the integral signal from the X10'9. An example

pulses. A schematic of the calibrations is shown in of the comparison for the 600 eV channel in shown in
Fig. 8. Laser pulses of around one joule and 50 psec Fig. 11. Similar data is obtained for the two lower
are focused at normal incidence onto targets of energy channels. The XKD output has been converted
various material. Three calibrated x-ray diodes to absolute fluences at the SXRSC, correcting for its
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Fig. 8 Schematic of the absolute calibrations. The 01
SXRSC signals are compared with signals from /
calibrated XRD's.

0.10- /
solid angle and channel width. The SXRSC signal /
unit, bit, is an arbitrary value set by the CCD
digitizer which is constant for the particular
instrument. vtV

The calibration value determined by the slope of 0.05-the data in Fig. 11 varies with target Z. The high/

Z, high intensity 1ata are systematically above the
lower Z data. These systematics are due to __
broad-band responses used for energy discrimination I I i i
and to structure in the source spectrum. Even by 0 20 40 60 80 100
including these systematics, the data group about a Z
mean value shown as the solid line in Fig. 11 with an Fig. 9 X-ray yields from the laser-produced source
error of + 203. The total errors in the flux measured using XRD's. The top curves show the
measurements are estimated to be + 301 when errors in spectral dependence of various targets while the
the auxiliary calibrations are included, lower curve shows the Z dependence of the total x-ray

Similar calibrations have been done on another yield in the energy region.
SXRSC using Kodak Royal X-Pan film as a detector.
The calibration data are from Argus, a larger, series. Data from other experiments have shown
experimental laser. The data are from several linearity over at least another order of magnitude.
experiments accumulated over a number of months. The During the experiments several differnt
integrated SXPBC signal from each of the three photocathodes have been used. All are 300 A of Au
x-ray channels is plotted in Fig. 12 versus the x-ray vapor deposited on 50-hg/cm2 thick carbon foils.
fluence from the same spectral region measured by a No systematic variations between different cathodes
ten channel XAD system. (23) Each film record uses a are observed. Sensitivity appears stable over
stepwedge registered on the film with a constant, several months and is reproducible within the errors
chromatically matched, light source, to relate a of the measurements.
given optical density to a light exposure. This The calibrations can be used to infer the 8XRSC
procedure approximately corrects for shot to shot instrument response. The mean energy and width of
variations in film developing and film response. The the three channels are listed in Table I alo1g with
mean calibration value, shown as solid lines in average photocathode response, REI. The average
Fig. 12, relate the incident x-ray flux to the light photocathode response is calculated by averaging
intensity, or exposure. The dashed lines in Fig. 12 quantum efficiencies measured by enke et al. (17)
represent the statistical errors of the data which in over the x-ray channel assuming a flat iWctrum.
this case are about +180. The calibrations are Using these values the instrument response, o, is
linear over a dynamic range of two orders of obtained from the total channel response in Fig. 12
magnitude. The lower limit of the dynamic range is and is listed in Table I. The results relate film
limited by the sensitivity of the instrument. The intensity to electron current density from the
upper limit is set by target output from this shot photocathode and are given in the final colu in
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Fig. 12 Calibration curves for the three x-ray
0.0 0.4 0.8 1.2 1.6 2.0 2.4 channels. The solid circles (e) are from Au targets

F (11 O/M)irradiated using 2 wo (X 0.53 jim) light and open
x 1~~kVc 2  

circles (o) using 3 W0 (A =0.26 U~m) light. Some
rig. 11 Calibration data for SXRSC. Systematics in Ti (A, 6) and Be (in, o) data are also plotted.
the data indicate dependence on input spectra
although all data cluster around a mean value shown
as a solid line, with 15-psec time resolution the minimum measurable

intensity is about 20 for a 100 Usm wide slit. For
a a 0.022 this corresponds to a current density of

Table 1. The values are constant for the three 900 e-/cm2 -pa from that area which translates
channels within + 251 a would be expected if the into about 13 e- from the photocathode. This lover
photocathode secondary electron spectrum and angular limit approaches the limit set by electron statistics
dependence are independent of energy as discussed in from these Au cathodes. Sensitivities can be
Section MI The calibrations can be extrapolated to increased by using Cal cathodes which have quantum
other x-ray channels using these values without efficiencies around one. Cathode sensitivities
requiring each channel to be calibrated independently, greater than one would not increase the instrument

The instrument's sensitivity dan be deduced from sensitivIty because photon statistics would then
the Instrument response. for a channel 1lm wide and limit the minimum detection level.
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I spectra. Higher resolution measurements of the
target spectrum my allow the spectral dependence to

ANALSIS V 1UT CANIE 3UPSHSbe unfolded from the data. Narrower channel
definition would also improve calibrations. By using
x-ray interference mirrors to define a narrow band of

Af ,x ray, the dependence on the x-ray spectrum would
decrease. A more powerful calibration source is
needed to implement such a scheme. These

(eV) Way) (e-/keV) (Znt. - 05c\( improvements could Iqprowe calibrations so that SitnC
\J/keY - cm2 /) e-cm2 

- psec accuracies could approach XRD measurements. More
-3 1 accurate flux monitoring detectors are needed for

x 10 x 10 further improvement of the calibrations. For a more

210 79 6.48 8.8 0.028 accurate measurement, d.c. calibrations should be

+2.2 +0.002 explored. Present state-of-the-art in quantitative
SXRSC measurements can still prove valuable for

395 254 2.82 10.1 0.022 pulsed x-ray flux measurements and energy balance

+ 2.5 + .002 experiments.
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74 AREA X-RAY DETECTORS

D.J. Nagel
Naval Research Laboratory, Washington, DC 2U375

X-ray detectors which register the position of photon arrival are widely used. Parameters for the
characterization and comparison of detectors are reviewed prior to a survey of the types of available
area x-ray detectors. Research opportunities for improvement of existing systems and development of
new detectors are numerous. Potential x-ray projects involving adaptation of detectors employed at
infrared and visible wavelengths are suggested. The development and characterization of x-ray
detectors is a field full of both intellectual challenges and practical applications.

I. INTRODUCTION II. UETECTOR CHARACTERIZATION

Virtually all x-ray work involves the series of Regardless of photon energy, detectors can be
components shown in figure 1. The primary devices are viewed as transducers which change x-ray energy into a

(a) the source (photon emission or "birth"), (b) the measureable signal, including other photons (fluores-
optics (photon scattering or "life") and (c) the cence), electrons (photoemision), ions (photodesorp-
detector (photon absorption or "death"). Energy tion), heat, phase changes, defects or chemical changes.
must be supplied to the source, occasionally from Whatever the response of a detector, it is desirable to
within, as in the case of stars. The detector sometimes know how the ratios of response-to-input vary as a
serves as the recording medium as well; consider function of photon energy (E) and intensity (I). These
photographic film. The point is that detectors are give the range of E and I over which a detector is
central to all x-ray research and applications. useable. Sensitivities of the detector response to

spatial variables of position (x,y) and arrival angles
ENRG UEDTT C (0,0), and time (t) variation are also of interest.

That is, variations of the response with E, x, y,0,0
- and t for the full range of intensities are wanted. The

Figure 1. Components of systems for x-ray measurements, threshold for operation (7), linearity, and saturation
are intensity-dependent factors.

It is often necessary to measure the spatial The actual performance of a detector is determined
distribution of an x-ray flux in order to (a) deter- by noise factors as well as parameters associated with
mine the anisotropy of a source, (b) record the image the radiation field. Noise sources include variations
of a source or (c) record a spectrum dispersed in space in the spatial and temporal arrival of x-ray photons
(angle) by a grating or crystal. Multiple-discrete or ("shot" noise) as well as noise introduced in the
array or continuous detectors can be used for such detector and recording system (e.g., Johnson noise due
measurements. The relationship between such detectors to effects of thermal fluctuations on electron motion

is shown schematically in figure 2. Conceptually, and flicker or 1/f noise related to spatialy-localized
discrete and area (array or continuous) detectors potential barriers) (8,9). The basic detector response
form the "continuum " of possibilities shown in that parameter, including consideration of noise, is the
figure. Hence, it is somewhat artifical to distinguish detective quantum effeciency (DUE) defined as (S/N)

2
out

between discrete and area detectors. However, there is
a long history of doing so because of the applications over (S/N) 2in where 5 is signal and N is noise (9,10).
of area detectors in imaging and spectroscopy. Very little work has been done on determining the DQE of

x-ray detectors (11).
Resolutions with respect to photon energy, posi-

tion, arrival angle and time are needed to fully

Discrete characterize a detector. Energy resolution is gen-
erally given as/\E/E. Spatial resolution can be charac-
terized by the point spread function (PSF) or modula-
tion transfer function (MTF) (12). Only occasionally

0000 Ordered Array are these quantities determined for x-ray systems
0 ) 

)  
(13). Detector resolution with respect to arrival angle
is usually of little interst and rarely determined.
Temporal resolution, of great interest in plasma

Random Array diagnostics, is measured with short pulses and ex-
pressed in fractions of a sec (14).

Synoptic treatments of the characteristics of long
wavelength (9,15-7) and x-ray (18,19) detectors are

Continuous Film available. The point to be made here is that there is
little discussion, determination, use or comparison of

Figure 2. X-ray detectors vary geometrically from general characteristics, such as DQE, PSF and MFT, for
discrete devices (e.g., x-ray diodes) through ordered x-ray detectors. Related and important quantities,
arrays (e.g., charge-coupled devices) and random arrays such as quantum effeciency (%) and spatial resolution
(e.g., AgBr grains in film) to continuous films (e.g., (in line pairs per mm), are more commonly measured.
photoresists). Useful lists of detector and related characterstics have

been compiled (19,20). They include, in addition to the
This paper has three purposes: (a) to examine characteristics already discussed, factors such as

parameters useful for characterization and comparison detector size, unformity of response, dead time, digiti-
of any x-ray detectors, (b) to give recent or general zation and storage times, type of storage media, costs
rnferences to work on area x-ray detectors and (c) to of the detector and recording systems, and special
point out opportunities for research on area x-ray operating characteristics.
detectors. The next three sections address these
topics. The emphasis here is skewed toward x-ray III. AREA X-RAY DETECTORS
energies below a few keV although systems which detect
x-rays above 100 keV are also mentioned. Areas of Many types of area x-ray detectors have already
application include plasma diagnostics (1,2), structure been developed. The aim of this section is discuss ways
analysis, including crystallography (3), medical radio- to classify such detectors and to provide references
graphy (4), x-ray lithography (5) and astronomy (6). where detailed information can be found.
Intensities in these areas range from bright plasma and Classification of area detectors in problematic
synchrotron-radistion sources to "photon-starved" because they operate on a variety of physical prin-
stellar measurements. ciples, generally contain many components, and have a
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wide range of spectral, spatial and temporal response collect charge or to give two dimensions of spatial
characteristics. The various steps in energy conver- information (42,43). Spatial resolution finer than
sion (e.g., x-rays-.-electrons) have been used to anode spacings can be obtained in multiwire proportional
classify longer-wavelength detectors (17). Here, area counters and collector-anode devices by electronic
detectors are discussed first in terms of their corn- determination of the centroid of collected charges.
ponent functions and then in terms of their temporal Such detectors are intermediate between systems with
and spatial characteristics, continuous spatial response and separate pixels.

Conversion of x-rays to light or electrons is a Solid-state arrays are mostly based on silicon
common function in x-ray area detectors. Converters, technology, for example, p-i-n diode arrays or charge
such as fluorescers and photocathodes, are primary coupled devices (CcD) (44). X-rays may be recorded by
components in detectors. In fact, devices which trsns- such devices either by direct absorption or after
form an x-ray (or ultraviolet) image to a visible image conversion to light. Diode arrays, which tend to be
are called image converters. The resulting image is noisy, respond to direct x-ray absorption (45,46). They
viewed, or else detected and recorded by conventional have also been employed to sense light from phosphors
optical means. Multiplication of signal levels in often struck by X-UV radiation, both without (47) and with
accomplished within image converters and in other (48) intensifiction. CCOs are quieter than p-i-n arrays
area-sensitive systems. Such gain can be achieved by due to the absence of connect/disconnect noise. They
electron acceleration or by electron multiplication, respond to direct x-ray incidence for energies above
Image intensifer systems are commonly used for work about 1 keV which penetrate the dead layer (49,5U). For
at low light levels in the visible region (21-3). softer radiation, back-surface illumination of a thinned
Discussions of both visible and x-ray intenifiers are device has been employed, as in figure 3 (51-52).
available (24-6). X-ray intensifiers are also discuss- Recently a deep-depleted, unthinned CCD back-illuminated
ed separately (27-8). Accumulation of signal is with 8 keV x-rays demostrated unity quantum effeciency
another common function in area detectors. This is the (53). CCDs have also been used in the UV region with
case for electrons systems, such as some TV-based phosphor wavelength shifters (54-5). The employment of
devices and solid-state arrays, as well as familiar solid-state arrays for x-ray detection has been reviewed
detectors such as photographic film. recently (56). A silicon charge-injection array has

The classification of x-ray detectors as active been used in a solid-state TV system to record X-UV
(electronic) or passive (non-electronic) gives artifical radiation (57). Pyroelectric detector arrays are now
emphasis to their time resolution. Electronic detectors commercially available, both alone and in vidicons.
can integrate signals; consider a Si p-i-n detector Since single pyroelectric detectors were found to
with a 5 nsec response time viewing 0.1 nsec FWHM plasma respond to direct x-ray incidence (58), it is expected
emission. Conversely, chemical systems can yield time that arrays will behave similarily. As wi h Si-based
resolution; x-ray film which takes minutes to develop arrays, pyroelectric devices will also response to
and read will give the time variation (drift) in the fluorescence due to X-UV absorption.
output of an ordinary x-ray machine. Clearly, compari- x-uv RADIATION
son of the response time of detector system and the
scale of time variations in a source is relevant.
Similarly, classification of detectors as discrete or
continous is flawed since (a) there is a smooth varia-
tion in type (see figure 1) and (b) the spatial resolu-
tion of the detector must be compared to the scale of
variations in the incident x-ray field. Despite these
factors, area detectors based on electronics (which tend
to be fast) and on chemical and other effects (which are
slower), both continuous and discrete, will be discussed
according to these groupings.

Three major classes of electronic area x-ray Silicon Dioxide ELECTRODES Output Gate
detectors can be identified: (a) continuous, such as TV Figure 3. Cross-sectional schematic of a back-thinned
and electrophotographic systems, (b) devices with charge-coupled device useful for detection of X-UV
discrete anodes, e.g., multiwire proportional counters radiation (51).
and (c) solid-state arrays, such as charge-coupled
devices, with discrete picture elements (pixels). Discussions of electronic x-ray area detectors,

Several types of detectors provide continuous sc uis sfseern ray ae detctospaialresons. Dscusios o TVbasd sste ca be especially multiwire systems, relevant to synchrotron
spatial response. Discussions of TV-based system can be radiation work are available (59-61). Uther useful
found in the references on image intensifiers (24-8) reviews of electronic area detectors for long wave-
An integrating TV system sensitive to x-rays above 80 lengths (62-3) and x-rays (64) have been published.
keV has been described (29). Electrophotography, Area x-ray detectors based on chemical and other
prominently including xerography, involves charging of non-electronic systems can be classified, similar
surface (30). So also does ionography, except that ions to electronic systems, according to the continuity of
instead of electrons are accumulated on a continuous the recording surface. Some passive detectors are
insulator to form a charge image (31). Closely related grainy (e.g., photographic films) while others are
is electrophoresis, for which x-ray absorption causes essentially continuous (e.g, photoresists). Brief
particle motion within a cell, changing its reflec- reference is made to such area x-ray detectors in the
tivity (32-33). Electronographic systems, in which remainder of this section.
electrons are recorded on film or changed to light for Photographic films have a long history of use for
recording, have been used in the ultravioletx-ray recording (65). uch experimental data is avail-
should be adaptable to the x-ray region by proper choice ae oug there is e cerimatio of

of entrance windows. X-ray framing cameras provide two able, although there as need for characterization of
dimesios o sptia reoluionwit Lie rsposes new films, as well as old films over wider energy

dimensions of spatial resolution with time responses ranges. X-ray response of films containing grains has
renging down to 0.1 nsec (35). been modeled in order to interpolate, extrapolate and

Area detectors frequently employ anodes. In estimate quantitative Film response (66). Agar can be
most of them, the anodes are at high potential to made in continuous, x-ray-sensitive layers also (b).

provide electron gain in a gas. Multiwire proportional Photoresists coxtsisting of organic and inorganic

counters are now in common use in x-ray scattering (36) materials have been studied primarily for x-tay litho-
and diffraction (37-8) experiments. Gas scintillation graphy. Organic systems having wide ranges of sensi-
proportional counters (39) can be employed as area x-ray tivities and resolutions are available (68-70). Rough-
detectors (40). Anodes may also be placed after micro-
channel plate electron multipliers (41) merely to ly, organic resists require at least IU times the

- . ,,j,
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exposure of Ag Or films but they offer up to 100 times for synchrotron-radiation beams. It would fade, allow-
better spatial resolution. Inorganic resists have ing reuse of the materials. An optical device based on
received little attention. Continuous thin films liquid-crystal behavior might provide a fast-response,
can respond to the heat resulting from absorption erasble system for x-ray imaging. An adaptation of the
of an intense x-ray pulse. X-rays from laser-heated visible system (87) is shown in figure 4. The original
plasmas were observed to melt a thin layer of lead glass entrance window might be replaced with x-ray
(71). Pinhole-camera images of x-rays from exploded transmissive Be or mylar. The layers within the device

wires ablated Al from the surface of mylar (72). total only about 12 m in thickness, excluding the
Systematic study of phase-change x-ray area detectors window and glass. Another possible optical system could
is needed. Multiple as well as single layer, films involve recording the light from electron avalanches in
might be used. Layers of different absorptions and proportional counters. For example, the near-anode
colors could be prepared, similar to "burn paper" region could be imaged onto a CCD to provide both
employed to determine isointenaity contours in pulsed spatial and temporal, and possibly spectral, sensi-
laser beams. In the absence of color differences, tivity.
chemicalIly-senaitive readout could be used, for ex- Undoubledly, many other possibilities for adapts-
ample, x-ray fluorescence or Auger-electron spectro- tion and modification of detectors useful at long
scopies, or some simple, color-inducing technique such wavelengths exist. Books on detectors of infrared and
as anodization, optical radiation are useful sources, both directly

because x-ray detection often involves optical techni-
IV. RESEARCH OPPORTUNITIES ques and indirectly because detectors made for lower-

energy photons commonly respond to x-rays (87-90).

All the area x-ray detectors mentioned in the last
section are open for further study since their charac-
teristics are usually poorly known and because their READ-OUT LIGHT SCREEN
responses can be improved (e.g., the sensitivity of
photoresists). Some specific opportities were also IZERS
mentioned, namely develoment of x-ray electronography,
testing of the x-ray response of pyroelectric detector
arrays and study of phase-change systems. Many other
openings exist for development of area x-ray detectors,
notably for quiet, sensitive and fast systems and, Glass
increasing, for detectors to use with bright plasma and S Liquid Crystal
synchrotron-radiation sources. Ideas for detector Ind!um Monoxidv..

research arise from the needs of specific situations and Oxide tPhnoxy-_ Photoconductor
from knowledge of detectors used in neighboring spectial
regions. Many area x-ray systems employ devices Be or Mylar
developed for imaging in and near the visible region.
Consider TV-based detectors and those employing solid- SOFT X-RAYS
state arrays (p-i-n and CCD systems). Several effects Figure 4. Potential area x-ray detector based on use
and detectors observed and used at long wavelengths, of a liquid crystal light valve. The design follows
which should be adaptable to the X-UV region, are from a device employed at visible wavelength (u6).
enumerated in the remainder of this section.

A rich source of ideas for x-ray detector work V. CUNCLUSION
cames from research on optical storage materials (73-4).
Another relevant area is non-silver photographic pro- X-ray detectors in general and area detectors in
ceases (75-6). Organic photochemical effects are also particular relate to many areas of research and applica-
potentially useful in the x-ray region (77). Many tion. They are especially relevant to the identifiable
effects, with widely differenct characteristics, have fields of dosimetry, photometry and radiometery. Area
been tested and compared. They fall into categories detectors involve concerns with the recording, anaiysis
such as electronic, mechanical, thermal and optical, and display of images, an active area of research in
Photoferroelectric materials, have been demostrated in optics generally.
the optical region (78). Mechanical effects include While work with x-ray detectors can be viewed as
photoelasticity (79) and light-induced expansion (80). only a means to an end, it has its own challenges and
These effects should carry over into the x-ray region, pleasures. Extensive knowledge of optics, solid-state

Many thermal effects due to photon absorption physics and gaseous electronics is needed to understand
observed and used in the optical region may be appli- and advance x-ray detection. For electronic detectors,
cable to x-rays. Effects and techniques can be classi- intimacy with problems such as noise, as well as with
tied according to the temperature rise and physical curcuits, in needed. decause x-ray detection can be
changes induced by absorption. Optical detection of viewed as transduction of information from x-rays to
infrared radiation with commerical thermal scanners is some other form, aspects of communications theory are
one possibility. Another is the use of a probe beams relevant to full understanding of x-ray detectors. The
(81). Thermoplasticity is another effect of intereet development and characterization of x-ray detectors can
(82). Melting of organic and inorganic films has been be an exciting intellectual activity as well as being
employed for image recording at long wavelengths, demonstrably important.
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Gas Scintillation Proportional Counters

and Other Low-Energy X-Ray Spectrophotometers

William H.-M. Ku and Robert Novick

Columbia Astrophysics Laboratory, 538 West 120th Street, New York, New York 10027

ABSTRACT

For many years, thin-window, single-wire gas proportional counters were the only general-
purpose detectors available for nondispersive spectroscopy of low energy X-rays. Their large

area, low background, and coarse energy resolving capabilities, combined with their low cost,
long lifetime, and ease of operation, made them the workhorse instrument. During the last
decade, solid state detectors and, more recently, gas scintillation proportional counters, have
slowly replaced the standard gas proportional counter in many applications. Small area (0.2
cm

2
) Si(Li) detectors with 150 eV of FWHM noise have been used for fluorescence spectroscopy

above 1 keV. However, their small area and cryogenic operation make these detectors less than
ideal. Moreover, the noise in the associated electronics make these detectors useless below
0.4 keV. Gas scintillation proportional counters have now been developed to the point where
they are the instrument of choice below I keV. Large area (>100 cm

2
) counters with high sen-

sitivity and low noise may be made relatively 
easily and inexpensively. Resolution sufficientto separate the nitrogen and oxygen K-fluorescence lines have been achieved. Used with micron

thin polypropylene windows, these counters have achieved 57% (FWHM) resolution at 149 eV sulfur
L line. In addition, we have demonstrated that submillimeter imaging is possible with the
gas scintillation proportional counter attached to a multiwire proportional counter. This
paper will concentrate on a discussion of the principle of operation and design, and achieved
levels of performance for the gas scintillation proportional counter. Where appropriate, their
operation and pfrformance will be compared to standard gas proportional counters and solid
state detectors.

I. INTRODUCTION II. CONVENTIONAL GAS PROPORTIONAL COUNTERS

The detection of low energy X-rays depends on the The gas proportional counter (PC) is the most
absorption of the incident photon by an atom, releasing commonly-used instrument for low energy X-ray detection.

an electron carrying some fraction of the X-ray energy. Its design and operation have been widely discussed by
This electron may generate secondary electrons which many authors.'

2 
In its simplest form, the PC consists

can be detected as an electrical signal, or visible or of a thin wire, commonly 5-25 0 tungsten, mounted along
UV lit'which can be detected in a photomultiplier tube the axis of a metal cylinder filled with an inert gas
or photoionization detector. The detection of X-ray mait~tained at a pressure of I atm. (Fig. 1). An X-ray
photons at an energy below -2 keV poses several unique window made from micron thin polypropylene or some
challenges. One problem is absorption of the X-ray other type of organic film is used to cover an entrance
photon by the detector window. The probability of a in the side of the grounded cylindrical body. A posi-
flux I surviving from an initial value of 10 after tive potential of 1-3 kV is applied to the central wire
traversing a distance x (cm) in a material of density via a resistance of 10-100 K. A low noise, charge
p (gm/cm

3
) is sensitive preamplifier is used to record the charges

collected on the anode wire.
I " 1o exp[-ipxj (1)

where 9 is the mass absorption coefficient in cm2/gm. Iniet a High voltage
The photoelectric absorption cross section decreases
with approximately the -8/3 power of the photon energy
and with the fourth power of the atomic number. There-
fore, low energy X-ray windows must be made from very [
thin, low Z material. An additional problem is that the of ion pair
charge or light signal generated in the capture of low R
energy X-rays is generally quite small so that some am- wire anode/C io Preamplifier

plification is required before the signal may be re-
corded or used. The small number of primary interac-
tions also result in large fluctuations in the mean cylinrical cathode

energy recorded for the X-ray photon. At energies be- FIG. I - Schematic diagram of a conventional gas
low 50 eV, the noise relative to the signal becomes so proportional counter.
large, and the attenuation of the window so high, that
for all practical purposes detection becomes impossible.
We therefore restrict ourselves to a discussion of the A. Principle of Operation
detection of X-ray photons between 0.05 and 2 keV.

Low energy X-ray photons pashing through the win-
Three types of instruments are currently available dow interact with atoms in the gas via the photoelec-

for nodispersive spectroscopy of low energy X-rays: tric process. An incident photon E,, interacts with an
(1) conventional gas proportional counters (PC); inner shell electron causing it to be ejected, leaving
(2) gas scintillation proportional counters (GSPC); the atom in an excited state. If we denote the energy
and (3) solid state detectors (SSD). We shall briefly of the the jth shell by Ejp photoelectric absorption by
outline the principle of operation of each type of the Jth shell results in the emission of a photoelec-
detector and the advantages and disadvantages of their tron of energy Ee - Ex - Ej. The excited atom can
use in various applications. We shall concentrate our return to its ground state via either the emission of
discussion on the operation and design of the GSPC a fluorescence photon, or the ejection of an Auger
since we believe that it has the greatest promise for electron. The electrons released in this process are
low energy X-ray detection, slowed down by further ionizing collisions with other

gas molecules until all the energy of the incident

0094-243X/81/750078-07$1.50 Copyright 1981 American Institute of Physics
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photon is deposited in the counter. In the case of this configuration is a maximum at the surface of the
fluorescence, the secondary photon emitted at an energy central anode wire and decreases as l/r toward the
just below the absorption edge has a very long mean cathode. Using thin, 5v diameter wires, very high
free path and may escape from the detector volume. The fields can be obtained close to the anode. Multiplica-
energy deposited in the counter in such a case is Ex-Ek,, tion occurs in a narrow region of a.few wire diameters
where Ek is the energy of the edge. The probability of around the anode. All the electrons are collected in
such a process occurring and producing an "escape peak" a few nanoseconds while it takes several hu-idred nano-
is a function of the fluorescence yield and counter seconds for the ions to drift to the cathode and full
geometry. The fluorescence yield increases with atomic charge collection to occur. At low high voltages, the
number and is highest for the K-shell electrons, total charge collected is roughly constant - this is the

ionization chamber regime. Above a certain threshold
The number of primary electron-ion pairs created voltage, the electric field close to the surface is suf-

in this process, n, is proportional to the energy of ficiently large to cause charge multiplication - this is
the incident X-ray. The mean energy to create an ion the proportional chamber mode. For the cylindrical
pair W = Ex/n is on the order of 25 eV. Thus, a 1 keV geometry, the charge gain for voltages much above the
photon will generate about 40 electrons. The fluctua- threshold voltage is roughly an exponential function of
tion in the number of pairs created in each event is, the reduced electric field (E/p). For charge gains less
in general, smaller than that expected from Poisson than 104, the total charge collected is proportional
statistics. Fano

3 
showed that the variance, instead of to the energy deposited. At still higher voltages, the

bein n, is given by Fn, where F is on the order of chamber can only maintain limited proportionality be-
0.2. Mixtures of gases where the excited atoms of the fore breaking down completely at charge gains of 106.
main gas are able to ionize the atoms of the minor gas In practice, imperfections in the anode wire and con-
(Penning mixtures) can yield quite low Fano factors. A sequent distortions in the electric field may limit the
value of F=O.05, calculated for a mixture of neon plus ultimate charge gain and result in nonuniform gain res-
0.5% argon, along with a value of W = 25.3, suggest that ponse along the wire.
a resolution of 8.4% (FWHM) is possible at 1 keV. The
only problem is that available charge sensitive pream- For low energy X-ray detection, the entrance win-
plifiers cannot detect 40 electrons above the noise; dow must be made as thin e, possible. Submicron
generally, several hundred electrons are required for stretched polypropylene film, as well as cast lexan
detection. film, have been used with some success. Twenty to fifty

percent transmission has been achieved at 0.1 keV with
To deal with this limitation, conventional propor- these films. .9 The inner surface of the film may be

tional counters accelerate the electrons in a high made conductive by coating it either with aluminum or
field region after photoelectric capture. These ener- carbon. The best of such thin films leak at rates on
getic electrons excite other atoms to emit secon- the order of i0

-
' cm

3 
arm sec

-
1 cm-

2
.1 Given the ex-

dary electrons. In this manner, a single electron can ponential dependence of charge gain on the pressure,
give rise to 106 electrons. The charge multiplication an active flow and regulation system must be used to
factor maintain pressure and gas composition for extended

r Cstable operation. The counter need not be exceptionally
i ( clean in this mode, although the presence of electro-

H = exp [ (r) drl (2) negative gases such as oxygen and water vapor should be

a avoided. Otherwise, electron attachment will take

is a function of a, the first Townsend coefficient, ra, place, greatly reducing the mobility of the negative
the anode radius, and rc, the cathode radius. The first charges. In this event, the charge gain and the energy

resolution may be severely degraded. Other than this
Townsend coefficient is, in general, a complicated func- general proviso, almost any gas may be used in the PC.
tion of the electric field but can be approximated by The properties of a variety of PC gases are summarized

a - pA exp(-Bp/E) (3) in Table 1. Noble gases are usually chosen because

where A and B are two characteristic constants of the TABLE 1

gas and p is the pressure of the gas.
5 

Charge multipli- Properties of Common Detector Material
cation introduces additional fluctuations into the
total number of electrons collected. Alkhazov

6 
has

shown that the additional variance factor f, in the s ex Fcalc
case of low electric fields, is well approximated by Gas eV eV

f - [I - I/M] f0  (4) He 19.8 24.6 42.8 0.17

Here f0 depends on E/p and the type of gas used - it N, 8.1 15.5 36.0

approaches 1 for large values of E/p. The total rela- Ne 16.6 21.6 36.2 0.17
tive fluctuation in the measured energy GEx,for an in- &r 11.5 15.8 26.2 0.17
cident X-ray of energy Ex, is then given by

Kr 9.9 13.9 24.3
G~x/Ex = [(F + f)4/Ex)1 (5) Xe 8.3 12.1 21.9

The energy resolution is thus dominated by f at high CO2  5.2 13.7 34.2
charge gains but approaches the limit set by F at low
charge gains. Several workers have tried to exploit CH 13.1 29.8

-the good energy resolution at low charge gains. An TEA 7.5
energy resolution of 10.7% (FWHM) at 6 keV has been ob- TMAE 5.4
tained with a metastable Penning mixture of Ne-Ar ope-
rating at charge gains less than 100.7 In general, Ne-Ar 16.6 15.8 25.3 0.05
without special low noise charge sensitive preampli- Ar-THAE 21.9
fiers, the best energy resolution achievable is 16%
(NUN) at 6 kev. Si 1.1 3.6 0.07-0.11

B. Design Considerations Ge 0.5 2.9 0.09-0.21

The cylindrical coaxial geometry shown in Figure
1 can be applied to most PC's. The electric field in
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avalanche multiplication takes place at such lower A. Principle of Operation
voltages in these gases than in gases with complex
molecular structure. PCs filled with noble gases may The GSPC operates on the principle of detecting
become unstable at charge gains exceeding 10' due to the light associated with the capture of X-ray photons.
the ejection of late electrons from the wire by UV As the atome in the noble gas deexcite, they radiate
photons from the avalanche or by excited ions interact- photons in the ultraviolet region of the spectrum. The
ing with the chamber walls. The addition of 5-1OZ of a spectral distribution of the UV light emitted is shown
quench gas such as methane or carbon dioxide will ab- in Figure 3 for scintillation in argon, krypton, and
sorb most of the unwanted UV photons, deexcite the ions, xenon gas.141 The number of UV photons associated with
and stabilize the avalanche. Charge gains in excess of the primary absorption process is usually too small to
10' may then be obtained before discharge. One draw-
back to the use of quench gases is that some of the
molecules may polymerize after extended exposure to 6 7 8 9 II eV
ionizing radiation and c at the cathode, preventing the -O |

imediate collection of ions. Under high radiation
flux operation, the density of charges enveloping the
insulated cathode is so high that continuous discharg-
ing may occur. When this happens, the counter must be
disassembled and the cathode thoroughly recleaned.

While single anode, cylindrical proportional

counters still find use, much of the work in recent Kr
years has dealt with mltiire proportional counters
(NWPC). These devices have found wide application
since the original work of Charpak and his group atCR1 1' 1  

Detailed discussions of these position- XeAr

sensitive counters may be found elsewhere in these
Proceedings. We shall only briefly discuss the Win
as we have applied It to the CSPC in the following
section.

If1. GAS SCINTILLATION PROPORTIONAL COUNTERS 2000 1500 1000

Gas scintillation proportional counters (GSPC)

were originally developed by Grkn and Schopper12 more FIG. 3 - Spectrum of light emitted from pure noble
than 30 years ago but did not come into wide use until
Policarpo and his colleagues stimulated their revival gases.
in the early seventies. The results from this and
other early work are smmarized in a 1977 review paper be detected for low energy X-rays. Under the influence
by Pol icarpo.

1
3 Several different variants of the in- of a weak electric field, the primary electrons may

strument were developed. Three basic geometries were gain enough energy between collisions to produce fur-
attempted: (1) spherically symmetrical fields supplied ther excitations of the medium. Below a certain thresh-
by a ball anode in a spherical chamber; (2) radial old, electric field ED, light amplification is not
fields supplied by a coaxial anode in a cylindrical possible; above a certain electric field E1, charge
chamber; and (3) uniform fields supplied by a set of multiplication begins to play a role. Between ED and
parallel grids. A schematic of a parallel grid GSPC is h

show in igue 2.A smll hin oil indw pemit the light amplification is essentially a linear func-shown in Figure 2. A small thin foil window permits tion of the field and, at El, is close to 100% effi-

the X-rays to enter a cylindrical glass chamber filled cient.
S 16

17 The critical values of E0 and E are
with 1 atm of high-purity xenon. Two transparent mesh 900 and 3300 V/cm for krypton, and 70 and 6300 V/c
electrodes divide the gas volume into three regions. for xenon.
The X-rays are absorbed in a deep drift region (A).
Under the influence of a very weak field, the photo- A counter operated in the electric field regime
electrons ejected in the process of absorption are below E, does not suffer from the energy fluctuations
pulled into a high field region (B) where they can gain associated with charge multiplication. Thus, in theory,
enough energy to excite other atoms to radiate. A the energy resolution predicted by the Fans factor

third section (C) is provided to isolate the quartz UV should be achievable. In practice, the energy resolu-
exit window from the high field region. The UV light tion is also limited by the statistics of the light de-
;that is produced is then viewed by a photomultiplier tection process. If a PNT is used to detect N photons
tube (PHT). associated with each X-ray event, the energy resolution

is
TRANSPARENT
"RE~~N a /Ex - ((F + f)W/Ex + K/(K - l)N1 (6)

X-A G, where K - 7 - 10 is the gain of the first dynode of the
ENTRANCE PAI. XENON I P41MT. N is a function of Ns , the number of UV photons

WINDOW Igenerated and the geometry of the counter. N can be
A -.--- I -a- .- PT WITH QUARTZ calculated from

SIGNAL N )x C A (7)

r IC, V
X-RAY ABSORTIN
AND DOI FT EGI OUARTZ

SCINTILLATION WINDOW where A is the solid angle intercepted in steradian

REGION measure, AV is the potential drop across the grids in
the CSPC, U is the mean energy required to generate a

FIG. 2 - Schematic diagram of a parallel plate UV photon with efficiency, E, t, and ta are the tvana-
gas scintillation proportional counter. mission efficiencies of the UV window and the meshea,

and cg is the quantum efficiency of the UV detector.

The expression within the brackets is No which depends
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on the nature of the gas. In general, the presence of 6 7 8 9 10 11 12 eV
even a minute, ppm amount of water vapor, methane, or 100 T T

any organic molecule, strongly quenches the noble gas
scintillation, mainly due to their strong absorption of E9-- - ED CA CoF 2 1 LM
I photons and their subsequent deexcitation by non-
radiative collisions. It is thus imperative that the

purity of the gas be maintained at all times with some
form of gettering device.

Equations 6 and 7 suggest that to obtain good
energy resolution, one needs to maximize the solid 50,TME)
angle intercepted and the 

quantum efficiency of the 
UV 7L

detector. PHTs cannot be obtained in very large sizes. TEA
Their small size(-125 ,m dia.) limit the useful X-ray ACE NE
detection area of the GSPC since the solid angle inter-
cepted is not only small but changes as the position of

the incident X-ray is moved across a wide X-ray window.
Attempts to focus the electrons into a small, well-
defined light producing region have helped to reduce ..

the amount of light fall-off near the edge of the coun- 2000 1500 1000
ter.6'1 s  An additional problem with PHNs is that their
quantum efficiency at UV wavelengths is rather poor, 1 (A)
and much work was done originally with wavelength FIG. 4 - Quantum efficiency ofqV sensitive
shifters inside the counter which often created more gases and transparency of UV windows.
problems in terms of purity and stability than they
solved.

More recently, Policarpo has suggested substitut- The use of the PID has also permitted a more ac-
Ing a photoionization detector (PID) for the PHT. 20  In curate determination of the quantum efficiency of the
order for such detectors to work, a gas with a suitably light-production process in pure noble gases since the
low ionization 'potential is required. Triethylamine major uncertainty - glass windowed PHTs and wavelength
(TEA) with an ionization potential of 7.5 eV was orn- shifters - has been eliminated. Recent results suggest
ginally suggested by Charpak, Policarpo, and Sauli? 1  that the quantum efficiency of the photon generation
Subsequently, Anderson 22 discovered Tetrakis (Dimethyl- process in pure noble gases is quite high. A scintil-
amino) ethylene (THAE) with an ionization potential of lation efficiency of (97 ± 20)% has been measured for
5.4 eV is best matched for xenon emission. If Ldenotes krypton.2 7 We suspect that the scintillation efficiency
the ratio of the number of primary ion pairs created for xenon, contrary to several earlier measurements,
in the PID in the capture of UV photons generated by an is creater than 50% - also avoroachina 100%. These re-
X-ray of energy Ex interacting in the GSPC to the num- sults suggest that the number of photons generated is
ber of primary ion pairs created in the direct capture close to the energy acquired in the electric field of
of the X-ray in the PID, the combined energy resolution the light-producing region by the electron, divided by
of the two-stage device is then given by an energy close to the average energy of the photon

emitted (U = 10.2 eV for krypton and U = 8.7 eV for
e / [(F + fl)W/E x + (1 + f,)W2/Lr.] (8) xenon).1 Given such h4 % quntum efficiencies for

both UV photon generation and capture, equations 7 and

Here W, and W2 are the mean energies required to create 8 with L - NW2/EX predict that an energy resolution of
an electron-ion pair in the GSPC and the PID, respec- better than 7% (FWHD) should be achievable at 6 keV.
tively, and f! and f. are the charge multiplication
factors for the two stages. Compared to the PHT, the B. Further Design Considerations
solid angle of UV photons intercepted by a large area Many improvements have been made in the design
PID is considerably larger - approaching 2n. The only of GSPCs in the last 5 years, which have extended the -
question is whether the quantum efficiency is improved, usefulness of the instrument to several different

Some work on the ionization properties of T branches of science. Construction and purification
TESandoteork on ionization p roetiagases havetechniques have been improved to such a stage that 7.5ZTEA, and other low ionization potential gases have now (FH) spectral resolution has been achieved at 6 keV.2

been done. Early results suggest that the quantum ef- Much effort has been expended by several groups,21 ' 0 l
1

ficiency of THAE absorption of UV photons generated by including our al 's to extend the useful spectral range
xenon and krypton is very efficient - on the order of60% or higherlS2'1 - considerably higher than the of the GSPC• These efforts have demonstrated that the
20% or higheund or - c orayhhder thn he GSPC is linear and maintains its good energy resolution
20% or so found for bialkali photocathodes to xenon fo . o10kV iue5sostekn f c

ligt (ee igue 4. Te oly rawackto HAIis from 0.1 to 120 keV. Figure 5 shows the kind of a ec-light (see Figure 4). The only drawack to TMAE is tral resolution achievable at low X-ray energies.3

that THAE vapor pressure at room temperature is only
0.35 torr and the li/e absorption depth in THAE for xenon .
light is 23 un at 20eC• 2' A deep absorption region ,
is, therefore, required in a THAE PID. TEA is found to
have much higher vapor pressure at room temperature and /
the effective absorption length is approximately 30
times shorter. TEA, however, cannot be used to detect /
xenon light and its integrated quantum efficiency for
krypton light is about a factor of two lower than that
of THAE. The quantum efficiency of THAE for argon j/'t \
scintillation has not yet been determined, but it is
estimated to be greater than 102. The addition of a
small amount of xenon can shift argon light to lower 0003 0010(0
frequencies, permitting more efficient detection with
TEA or T 2 The use of an argon-xenon mixture may 100 200 So 400 So 600
also improve the energy resolution due to the existence ENERGY W)

of a nonmetastable Penning effect,2 6 reducing the Fano FIG. 5 Measured energy resolution of GSPC at
factor. boron-K (602 FM) and oxygen-K (27% FWH).

I I I k
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Various efforts to focus the primary electrons generated set at 2 = pitch. A lower cathode plane, with wires
by X-rays captured over a wide windowl

s
',
1  

nave culmi- set orthogonal to the wires on the upper cathode plane,
pated in the construction of conical GSPCs with uniform defines a total active region of 23 me deep. The ava-
gain and energy resolution over several hundred square lanching electrons are collected on the anode wires
centimeters of area. Work done with pulse shape analy- while the ions are collected on the cathode wires.
sis' 2 .34 has shown that charged particles may be dis- Large charge pulses are induced on the crossed cathode
tinguished from X-ray events by differencens in the planes. Spatial information is obtained by calculating
times required for total light collection. X-rays the two dimensional centroid of the charge distribution
have a well-defined, narrow, rise-time spectrum (widths sensed by the grouped cathode wires." Energy informa-
narrower than 102 have been achieved) compared to a tion may be obtained by collecting the electrons in a
generally broad distribution for charged particles, charge sensitive preamplifier attached to the anode
Background rejection efficiencies of 97Z have been re- plane or by suming the cathode signals.4'

ported.
3  

Large area GSPCs have also been used success-
fully in fast timing applications where time resolutions For optimal performance, the GSPC is evacuated
of 0.1 Ps have been achieved,"' as well as in high flux to 10

-7 
torr of vacuum before filling with 99.9952

situations where rates of 90 KHz have been obtained pure argon, krypton, or xenon. A built-in getter is
37

without significant peak shifts. More recently, usually required to maintain gas purity and high reso-
several groups have demonstrated that millimeter spatial lution performance in the GSPC. This may be calcium
resolution is now possible with the GSPC. 

29
,0
3 3 8

,
39  

turnings or the SAES model ST171/HI/16-10/300 room
temperature getter. The ceramic body may be assembled

Most of these performance improvements have been with viton O-rings, but to ease the burden on the get-
achieved with the GSPC and PHTs. We believe that the ter, epoxying the ceramic body to the aluminum X-ray
combination of the GSPC and the PID should do as well, window frame and the UV window with Epibond 8510
and perhaps better, in all respects. We shall, there- (Furane Plastics) or substituting metal gaskets for the
fore, concentrate on a detailed description of the de- viton, yields better energy resolution. Micron thin
sign of a GSPC plus PID. Large area GSPCs have now been polypropylene windows have been used successfully with
made with the uniform field geometry shown in Figure 6. the GSPC. As long as the counter is clean, the outside

of the film window is vacuum, and the leak rate is kept

sufficiently low (few torr/hour), the counter may be
INCIDENT VI operated in a sealed mode for several days since the

X-RAY 'v2  GAS INLET light gain is only a linear function of the gas pres-

/ / PURFIER sure and there is only a single gas. The W6PC is also
Z 7operated in the sealed mode after careful evacuation

of the chamber to <10
-
5 torr and purification of the

THAE. 22

C. Performance of the GSPC/PIC

The energy resolution of the GSPC/PID has been
measured at several energies now. The best energy re-
solution achieved at 6 keV equals the 7.5% (lHM)
energy obtained with a GSPC and a PHT for a collimated

FIG. 6 - Schematic diagram of a GSPC plus a PID. X-ray source. 42 The energy resolution response to a
broad diffuse X-ray source is about 1-2% worse due to

small variations in gain over the 75 = dia. window.

The basic elements are very similar to the counter pic- The energy resolutions megsured for low energy X-rays
tured in Figure 2. The instrument consists of a pill- are consistent with an E7 scaling (see Fig. 7 and
box shaped, parallel grid GSPC mounted on top of a PC - eq. 8). The imaging capabilities of the instrument
actually a MWPC. X-rays enter the 150 mm dia. ceramic
bodied GSPC through a 75 ma dia. micron-thin polypropy-
lene window. These photons are absorbed by noble gas i00
atoms in a 12 mm deep drift region. Photoelectrons J
ejected from the noble gas are accelerated in a mod-
erate electric field defined by two stainless steel, I
etched meshes held at high voltages V1 and V2. These 50

electrons excite other molecules to emit more UV
photons. These secondary photons may be observed 0 *0
through a calcium fluoride, lithium fluoride, or spec- 3 GSPC *
trosil window (see Fig. 4). 2

20-

The UV transparent disk also forms the window _;
for the KWPC below. The NPC is a 30 cm x 30 cmx5 c 0

aluminum box filled with a UV sensitive gas (Benzene, = 10
TEA, or THAE), plus argon and a quench gas. The choice 3.
of the gas fill and the window material is a function
of the spectrum of the noble gas in the GSPC (see Figs. ul

3 and 4). The UV photon ejects a photoelectron from u 5
the low ionization potential gas. These electrons then a
drift in a low field region defined by a grounded stain- .

less steel mesh located on the lower surface of the UV -- 3
window and a cathode wire plane located 11 cm below,
held at a potential of Vc. The cathode plane is made 2

from 63 P dia. silver-plated beryllium copper wire set
at 0.55 sm pitch on a 133 -m span. These wires are
grouped together into 20 sets of 11 wires each. The
photoelectrons are accelerated through the cathode '0.1 0.2 0.4 0.6 0.8 LO 2.0 4 0 &.0 0O.
plane toward a high voltage anode plane located 6 em X-RAY ENERGY (keV)
away and held at a potential of Va . The anode wire
plane is made from 20 U dia. gold-plated tungsten wire FIG. 7 - Energy resolution versus X-ray energy

for a GSPC and a SSD.
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should allow us to map the gain variations and correct 9-us dia. Si(Li) flown on the Einstein Observatory is
them so that the large area energy resolution approaches shown in Figure 7.
the response to a collimated source. Given the submil-
limeter resolution measured at 6 keY, 2 3 such a correc- B. Comparative Advantages and Disadvantages
tion should be possible. The imaging capability, along
with the good pulse shape behavior of the signal (2 ps SSDs offer the best energy resolution available
with a spread of 8% (EWHU)), should permit excellent on paper. However, achieving such resolutions with
rejection of background events. Furthermore, the high efficiencies is extremely difficult in practice.
parallel-grid geometry permits straightforward upscaling Firstly, the requirement of a conducting electrode over
of the detector size for increased sensitivity. This the entrance window limits the transmission efficiency
geometry should also permit easy extension of the in- to less than 102 below 0.4 keV. For high purity ger-
strument bandwidth to higher energies by simply increas- manium detectors, the existence of a 0.4 micron dead
ing the depth and pressure of the xenon gas. Finally, layer near the entrance renders them effectively use-
the use of a pure gas in the GSPC should avoid lifetime less below 2.3 keV. 3  Secondly, the requirement of low
problems due to aging effects mentioned earlier for con- capacitive noise limits the useful effective areas of
ventional PCe. We have not yet measured the ultimate the silicon detectors. In fact, to compete against the
lifetime of the low ionization potential gases in PID, GSPC in resolution below 1 keV, Si(Li) detectors larger
but we can say that such counters have operated stably than 1 cm2 cannot be used. Thirdly, the semiconductor
on the timescale of months, material offers no simple discrimination against back-

ground events. To separate charged particle events
from X-ray events, bulky solid scintillator shields

IV. SOLID STATE DETECTORS have to be constructed. Finally, the requirement of
cryogenic operations makes silicon detectors inconve-A. Principle of Operation nient to use. While room temperature mercuric iodide
detectors have now been used successfully to detectA solid state detector (SSD) is essentially a X-rs own to e d su o t

junction between n-type and p-type silicon or germanium X-rays down to F-K , their spectral resolution below

wafers operating under reverse-bias conditions (Fig. 8). 2 key is worse than that of the GSPC.

V. CONCLUSIONS
c

Depending on the users' needs, conventional gas
+ to pr---li ier proportional counters, gas scintillation proportional

counters, and solid state detectors may all be used for
low energy X-ray detection. For situations. where the
X-ray flux is high and very much above the background,
the high energy resolution of a small area (0.2 mm2 )
Si(Li) detector offers the best results above 1 keV.
For work which does not require good spectral resolu-
tion, conventional gas proportional counters should con-
tinue to find use. In general, however, X-xay detec-
tion below 2 keV can be most versatilely handled by
-SPCs. These devices offer all the advantages of con-
ventional PCs - large area, low background, low cost,
long lifetime, and ease of operation - with the added

FIG. 8 - Schematic diagram of a simple semicon- feature of improved spectral resolution. As Figure 7
ductor detector. shows, resolution sufficient to resolve the nitrogen

and oxygen K-fluorescence lines has been achieved.
Combined with its millimeter imaging capabilities, the

A strong electric field applied through metallic con- GSPC promises to be the instrument of choice for low
tacts sweep out the charge carriers in the semiconductor energy X-ray detection.

forming a depletion layer. The absorption of an inci-
dent X-ray causes electron-hole pairs to form, which We gratefully acknowledge useful discussions
then move toward their respective electrodes. The with Dr. David Anderson at Los Alamos Scientific Labora-
energy needed to create an ion-pair is 2.9 eV for Ge tories. This work was supported by the National Aero-
and 3.5 eV for Si, yielding a larger primary charge nautics and Space Administration under grant
signal than the capture of X-rays by a gas. This, NGR 33-008-102. This is Columbia Astrophysics Labors-
along with the calculated values of 0.1 or less for the tory Contribution No. 209.
Fano factor of silicon and germanium leads to the hi@her
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Low Energy X Spectroscopy with Crystals and ultilayers

B. L. Henke

University of Hawaii, Department of Physics and Astronomy, Honolulu, Hawaii 96822

ABSTRACT

The molecular and sputtered/evaporated multilayers and the acid phthalate crystals can be applied for
relatively fast, high efficiency spectral analysis of constant and pulsed low energy x-ray sources in the 100 to
2000 eV region. Limits of resolution are about 1 eV. Reviewed here are the basic methods for the theoretical and
the experimental characterization of these analyzers as required for absolute x-ray spectrometry. The design and
absolute calibration of spectrographs for pulsed low energy x-ray source diagnostics are described.

I. INTRODUCTION--GRATING VS BRAGG SPECTROMETRY resolved data collection which permitted an extrapola-
tion to a "zero-dose" spectrum. Resolution enhancement

Generally, the grazing incidence, diffraction was used to bring the energy resolution of this
grating spectrometry and the large angle Bragg diffrac- measurement to about 0.5 eV, using a lead uyristate,
tion spectrometry are complementary. Grating spectre- molecular multilayer analyzer.
graphs can yield lower limits of resolution (<0.1 eV)
but with relatively small aperture and low dispersion.
The crystal/multilayer spectrographs are of higher
limits of resolution (>0.5 eV) but with simpler and
more flexible large angle geometry and with high dis- CHEMICAL CHANGES
persion. The crystal/multilayer spectrographs are of
large aperture with an overall spectrographic speed INDUCED BY
that is considerably higher for constant source and 1.75 x I013 C-K, (277eV) PHOTONS/SEC-CM 2

somewhat higher for pulsed source spectroscopy. A
precise intensity and window profile calibration of the
crystal/multilayer instrument is more easily attainable.
Having accurately characterized instrument window
functions permits an effective resolution enhancement 0 30min.
in the crystal/multilayer spectrometry by simple
deconvolution procedures. The two spectrographic
approaches are clearly complementary, and, ideally,
both the grating and the crystal/multilayer spectro-
graphs should be applied for an optimized analysis of
many spectroscopic problems. (For a comprehensive
review of grating spectrometry, see that by E. KIllne
in these Proceedings.)

Even with very intense excitation sources such as
some synchrotron/storage ring and high temperature
plasma sources, it may be that the crystal/multilayer I hr. 2 hr.
spectrographs must still be used because the number of
photons actually available for proper spectroscopic
analysis is limited by other factors. The higher spec-
trographic speed may be required to achieve satisfac-
tory statistics along with high temporal resolution in
time-resolved spectroscopy. Primary monochromators may
be required for needed selective excitation of
spectroscopic samples which in turn may seriously limit
the intensity available for high resolution spectros-
copy. Finally, the spectroscopic sample may suffer
appreciable radiation damage under the excitation dose 3 hr.
that may be required for a given spectrographic 9-MINUTE CI-Lgm
measurement. An example of this type of problem is SPECTRAL RUNS
shown in Fig. 1. A low energy x-ray spectral analysis
for the molecular orbital configuration of the VS
crystalline solid sample of sodium perchlorate by a RADIATION DOSE
relatively fast, flat crystal spectrograph requires ON
approximately three hours for one percent statistics.
As shown here, with nine-minute scans through this NoC104
period, the sample is steadily reduced through sucess- . (C-KaEXCITATION)
ive oxidation states with the last scan revealing the 48.5- 69ET50
molecular orbital spectrum that is characteristic of BRAGG ANGLE -98
NaCl. A successful analysis of this saple was (2df- 8o. A)
possible [1,2] only by distributing the dosage over
eight sumples using selective excitation by photons of Figure 1
energy for which the photoionizatton process that is
required has the highest cross section and using time

L L0094-243X/81/750085-12$1.50 Copyright 1981 American Institute of Physics
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( For high efficiency, low energy x-ray spectroscopy
in the 100-2000 eV region, the sputtered/evaporated M LTIL " NOSITION
multilayers, the molecular multilayers (such as the (Y-TYPE)
Langmuir-Blodgett type) and the acid phthalate crystals
can be used. The total intensity that may be measured
within a diffracted spectral line is proportional to t
the integrated reflectivity, R, for the given analyzer.
In Fig. 2 are plotted the integrated reflectivities for
crystal, potassium acid phthalate (KAP), of 2d-values

equal to 80 and 26.6 A, respectivcly. Suggested here
is the fact that this type of molecular multilayer is
an excellent analyzer for photon energies below 280 eV
(the carbon-K edge) as is the potassium acid phthalate
crystal above 530 eV (the oxygen-K edge). For the 300-500 eV region, an apprpriately designed sputtred/e- H

°  
+ IN ;SUBSTRAT

E
vaporated mltilayer which diffracts this spectral band MENISCUS

around 90 degrees from the incident beam direction
would be ideal. This requires a 2d-value of about 44 A
for which there are no practical analyzers of the Figure 3
molecular or crystal types at this time.

As discussed elsewhere in these Proceedings by
T. Barbee and by E. Spiller, multilayers may be 8 MELISSATE
constructed by either sputtering or evaporating in
vacuum successive double layers of a variety of low and (na28)
high atomic number materials. The thickness of the 7o
double layer (the d-spacing) may be as small as about
15 A. It should be feasible to construct spectrograph- UGNOCERATE
ic analyzers of this type that are very effective in (22)
the 300-500 eV region. 6

The molecular multilayers are obtained by success-
ive dipping of a substrate in and out of a trough of
water on which is formed an insoluble monomolecular 50 STEARATE
film. [3] Typically, the lead salts of straight-chain (16)
fatty acids are used following procedures that were
first described by Langmuir and Blodgett. [4,5,6] A
schematic which suggests how these layers (Y-type) d 4 MYRISTATE (12)
deposit upon the substrate is presented in Fig. 3. We
have made low energy x-ray analyzers of this molecular LAURATE (10)
type from a series of fatty acids that have 2d-values 30

20

d - 2.50 (n +4)

INTIEGRATE flEFLECIMIT! ft 10-
UMA MYRISTAIE
(200 d-SPACINGS)

THEORETICAL 0 4 8 12 16 20 2428323640
15 M--MOSAIC P--DARWIN-PRINS (n + 4)-

___ IEXPERIMENTAL Figure 4

HENKEtaof (1980)

S . .. LEAD MYRISTATE MOLECULE

Eorw) 2100 - CH2_- CH3 -

S1 1 INTEGRATEO M . [ C ]Pb
POTAhSIUM AMI PIfliALATIE Wj -Ce)

iiC -
THEORETICAL 0 0 Ist ORDER DIFFRACTION

M--MOSAIC P--DARWIN-PRINS da40A - Pb - STRUCTURE FACTORS
- ! O O F, - fjpb.4flfo*(2,lz/d)

a I J EXPERIMENTAL C-
-SLAKE, et ol (1979) -02- F zj/d)
, HENKE., of (IWO) Q42_ F2 "

04 3- -V 1.33
. 11)--03
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in the range of 70 to 160 A. In Fig. 4 we present the As described in the companion paper, a and s can
measured 2d-values as a function of the number, n, of be calculated in terms of the average atomic scattering
CH2 groups of a lead salt of the straight-chain fatty factor per unit volume, n?, and the structure factor
acids. From this and other crystallographic data, we per unit volume, F, through the relations
have constructed a model for the unit cell structure of
these systems which is described in Fig. 5 and applied = - - nr(5
here in a theoretical description of their 

x-ray

reflection characteristics, and
The acid phthalate crystals have unit cell struc-

tures which have been determined by Okaya [7) and by s = trold s P(20) (6)
Smith [8) which we have described and applied in our sino
characterizations of these analyzers as recently where ro is the classical electron radljs
reported elsewhere [9]. The practical characteristics and for the low energy x-ray region, nf and 4F can be
of these analyzers are described in detail, experimen- readily calculated given the structure of the multi-
tally and theoretically, in these Proceedings by layer or crystal system and using the tabulated atomic
R. Blake. scattering factors as presented in the Appendix of

In this review we summarize some of the basic these Proceedings. In the om r [10], n is
theoretical and experimental methods that may be applied given by Eq. (5) and-6,'andF gTQi' by Eqs. (32)
to effectively characterize the crystals and multilayers and (33) for crystals and molecular multilayers and by

for well calibrated, low energy x-ray spectrometry. And Eqs. (34) and (35) for the sputtered/evaporated multi-
in the last section we describe spectrographs that have layers.
been specially designed for pulsed source diagnostics It should be noted that the diffraction order
which utilizes crystal and multilayer analyzers for the number, m, and the polarization factor P(20) are

A low energy x-ray region. Procedures for the applica- introduced through the reflection parameters, F and s.
tion of these spectrographs for absolute, resolution- For an incident wave of electric vector in the plane of
enhanced spctrometry are outlined, diffraction, P(20) is equal to cos2e and for the

electric vector perpendicular to the plane of diffrac-
II. THE THEORETICAL CHARACTERIZATION OF MULTILAYERS tion, P(2e) is equal to unity. For incident, unpolar-

AND CRYSTALS FOR THE LOW ENERGY X-RAY REGION ized light, therefore, the corresponding intensitycomponents, Io and 'n, are combined as

In a companion paper in these Proceedings [10], the

author has derived an expression for the analyzer, I N() = (I (6) + 1o00))
reflectivity for a finite number of diffracting planes
using the Darwin-Prins model. The results may be It may be shown that the dynamical model relation for
expressed in terms of complex variables in a form that IN(e) given here in Eqs. (3) and (4) will reduce to the
is easily programmed on a small computer for effective usual kinematical approximation for the analyzer of
crystal/multilayer characterization. We define: such low scattering and absorption within the layers

IN(e): the reflectivity curve (rocking curve)--the that the incident intensity may be assumed to be the
ratio of the diffracted intensity to the same at each plane for the given number of planes, N.
incident intensity for a plane wave at a grazing Thus by assuming a and s to be very small, IN(e)
angle of incidence and reflection, 8, and for an becomes
analyzer of N diffracting layers. (Isl "e -2Ni )

1
2

I(e): the reflectivity curve for an analyzer of an IN =
effectively infinite number of diffracting
layers (a thick analyzer).

s: the fractional amplitude, for a plane wave, that is Multiplying by the complex conjugate to obtain this

reflected at each diffracting plane, modulus squared, and letting & be replaced by sinE in

a: tfe fractional decrease in amplitude of the trans- the denominator since is necessarily a small quantity
for 8 near the diffraction peak, we obtain for unpolar-mitted beam as it passes through each diffracting ized incident radiation

plane.
the wave incident at angle e as it proceeds from sin 2 eo sin& (7)

one plane to the next (2nd sin 6/A) through the
relation Because this diffraction peak will be relatively sharp,

2 dsine . 2 d sin 8 m + (1) the parameter, &, may be written from Eq. (1) asX A

where 8 is the angle defined by the Bragg relation, & - _d (sin(eo + Ae) - sindo) % 2 coseo e (8)
mA = 2d sin 00. A s

n: a small quantity that is used to describe the and this kinematical description will assume the
effective attenuation of a wave as it transmits familiar form [12]
through N layers which dynamically includes all
contributions from multiple refleitions. The sina(2 d cos12Ae)
amplitude attenuation factor is x , where _ X_______ 9
x = (-1)-ef

n and _N( sin3) 2nd coS6a8 (9)

= " _si - ft + 052 t2) X

with + or - sign chosen so that the real part of n Applying the Rayleigh criterion, we define a limit
is greater than zero. of angular resolution as that Ael which corresponds to

We may then write [9] the first minimum of this diffraction pattern.

IN- I11 - e'2Nn, 2 (3) Therefore
2wdcose0Ae1 -nr and A81 A,

where - ZNd cosOo

x - I (4) Using the Bragg relation mA - 2d sin 00 and its deriva-
ft + 0) T /(E + a),- S tive, we may then find the corresponding wavelength

resolution as
where the + or - sign is chosen so that I < 1. AX (10)

k [
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and finally, by definition, the resolving power of this as the acid phthalates, for exmple, will typically
analyzer of low attenuation becomes have experimentally measured values for the integrated

reflectivity that fall between these values for the
X = E- (11) mosaic and the perfect crystal models.

•iN~ As has been discussed in the companion paper of
these Proceedings [10], this relatively simple Darwin-

This resolving power is then an upper limit that may be Prins model approach for the characterization of low
expected of a mltilayer of a reTately-all number energy x-ray analyzers is generally in good agreement
of layers, N, and at diffraction order, m. with the rigorous E & M boundary values approach (the

For some analyzers, particularly, for very low characteristic matrix approach) for the perfect multi-
energy x-rays and with sputtered/evaporated multilayers, layer systems. [13,14] Generally, the approximations
the effective number of diffracting planes may be that are Inherent in the Darwin-Prins approach for the
limited by absprption within the multilayer and the finite crystal/mltilayer system as has been described
dependence updh N drops out for N sufficiently large here are appropriate inasmuch as the typical real
but finite. If then we consider the absorptive crystal/multilayer system cannot be defined any more
parameter, a, to be large as compared with the reflec- precisely than is this approximate model. In the
tive parameter, s, the reflectivity curve, IN(e), from design of low energy x-ray analyzers, particularly of
Eq. (3), becomes the Lorentzian function the sputtered/evaporated type, this simple theoretical

model can provide helpful, immediate insights as to
_ )_ _ = (12) the interplay of the electron scattering contrast

I('2) =) (12) yielded by the structure factors and the multilayer
(Ae - 6 )2 + ()2 £2 + (P2 absorption, and their effect upon the analyzer perfor-

sineocosee mance. In Fig. 6 the integrated reflectivity, R,from
the thick mosaic model, has been plotted for photon

This function will have its peak value displaced from energies above the C-K edge and for a variety of prac-
the Bragg angle, 0,, by an amount equal to 8/sineocoseo, tical sputtered/evaporated, equal-thickness double

which is a refraction shift of the diffraction pattern layers of d equal to 30 A. For these calculations,

that may also be predicted by combining the Bragg structure factors were used as for shar1 defined
relation with Snell's law Ell, 121. It is interesting interfaces between the 15 A layers.'--ss -;

to note that this result follows here for the case of discussed tin the companion paper[10], the integrated
relatively high absorption within the analyzer. For reflectivities would be significantly reduced if a
this Lorentzian rocking curve approximation, its graded-density or rough interface were to be involved.
parameters may be written as follows: 0

The angle, e, as measured from the diffraction peak INTEGRATED REFLECTIVITY, R,

FOR
C = Ae - 3/sinoocosec . (13) SPUTTERED OR EVAPORATED MULTILAYERS

WITH
The full-width-at-half-maximum (FWHM) 15A EQUAL THICKNESS LAYERS--2d6OA

w = 28/sinegcoseo . (14) (A) TUNGSTEN/BORON

The corresponding integrated reflectivity (area under (B) TUNGSTEN/CARBON
the Lorentzian) for unpolarized incident radiation (C) MOLYBDENUM /CARBON

= r.!). [(FF) 2 + (OF22) )1 COS2e (15) (D) MOLYBDENUM/TITANIUM
=6o s n2e " (E) TITANIUM/CARBON

Here the optical constants, 6 and 0, are as have been
defined in Ref. 10 of these Proceedings to be given by .0 A

(16)
r X1

The integrated reflectivity, Rm , that results 1.0 "
from this Lorentzian, absorption-limited approximation,0.8
is idential to that which may be obtained from the
mosaic crystal model [11,12) and as given in Ref. 10. 0.6 -

According to the mosaic crystal model, we may in-

clude the effect of a finite crystal thickness by
multiplying the expression for Rm in Eq. (15) by the ._ 0.4
factor V

(1 - exp(-2bpt/sineo)

in which P is the mass photoionization cross section for
the crystal material, p is the average mass density and n 0.2
t is the crystal thickness which is approximately equal
to Nd. If the crystal or multilayer has a significant
mosaic quality, the FWWM of its rocking curve will be
greater than that expected from the perfect crystal
model and will normally be determined by measurement. 0.11_ _ ,_ ,_ ,
As is illustrated In Fig. 2, this integrated reflec- 10 20 30 40 50
tivity, Rm, generally tends to be higher than Rp, that X(A) -
as derived by numerically integrating for the area
under IN(e) from Eq. (3). Well defined crystals such Figure 6

.4
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In Fig. 7 we compare the diffraction peak profiles for COMPARISON QF M ANM SPUTTERED/EVAPORATED
the lead myristate molecular mltilayer and the MULTILAYERS AT M (64.4 A/192.39V)
tungsten-carbon sputtered/evaporated mltilayer with
the same 2d-value of 80 A. Here the fractional thick-
ness of the d-spacing for the heavy layer (tungsten), TUNGSTEN/CARBON
defined as r, is varied. Again ; sharply defined
interface was assumed for the W/C mltilayer which LEAD MYRISTATE r
yields appreciably higher predicted peak intensities 'o3
than are observed relative to those for the lead
myristate. The measured angular widths of the rocking - .4
curves are in good agreement with these as predicted,
however.

2d - SO A

1II. THE EXPERIMENTAL CHARACTERIZATION OF NULTILAYERS N.IO5

AND CRYSTALS FOR THE LOW ENERGY X-RAY REGION

The optimized low energy x-ray analyzer will have
the maximum, effective number of layers as determined
essentially by the crystal/multilayer attenuation. (N
for the multilayers chosen sufficiently large.) For
such analyzers the perfect crystal model relation,
I.(e), presented here in Eq. (4), predicts a diffrac- 52 58 52 58
tion curve with Lorentzian wings. That is, for angles Figure 7
not close to the peak, E becomes relatively large as
compared with a and s and the intensity distribution
falls off as (Ae) "2 as for a Lorentzian. As already
noted above, for many practical crystals and multilayers description.
applied in the high attenuation, low energy x-ray We have shown [1] that within a sufficiently good
region, the total profile tends to become Lorentzian. approximation, the Voigt function can be described

In Ref. 9 we have calculated in detail the reflec- simply as a linear mixing of the two basic broadening
tivity'characteristics vs photon energy for five acid functions, the Gaussian, G(x),and the Lorentzian, L(x)
phthalate analyzers and five each of 100-layer molecular through the relation
and sputtered/evaporated (tungsten-carbon) multilayers.
For such characterizations, we define the integrated V(x) = 6G(x) + (I - 6)L(x). (18)
reflectivity as the area under the reflectivity curve
within the limits of plus/minus 5w, (at which limits If we define the FWHN widths for the Gaussian, the
IN(e) = .01). We have compared the integrated Lorentzian and their fold, the Voigt function by g,
reflectivity as obtained by precise numerical integra- I and v, respectively, and the variable x by c/v (c is
tion under the theoretical reflectivity curve to that the angle from the peak), we may then write
for a Lorentzian curve having the same FWHM, w, and the (2)2 I _

same peak height as that given by IN(e). The two G(x) = e"  and L(x) = 11 (19)
integrated reflectivities generally agree within ten
percent. Finally, our measured molecular and
sputtered/evaporated multilayer rocking curves, after and the mixing parameter, *,bcomes
correcting for instrumental broadening, are welldescribed by Lorentzian fits. Similarly it has been 6 = 1 - 2/v - (g/v)2 . (20)
found that the reflectivity curves for the acid
phthalate crystals may be described as Lorentzian. [15] In our crystal characterizations, X represents the sum

In our experimental characterization of low energy of the Lorentzian crystal multilayer and emission line
x-ray analyzers, therefore, we assume that the reflec- widths, w + co, and we may write for the analyzer width,
tivity curve is essentially Lorentzian which may be w, from Eq. (20)
then described by the relation W = v(1 - (g/v)) - cc • (21)

I() - (w/2ir)R (17) These numerically derived relationships have been
( 2 +-(w/2)( tested on a series of low energy x-ray emission lines

for which the natural widths have been precisely

measured using photoelectron spectroscopy. [1) We
A. THE MEASUREMENT OF THE FWi -w illustrate in Fig. 8 how the Mo-M (64.4 A/193 eV) line

is used to determine the lead myristate molecular
Our reasurements of w for a given analyzer are of analyzer diffraction width, w, to be 0.330 and,

a series of monochromatic line sources which are equivalently, in energy width, 0.82 eV. These values
Lorentzian in their wavelength and photon energy dis- may be compared with those as determined from the
tribution and produce an equivalent angular broadening theoretical reflectivity curve, IN(e), given in Eq. (3)
of the spectral line equal to c . A conventional, flat to be 0.36* and 0.89 eV, respectively.
crystal spectrograph is used wth soller slit
collimation that presents a further angular broadening
of a Gaussian shape and of FWHM equal to j. Pulse B. THE MEASUREMENT OF THE INTEGRATED REFLECTIVITY, R
height discrimination is utilized with a flow propor-
tional counter to minimize background under the Practical flat crystal calibration for the inte-
isolated spectral line. grated reflectivity, R, usually involves incident beams

The convolution of Lorentzians yields another which are neither precisely monochromatic nor parallel.
Lorentzian with the widths adding linearly. The Let the incident beam be of cross section that is
convolution of Gaussians yields another Gaussian, but smaller than the window area of the detector and be of
with the widths adding quadratically. Because in many total direct beam intensity Po counts per second.
spectroscopic measurements the collimation is Gaussian. Consider 0'e bean to be made up of a collection of rays
the measured spectral line is the result of a convolu with a n ow distribution of angular divergence about
tion of a Gaussian collimation function with a , cent ray and each with intensityh Pon. The
Lorentzian analyzer plus mtission line profile. The I ten y that is reflected for the ntn ray near a e
Gaussian-Lorentzian convolution yields a Voigt curve .icidence angln is tPn. Then if IN(e) is the reflec-
for which there is no exact analytical function tivity, we may write
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MOLYBDENUM-M; (645A/192.5eV) In Figs. 9 and 10 we have applied this flat crystal
As MEASRED IYA calibration procedure in order to compare the perfor-

LEAD MYRISTATE ANALYZER (2d--79.9 A mance of a molecular and a sputtered multilayer in the
500-1000 eV photon energy region. The sputtered multi-
layer, constructed by T. Barbee, has a :J-value of
44.2 A, N = 62, and r = 0.3. The molecular multilayer

EASURED FWHM is lead myristate of 2d equal to 80 A and N = 200.
V-SPECTRAL LINE (VOIGT) - o6. These comparative spectral scans of characteristic line
- -COLLMATION (GAUSSIAN) - o34- radiations were taken with soller slit collimation of

uNFO DEOGaussian, FWHM value, g, equal to 0.34 in e-coordinates.
Q -CRYSTAL + EMISSION The multilayer angular width, FHM4-ut, was determined

(LORENTZIAN) - og5 using Eq. (21), its integrated reflectivity determined
by Eq. (22) and the percent peak reflectivity, P,
assuming a Lorentzian reflectivity curve as in Eq. (17),
and equal to [2R/ww] x 100.

With calibrated crystal/multilayer analyzers, and
4V- W S . 5 - 5. 4 5 . 5. 65. 15 instrument collimation window functions, and with the

.8- measured spectral line widths, Eq. (21) may then be
used to determine the emission line width with enhanced
resolution. We have developed a simple method for
treating overlapping spectral lines [l] by fitting a
sum of Voigt functions as given In Eq. (18) by a Simplex
method which fitting determines the angular position,S- CRYSTAL EMISSION -- Os an9ithc5oen ie

(LORENTZIAN) weight and width of each component lines in the over-
MEASURED lapping spectrum. Eq. (21) is then used to determine

- -EMISSION LINE (LORENTZIAN)- 0 62* the individual emission line widths. Again, enhanced
UNFOLDED (I 53ev) resolution is obtained.

-C(RYTIFAON - O33* Often, rather than flat crystal optics with essen-( 82 eV) tially parallel incident radiation, divergent beam
optics (as with Johann circle geometry) or with non-
focussing optics for an instantaneous presentation of

an emitted spectrum (for pulsed source spectroscopy)
W 5* 5,. 52- 5y 54- 5W 56. 5" 5W may be used. For spectrographs using these divergent

O-I---3 beam geometries, the measured intensity profiles for a
monochromatic source may usually be predicted in terms

Figure 8 of the flat-crystal reflectivity characteristic
parameters and appropriate geometric factors. This is
illustrated in the next section for thP pulsed source
spectrographs which utilize the cylindrical-convex

n = ApoflINM) crystal/multilayer and the elliptical crystal/multilayer.

IV. PULSED SOURCE SPECTROSCOPY
Let the crystal be rotated through a range in 0 that
completely embraces a diffraction peak for all incident A. THE CONVEX CYLINDRICAL CRYSTAL ANALYZER
rays and at an an ular rate of wo. If dEn is-the totalcounts measured by the detector for the nth ray during The convex cylindrical crystal [3,16-20] presents to an
interval dt, we may write x-ray source a continuum of reflecting regions with

Bragg angles beginning from zero value. For a particu-
dEn = AP -(e)dt = APonIN(6)(d0/w 0 ) lar wavelength, the effective aperture is proportional

to sine and hence to nX for the usual application
and geometry in which the cylinder radius, r, is small as

AEn = (Pen/ dj 6)d0 = (APan/wo)R. compared with the distance to the source, s. We have
fhn constructed cylindrical analyzers of good quality by

Now summing over all n rays in the divergent incident bending .005" cleaved sections of KAP to radii as small
beam, we obtain the total counts collected, E, as a as one inch, and by dipping polished cylinder substrates
diffraction peak is scanned as of radii as small as a few millimeters to generate the

Langmuir-Blodgett type of molecular multilayers. The

E A(En =  R I APon = P0 R
n 0CHARACTERIZATION OF BRAGG ANALYZERS

And thus R may be expressed in terms of measurable REFLECTIVITY 1/10 VS 6 CURVE
quantities as 

R - AREA
R = .=(22) w " FULL-WIDTH-AT-HALF-MAXIMUM

P P - PERCENT PEAK REFLECTIVITY

If the incident beam is not precisely monochromatic,
but consists of a narrow band of wavelengths about a
mean value, a similar argument as presented above may a-
be applied to yield the same result as Eq. (22), where COEFFICIENT OF REFLECTION, R. MEASURED DIRECTLY FROM
R would then represent an integrated reflectivity EXPERIMENTAL DIFFRACTION LINE
characteristic of an average wavelength. This follows r * EXPERIMENTAL LINE WIDTH (VOIGT FWHM)
from the fact that the intensity distribution for a W V(I-(gv)2)-to g ICDLLIMATION WIDTH(GAUSSIAN FWHM)variable wavelength component is simply shifted a small to! EMISSION LINE WIDTH (LORENTZIAN FWHM)
amount in anglo according to the Bragg relation--but o
still embraced in the complete scan taken over the P - IOO ASSUMING LORENTZIAN REFLECTIVITY CURVE
diffraction peak. The value of R thus determined is R.wkv.gOW4 cAREIN -ANGLEUNITS
independent of a small departure from monochromaticity
of the beam--providing that the reflectivity is
slowly varying over the spread in wavelengths involved. Figure 9
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COMPARISON QF MULTILAYER ANALYZER -- 500-1000 e REGION

TUNGSTEN-CARBON -- 62 I-PLUS-lI d-SPACINGS--2d - 44.2 A

LEAD MYRISTATE-- 200 d-SPACINGS--2d-80A
ROCKING CURVE FWHM--w(08) AND W(eV)

REFLECTIVITY-- INTEGRATED. R(mr) PEAK, P(%)

F-Ka (677ev) O-Ka (525 +)

0.55 w 0.13 WC 0.83 w 0.16-C 14 W 6.5 PbM 12 W 4.8

0.65 R 0.37 0.48 R 0.12

4.3 P 10 2.1 P 2.7

14 
12 

PbM

390 28 - 59" 21 310 550 80. 29a 42°

Cu-La (932eV) Ni-La (852 eVI

W-C 0.33 w 0.10 W-C 0.36 w 0.13
17 W 9.6 15 W I0
0.77 R 0.36 PM0.73 R 0. 36 b
8.6 P 13 7.4 P 10 PbM

300 2 ._ 44 160 240 326 49 17.5 26.5

COLLIMATION FWHM (GAUSSIAN)--0.77 0 (29)

Figure 10

sputtered/evaporated multilayers may be deposited upon a And, finally, for instruments with 6 - 1, a relation
flat, flexible substrate which may then be bent to a between the divergent beam diffraction line profile,
desired radius. dN/d0, defined as P(a), produced by the cylindrical

crystal and the parallel beam, flat crystal reflectivi-
Some useful geometrical relations which character- ty ratio, IN(), can be obtained as

Ize this analyzer are as follows (see Fig. 11): dN =P(6) = I(6)(ioaq,)(dX/de) = 6ioaalsinel(e),
cose = cosx - (1/6)sinX (23) U -

(29)
and where io is the number of photons per sec-unit source

(dx/d8) = 6sinG/(6sinx + cosx) (24) area-stearadlan, a is the source slit area, and , is
the angle at the source slit as subtended by the crystal

in which 6 = r/s. Now for 6 1 1, it follows that width, and assuming the slit thickness to be negligible.
The total number of photons, N, within the diffrac-

cose = 1 - X/6 (25) tion line profile is proportional to the crystal's
integrated reflectivity, R, and given by

and (dX/d6) = 6sine . (26) N=/P(e)de = 6ioasnS,/l()d8 = 6(toas_e)R. (30)

To relate the reflecting region position, a, with the Finally, to determine the effect of slit or line

corresponding Bragg angle, p source width upon the profile, we integrate the differ-
ential intensity from a section of the slit of width,

S- 0 - X 0 - 60 - cos(1 ). (27) b, and differential thickness, sd*, (as reflected into
the diffraction line profile) within the limits -4o to

And to relate the position of the detector, B, to the +00, where 2 is the angular thickness of the slit as

corresponding Bragg angle, e--for r << R (crystal- measured at the crystal. We obtain, assuming IN(e) to
detector distance) be Lorentzian, as given in Eq. (17):

00
2e - x - 2e - 60(1 - cose). (28) P'(e) - (61 ob s snne6)(y R),/ -/( 0 (z)"
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CYLINDRICAL CRYSTAL GEOMETRY light pressure. The molecular multilayers aredeposited
directly upon the coversllp glass curved surfaces. The
coverslip glass pieces are preformed in an oven to fit
a graphite substrate of identical shape as the aluminum
substrates.

The diffraction gemetry is shown in Fig. 15. In
2A8 / order to establish a focal p tnt for radiation from a

small source and thereby an effective scatter aperture,
the analyzer curvature is that for the ellipse

x 8 h (32 )-~ ~~~ ,P I-ecosB S

. where e is its eccentricity and h is the characteristic
radial distance, p, from the exit focal point for

A(r + 900.
An important design feature is that the measured

radiation can be normal to a circular arc detection
surface (a film siuFrfe for photographic detection, a
CCD array for electronic detection and for time-

19 resolved spectroscopy, and for a proportional counter
K _ s - goniometer circle in a calibration chamber.) The

angular position on this detection circle, B, is
Figure 11 related to the Bragg reflection angle off the analyzer,

e, by the equation

e = tan -' ( e -cos (33)

Thus
E which reduces to simply

P' (e) = (6iobsipsin8)(R/)(tan-1 c - tan- ' w h u t i(31) 6 = 0/2 (34)

P'(e) has been plotted for several relative values of for applications with a large source distance (i.e.,

0o/w in Fig. 12. If the source brightness, it, is not with an eccentricity, e, equal to unity for an approx-
uniform but rather is a function of i, then io() must imately parabolic analyzer.
be folded within the integral.

B. THE ELLIPTICAL CRYSTAL/MULTILAYER SPECTROGRAPH

Shown in Fig. 13 are the basic features of the
proposed spectrograph for the spectral analysis of a EFFECT OF SOURCE SIZE
pulsed low energy x-ray source. An elliptically curved ON
crystal or multilayer analyzer is utilized with an
effective point or line source at or through one of the CYLINDRICAL CRYSTAL LINE PROFILE
foci and a small exit aperture (scatter aperture) at
the second focal point. The elliptical analyzer curva-
ture may be a cylindrical section, or it may be of
double curvature and as a surface of revolution about i I I i I i I I I
the major arcs (an ellipsoidal section).

Considerable importance in the design of this (*/W)
spectrograph [21] has been placed upon achieving a 100
minimum of background radiation and presenting a spec-
trum that can be simply and accurately interpreted to 3
yield the source spectral characteristics in the low
energy x-ray region. The small scatter aperture into 2 8
the detector module effectively eliminates the stray 80
radiation that may diffusely scatter or fluoresce fromI
the analyzer. An optically flat or cylindrically
curved total-reflection mirror with an adjustable c
entrance slit along with an appropriate filter is used o 60
for an effective attenuation of high-order diffracted b-

and the lower-energy radiation background. If the slit
at the mirror is adjusted for a sufficiently small
entrance aperture, a one-dimensional spatial distribu- 0 40
tion of the source intensity for the particular wave-
length can be presented along the length of a
corresponding spectral line for an extended source
(spatial resolution in the tenth milliradian range).
The spectrum is formed by a relatively small analyzer 20
dimension normal to this drawing section so that the
analyzers can thus be "stacked" for multiple band
spectral coverage. This is described in Fig. 14.

The elliptically curved crystal/multilayer sub- 0
strates have been made by computer controlled milling -4 -2 0 2 4
and by computer controlled diamond turning of aluminum
blanks.[22J The acid phthalate cleaved sections of about
.005" thickness and coverslip glass of about .010"
thickness are epoxied to the curved surfaces under Figure 12

--- _
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PULSED X-RAY SOURCE SPECTROSCOPY THREE-BAND SPECTROGRAPH
USING "STACKEDO ANALYZERS

ELLIPTICALLY CURVED ANALYZING CRYSTAL U 'TA AILER S

MIRROR FILTER ANALYZER

2-120 A

28 ,--?oA

GRAZING INCIDENCE TOTAL-REFLECTION MIRROR. 135" -45
FLAT OR CYLINDRICAL-FOCUSSING MIRROR' FILTER ANALYZER

(HIGH-ENERGY CUT-OFF)
DETECTION CIRCLE LEAD 124 270 W

S'02  CARSON SEHENATE 2e
SMALL APERTURE LIMITING OF DIFFUSE _________2d-120A

RADIATION BACKGROUND, WITH THIN-WINDOW FILTER LEAD 192V 464V .
(LOW-ENERGY CUT-OFF) SiO2  A1203  LAURATE

2d-.?OA 50v [II5 1 II ] 1220V

Si0 2  ALUMINUM NAP
2(I-26.6 A___ 70mm PHOTOGRAPHIC

*FUSED QUARTZ OR PYREX FILM ON HALF-CYLINDER FRAME

Figure 13 Figure 14

In Fig. 15 we define the angular position of a ray expressed in variable B through Eqs. (36) and (37). Wc
from the source, X, which is related to e and B by have defined by As the angular position as measured

from the peak position along the detection circle for
X = 2e - B (35) the Lorentzian defined as follows:

do
and thus differentially AB = C- £ (41)

= 2 - (36) and its measured FWH, €,de de

And from Eq. (33) we may obtain dB/dO as € = ( ). (42)

do = e2 + 1 - 2e cos8 aThe B-position for a peak of wavelength X is obtained
To e(l - Cos) (37) by inverting Eq. (33) for the refraction-shifted peak

position in e-coordinates, viz., (from Eq. (12))

We would like next to write an expression for the
spectral line profile as diffracted by the elliptically OG + sin 0ocos85
curved analyzer of cylindrical section in terms of the
flat crystal characteristic parameters, R and w. As we
have described above for the convex, cylindrical In Figs. 16, 17 and 18 are presented plots of our
analyzer, we shall define by dN the number of photons calculated reflectivity characteristics [91 for the
per sec diffracted by the elliptical analyzer within a three analyzers, lead behenate, lead laurate and
differential angular region, de, about a Bragg angle, 8, potassium acid phthalate of 2d-values of 120, 70 and
and equal to P(e)do. Thus the divergent beam 26.6 A, respectively. We have proposed these analyzers
angular distribution of intensity as diffracted by the for a three-band spectrograph for the 100-1000 eV
elliptically curved analyzer becomes region which has been described in Fig. 13.

In order to verify the response functions for the
dN = P(8) = ioa* d (38 elliptical spectrograph as predicted here and to account
Tie N(o) for possible individual differences between the curved

crystal/multilayer and the corresponding flat analyzers
where a is the projected source area; * is the angular (on which the flat crystal characteristics have been
width of the beam that is accepted by the analyzer and directly measured), we measured the elliptical
measured in the plane normal to the Bragg reflection
plane; and IN() is the flat-crystal rocking curve, the
fraction of the intensity for a parallel incident beanm ELLIPTICAL ANALYZER GEOMETRY
that is reflected at an angle, e. Integrating Eq. (38)
through the reflecting region in e for a given wave- DETECTION CIRCLE
length, we obtain the total number of photons per
second within the diffracted line as

NW ia*IP)INWe)de - (Ia()R. (39)

Finally, if we assume that the flat crystal, parallel POINT SCATTER SLIT /

beam rocking curve, IN(e), to be Lorentzian as in Eq. SOURCE

(17), we may write for P() 0 xd (w/2n)R "X
P ( ) .- o a p ( ) 7 -+ -r / ) T , ( 4 0 ) ; > 6 ' ' 8 /

9+1 9/2

where £ is measured from the position of the diffracted
peak in 8-coordinates. Eq. (40) may be expressed in AX
B-coordinates, as measured along the detection circle, - A/
by multiplying the numerator and denominator of the
Lorentzian by (diB/de). Here, dB/de and dx/do may be Figure 15
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LEAD BEHENATE LEAD LAURATE

f I

-EOV E(V -V
0O -to 000 2u 0 '400_ noo 200 0l 106 0 I 2100

E(V) - E(OV) ENV E|W4

Figure 16 Figure 17

analyzer response function directly at a few standard
wavelengths by introducing a calibrated flow propor-
tional counter, with a precision goniometer, on the POTASSIUM hWPHTHALATE
detection circle. In this way the diffraction peak is 0I-
measured in B-coordinates and compared with the direct-
ly measured io for a characteristic line source that
is filtered and isolated with pulse-height discrimina-
tion. Such a spectrum including several orders of the Wid
Cu-Lu (13.3 A/930 eV) is illustrated in Fig. 19.

To complete an absolute calibration of this spec-
trograph, it is necessary to include the response of[' 1
the detector that is utilized. For many applications, EE(w) -
an appropriate photographic film is used to time
integrate the pulsed spectrum. We calibrate the film
material by taking a series of known exposures with the O
film along the detection circle under the identical
e dconditions with which a corresponding calibrated di
proportional counter scan has been made (as shown in
Fig. 19). The exposed films are microdensitometered
with a slit width that is comparable to that on the
proportional counter and small as ompared to that of
the width of the diffraction lines. The measured c-
densities are correlated with the measured photons/mi- 0 1F
crons2 exposures for the precisely known wavelength forI) EA

the spectral line. The calibration of the RAR 2497 film Figure 18
by this procedure is described elsewhere in these

Proceedings.
For many pulsed x-ray sources there may be high

energy components that diffract effectively in the
higher orders and make more difficult a quantitative SERIE SI/" T
spectral analysis. In the design of the elliptical oll1.3ALI&5 41.26)
analyzer spectrograph as described here, we have used L 3 II L5 A
total reflection mirror monochromators to effect the
needed high-energy cut-off. We present here in Figs. ELLIPTICAL LEAD BEMENATE ANALYZER
20-24 the reflectivity curves for five practical x-ray 24. 12 A

mirror monochromators which we have calculated using
the methods that have been presented in the companion AT -t 01-

paper.e0o The data presented here, along with some ---
examples of corresponding experimental data, are for
mirror surfaces of beryllium, carbon, fused quartz, PROPM7?rOIAL CM11TtP

nickel and gold.
in the low energy diagnostics of essentially point

sources (as laser-produced from microballoon sources),
it is suggested here that each wavelength component will (5.6.7ond8 ORDERS)
be presented in either 6 or $coordinates as essentially
a Lorentzian spectral component of FWHe equal to , or
a, respectiely. If the emission line has a distribu-
tion of wavelengths because of Doppler and/or Stark
broadening, the measured spectral line profile is t4 1W3

then a convolution of these and the analyzer broaden- L A
ing functions. Because Doppler broadening is essential-
ly Gaussian and Stark broadening is essentially Lorent- Figs L K11E)

zian a simple resolution enhancement procedure may be
possible using that described above and in Ref. 1. The . -
Vogt function fitting may need to be limited to the 63i__,,4

wings of the spectral lines if, for example, self-
absorption effects have reduced the central part of the Figure 19
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REFLECTIVITY OF BERYLLIUM MIRROR REFLECTIVITY QE yjICj. MIRROR
(p- T.5 gm/cm3 ) (p - 8,9 gmCn)

I-8.34 A 5 - 44.7 A HENKE Ofal. (1961) 1 - 0.34A 5 - 44.7 A H ENKE ofof. (1981)
2 - 13.3 A 6 - b4.4 A *.44.7 A 2- 13.3 A b8- 64.44 A 23.6 A (ERSHOV. 1967)
3 -238 A 7- 114 A -- 23.6 A }(WATSON, 1978) 3- 23.6 A 7- l14 A a-13.3 A (ERS4OV, 1967)
4 - 3114 A 133 4 -31.6 A 0-13.3 A TOOR. 1976)

100~~~ -11 10.34 A (ERS4OV, 1967)

II

B~IJEEECIVIT QE QBQ MIRR2 REFLECTIVITY OLF GOLD MIRROR
(p- 1.54 qm/cm3 ) (p a 19.32 gm/cm3)

I - 8.344A 5 -44.74 A HENKE, eial. (1961) 1- 8.34A 5 - 44.74 A HENKE. el l. (191)
2- 13.3 A 6 - 64.44 A -114 A 2- 13.3 A 6 - 64.4 A '-114 A (LUKIRSIII, 1964)

3-(36A U 14 2. A" SKi 641 3- 23.6A 1- 114 A o-114 A (JOHNSON &WUERKER. 1963)
4- 31.6 A & 36A(ASN1)4- 31.6 A& 36A(ROV197

__0 ___ a-8.34 A a- 13.3 A 100O-8.376A a 3. 3 A 1RHV 97

P(%)P(% 
s_______

G(mr)

Figure 21 Figure 24

REFLECTIVITY OF FUSED QARTZ MIRROR
(p -2.20 gm/cm3 )

I-8,34 A 5-44.74 A HENKE, st a. (1981)
2- 13.3 A 6-64.44 A . 44.74A (JOHNSON A
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spectral line. [6] K. B. Blodgett, J. Phys. Cher.. 41. 975 (1937)
This elliptical analyzer spectrograph may be C . 4

effectively applied to extended sources in order to [7] Y. Okaya, Acta Crystallogr. 19, 879 (1965).
obtain spatially resolved spectral information. In [8) R. A. Smith, Acta Crystallogr. B 31, 2345 and 2347
this application, the exit slit of the spectrograph (1975).
becomes a limiting aperture which accepts radiation
only from a linear region of the source perpendicular [9] B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shlmabuku-
to the Bragg reflection plane and through the source ro and B. K. Fujikawa, Atomic Data and Nuclear Data
focal point. If a vertical slit of sufficiently small Tables 27, No. 1 (1982).
width is positioned between the source focal point and [10) B. L. Henke, "Low Energy X-Ray Interactions: Photo-
the analyzer (for example at the total reflection emission, Scattering, Specular and Bragg Reflec-
monochromator) imaging along this linear source region tion," Proceedings of the 1981 Topical Conference
occurs at nearly constant magnification along the on Low Energy X-Ray Diagnostics, Monterey, Califor-
length of the spectral line (see Fig. 25). Alternative- nia, June 8-10, 1981.
ly, this one-dimensional imaging can be obtained with
larger instrument aperture by replacing the flat [11] A. H. Compton and S. K. Allison, X-Rays in Theory
monochromator mirror and limiting slit by a cylindrical and Experiment, 2nd ed. (Van Norstr-a- 'ewor,
mirror of such curvature as to focus the radiation from 1935).
a point along the accepted line source region to a [12] R. W. James, The Optical Princil es of Diffraction
corresponding point along the spectral line. of X-Ras (Cornell Oticarsl itPress oTtiffraton

In summary, the elliptical spectrograph has three York, 1995).
distinct advcntages over the convex or flat crystal
instruments for presenting an instantaneous spectrum of [13) M. Born and E. Wolf, Principles of Optics, 5th ed.
pulsed x-ray source. These result from the collecting (Pergamon Press, OxforT, r975.-
and focussing into a line image within an exit aperture [14] P. Lee, Opt. Conmmun. 37, 159 (1981).
of radiation from a point or line source, and are:
(1) the effective aperture for a given wavelength can [15] R. L. Blake, private communication.
be appreciably larger; (2) the detector circle is [16] M. deBroglie and F. A. Lindemann, C. R. Acad. Sci.
shielded from the total analyzer area by the exit slit Paris 158, 944 (1914).
acting as a scatter aperture, thus allowing a consider-
able reduction in background resulting from diffuse and [17] L. S. Birks, Rev. Sci. Instrum. 8, 1129 (1970).
fluorescent scatter; and (3) the sharp line image with- [18) M. Swartz, S. Kastner, E. Rothe and W. Neupert, J.
in the exit aperture allows a precise definition of the Phys. B 4, 1747 (1971).
detection geometry (for example, for a film circle for
a slit window of a streak camera), making possible a [19] N. J. Peacock, R. J. Speer and M. G. Hobby, J.
straightforward and accurate absolute calibration. Phys. B 2, 798 (1969).

Finally, it should be emphasized here that for [20] S. 0. Kastner, Appl. Opt. 18, 3 (1979).
optimized low energy x-ray spectroscopy it is important [21] B. L. Henke, Nucl. Instrum. Methods 177, 161 (1980).
to choose the 2d-values of the analyzers that are "
comparable to the wavelengths to be measured in order [22] The fabrication of the elliptically curved aluminum
to place the desired spectral bands at the largest blanks has been by the Sandia Corp., Albuquerque,
possible Bragg angles. At these large angles, the and by the Los Alamos National Laboratory.
relative effects upon spectral resolution resulting [23] B. Watson, private communication, "Summary Calibra-
from crystal and source size broadening are minimized tion of Lawrence Livermore Laboratory Flat Mirrors,
because of the higher dispersion. Equally important Lockheed Palo Alto Research Laboratory (January

for the low energy spectroscopy is that only at the 1979).

larger angles will the Bragg reflection reflectivity of

the analyzer be large as compared to its specular [24] A. P. Lukirskii, E. P. Savinov, 0. A. Ershov, I. I.
reflectivity. At the smaller angles, below about 200 Zhukova and V. A. Fomichev, Opt. Spectrosc. 19,
in Bragg angle, the specular reflection tail for the 237 (1965).
longer wavelengths can represent an appreciable back- [25] G. L. Johnson and R. F. Wuerker, X-RayO cs and
ground at the diffraction line. It is for this reason X-Ray Microanalysis (Academic Press, New sa
that in the elliptical spectrograph design described
here, the spectral bands to be measured are placed 196),p
at B-angles from 45° to 1350. [26) 0. A. Ershov, I. A. Brytov and A. P. Lukirskii,

Opt. Spectrosc. 22, 127 (1965).

ACKNOWLEDGEMENTS [27) A. Toor, private communication (October 1978).

The author gratefully acknowledges the invaluable
assistance in the preparation of this work of
Priscilla Piano, Tina Tanaka and Hubert Yamada. This
program is supported by a grant from the Air Force
Office of Scientific Research, Grant No. 79-0027, and by
a supplemental DOE/Lawrence Livermore Laboratory
subcontract, No. 9072209.

REFERENCES

(1] B. L. Henke, R. C. C. Perera, E. M. Gullikson and
M. L. Schattenburg, J. Appl. Phys. 49, 480 (1978).

[2] B. L. Henke, R. C. C. Perera and D. S. Urch, J.
Chem. Phys. 68, 3692 (1978).

[3] B. L. Henke and M. A. Tester, Advances in XRa
An (Plenum Press, New Yor T ),'VoT)- T 8,

[4] K. B. Blodgett, Am. Chem. Soc. J. 57, 1007 (1935). Co-chairman Burton Renke and session chairman

[5] K. B. Blodgett, Phys. Rev. 51, 964 (1937). Dr. Kenneth Mitchell.



97

Applications of Gratings in the Low Energy X-ray Region

E. Killne

Harvard-Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

ABSTRACT

The utilization of reflection and trensmission gratings as active elements for analyzing
X-rays in the wavelength region of 10-250A is discussed. Three approaches in a focussing
reflection geometry are considered which all offer possibilities to enhance the experimental
sensitivity or the resolution in a region of special interest. An experimental analysis of
a standard grazing incidence instrument is presented. Transmission grating geometries are
examined using results from planar transmission gratings with prefocussing mirrors.

I. INTRODUCTION G (radiu 04 twab" )

The spectral analysis of X-rays in the soft wave-
length region is a challenge since one has to meet the
requirements of high efficiency, high resolution and
spectral purity. These requirements usually have to
be satisified simultaneously and over an eltended
wavelength range, for instance, A Z 12-250A. A few
different approaches exist to diffract and focus the
X-rays: one can use the reflection and interference
properties of gratings, the Bragg diffraction of X2crystals (1,2) and the methods based on selective

absorption in multilayer filters or films (3,4). This
paper discusses some novel and exciting as well as more
traditional possibilities to analyze soft X-rays with R c
gratings and also indicates some future possibilities. dwmteR

The first point of consideration is to make the
right choice of dispersive system that meets the ranungni---
particular requirements for the experiment at hand; Fig. I The Rowland circle. RadiationfromthepointEisdispersedandfocusedbyand, of course, these requirements must be known and the gralingat At. 4, etc. aand# aretheanglesofincidenceanddiffraction.respectively.

suitably parametrized. This point is of special
importance now that choices do exist between different, magnitude to about lOX in the most favorable case. It
partly overlapping, dispersive techniques. By is worthwhile to stress the importance of having the
optimizing the choice one can obtain superior per- grating as an exchangeable part of the optical system.
formance for a specific application; for example, for This usually implies a nontrivial design problem as in
measurements of the carbon photon absorption edge at many instruments the grating is a permanent part of
280 eV. This paper discusses different approaches the system and mechanically interfaced with other
using gratings in reflection and transmission components for complicated alignment procedures.
geometries and briefly points out special advantageous The Rowland circle geometry has been used for
features for a few concrete cases, many applications and I will here give a few examples

The direction of X-rays is changed by diffraction of some newly implemented instrumentations.
or reflection. The reflectivity of materials decreases The astigmatic image from the spherical grating
rapidly with wavelength (R 0 X) so there is usually in the Rowland circle geometry can be used to give a
no choice but using small grazing angles for the wave- spatial imaging in the non-dispersive plane. This has
lengths of interest here. Furthermore, for the shorter recently been utilized in plasma diagnostic applications
wavelengths one also has to consider the cutoff at the of imploding foils and laser produced plasmas (7). The
angle of critical reflectivity (which is a material spatial imaging is then achieved either by using a
property) which will set a limit to the angle of pinhole as the entrance slit or by imaging the source
incidence, onto the entrance slit with a cylindrical mirror. A

1 m Rowland circle with a spherical grating has been
found suitable to meet the resolution and sensitivity

II. FOCUSSING REFLECTION GRATINGS requirements of these applications.
The throughput of a grazing incidence

In view of these initial remarks, we can now monochromator/spectrometer as a function of wavelength
examine the available techniques to diffract and focus can be analysed by using a second dispersive element
X-rays in a reflection geometry. In the Rowland circle after the monochromator. If the characteristics of
configuration (See Fig. 1), X-rays from a source point this second analyser, a transmission grating for
(the entrance slit) on the Rowland circle (diameter R), instance, have been measured earlier (8), the intensity
are diffracted by the grating, (bent with radius of distribution measured after the transmission grating
curvature of R) and focussed to another point (the can be related directly to the output of the grazing
exit slit) on the Rowland circle. This classical incidence monochromator. Such an experiment was
approach will give the highest possible resolution at recently performed at the 4 beamline at Stanford
the expense of lost intensity due to severe spherical Synchrotron Radiation Laboratory (9) using the grazing
aberrations. Theoretical analysis of the X-ray optics incidence monochromator, "the Grasshopper". From
of the grazing incidence Rowland circle geometry can Fig. 3 it can be seen that the output beam is heavily
be found in Ref. 5. The efficiency of the system is contaminated by higher order harmonics at the lower
very sensitive to the surface properties of the energies to an extent that would be detrimental for
diffraction grating. To overcome this problem several experiments requiring well calibrated and monochromatic
new developments have appeared that improve the light as, for instance, is needed for absolute cross
quality and efficiency of reflection gratings (6). It section measurements. A standard technique to deter-
can be noted that by improving the grating quality the mine the flux IM) is by measuring the electron
diffraction efficiency has been increased an order of emission yield from a gold foil that is radiated by the

0094-243X/81/750097-04$1.50 1981 American Institute of Physics
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,a i a.i.i . ae .0'~ ..- ~ "~ ' - .r -t Another approach, which uses a toroidal geometry,
~ ~ has recently been implemented for a number of diverse

applications (See Fig. 6). In this geometry the X-rays

light from the output beam. A comparison between the
wavelength iutensityadistribution recorded ina this way
with the results from the spectral analysis of the 5ea u
beam using transmission gratings is shown in Fig. 4.

are d fouse both inte ipesv adth o

vim, WAdispersive planes which is a way to reduce the intensity
* losses due to aberrations (12,13). A comparison be-

-an- tween the toroidal geometry and the spherical Rowland
circle geometry was recently performed which

u demonstrated the superior throughput of the toroidal
geometry (14). A drawback is, of course, the complex
toroidal surface of the grating which introduces

wow_______________ manufacturing difficulties and costs. In an alternative
WUWS inn~n ~ mi.,approach one circumvents these problems but retains the

G.P_ f .W ?Id "superior light collection of the toroidal surface by
asa.I&Wt d.n~f~ftail~separation of focussing and dispersive elements, I.e.,

through the combined use of a toroidal mirror and a
it Is worth noting that the standard gold yield spherical grating (15).
measurement Is not only incapable of detecting higher As a final example of configurations with
order harmonics but their presence will also distort reflection gratings, I shall mention the recently
the I(A) distributions extracted from the measured proposed of f axis geometry as shown in Fig. 7 from
yield.

There are different ways to remedy problems with IT)l
higher order harmonics, at least in part. By using
appropriate filters, it is possible to absorb the
second order harmonics but it is hard to find a filter
combination that will pass only the first order and U
extinguish all other higher harmonics. A superior8
solution to this problem was introduced by .Iaegli (10)
in a double grating monochromator with an intermediatet
mirror (Fig. 5 taken from ref. 11). This system gives I
an excellent flexibility for adjusting the numbger of
optical components to give a sufficiently pure and __

intense beam for the specific re~uiresaents of each
experiment; i *e.* the instrumsent also becomes very
versatile, Moreover, the possibility to change the FK me Ueptegsh
grating incidence angle gives a possibility to tune for
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ref. 16. The advantage of this method is the (5(56, IKCV)

increased reflectivity compared to other approaches. ;;;;; ' ;; -"
which could be extremely useful for experiments
requiring medium wavelength resolution while the
classical Rowland circle geometry still offers the -

superior resolution with a concave grating.

III. TRANSMISSION GRATINGS

The difficulties with reflection geometry optics
(low reflectivity, higher order overlap, surface .I, = -

sensitivity to impurities, etc), can all be avoided [
by using transmission gratings (17).

These new gratings of high transmission efficiency
(typically >10%) have recently been the objective of
experiments to test the full potential of these soe

devices for X-ray optics applications as well as for
basic materials measurements (18). These experiments
have demonstrated the possibility to utilize the phase
shift of the partially transmitted beam to enhance the
diffracted intensity distribution in a limited wave-
length range (Fig. 8). The implementation of

transmission gratings into a spectrometer was first

l ' I ' ' CkNEL NUnER

. ...... 4000 A ...... . - . , TP_

20001

- .1 o . . of different parameters in the same instrument to cover
€ °an extended wavelength range. With this approach it
)I.. is possible to take advantage of the high reflectivity
z s * an off-axis geometry can give and also the highW 0.1. . ** diffraction efficiency of a transmission grating. The

as. ": narrow band application does not necessarily generate
0.2 t , a multitude of nonversatile instruments but rather

emphasizes the aspect to consider the optical
components in a spectrometer to be interchangeable to

O.I *... *OO A suit the specific applications.
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Soft X-ray Instrumentation for Fusion Plasma Studies

N J Peacock

Culham Laboratory, Abingdon, Oxon, 0114 3DB, UK
(Euratom/UKAEA Fusion Association)

ABSTRACT

Both crystal dispersion and diffraction grating instruments are routinely used for soft
X-ray dispersion in the fusion programe at the Culham Laboratory where the key plasmas studied
range from highly transient, high density n 3 1021 cm

3
, laser-produced plasmas to relatively

low density, no 5 l0
13
cm

-3 
tokamak plasmas. In this paper the soft X-ray spectral features

from these plasmas are discussed and the design parameters of appropriate instruments for X-ray
studies are considered.

Useful spectral surveys of laser-processed plasmas have been obtained using crystals bent
convex In the de Broglie mode; higher aperture concave Johann configurations have been designed
and constructed with multichannel read out for tokamak studies. Grazing incidence diffraction
grating instruments have been operated In the photographic survey mode and as double channel
monochromators. Operating experience with existin, instrumenks is assessed. Examples of
spectral information In the wavelength region 1 4 to 400 are presented and their use in
plasma diagnostic studies is discussed.

I. INTRODUCTION

Within the wide range of possible measurement divided by a factor between 1 and 4. At temperatures
techniques available to physicists in their studies of Z 1 keV the most intense resonance An 9 1 lines of the
high temperature plasmas of thermonuclear fusion common metals lie in the X-ray region proper, see Figure
interest [1] - [6] perhaps the most informative are 1; but, even in multi-keV plasmas, interest in the soft
those diagnostics which operate in the soft X-ray X-ray region and in the VUV region is sustained since
region of the spectrum, hv \ 1 key [7]. the thermal energy X-ray lines and continuua can readily

In 'state of the art' fusion experiments, electron be confused with emission from a high energy tail of a
temperatures kT ' 1 keV are commonly achieved both in distorted Maxwellian electron energy distribution. This
low density, nee= l0

13
cm-

3
, magnetic confinement devices is very nicely illustrated by the coded aperture images

such as toksmaks and In inertially-confined plasmas of laser irradiated microballoon targets [S], where the
where liquid densities or above have been reached. The higher energy X-ray emission from supra thermal electrons
spectral intensity of the continuum emission, neglecting at the surface of the irradiated shell can in this case
for the moment any recombination steps, will peak at be clearly distinguished from the softer, thermal emission
hvmax = 2 kTe. Line emission from all ions which might from the compressed core plasma. The voft X-ray emission,
be present in the plasma, excepting the lightest gases, ', 0.1 keV to \, 1 keV, remains, thereoro, a more

will extend throughout the VUV and soft X-ray regions; characteristic monitor of the bulk thermal content of the

even as far as hv n 10 kTe for some, hydrogen-like and plasma.
helium-like ion configurations. Figure 1, for example, The present paper sets out first of all to describe
illustrates the energy spread of the more intense the plasma and atomic rate processes which give rise to
emission lines from iron. Most of the line features these spectral features which are of prime diagnostic
have quantum energies between 31 eV and 1.24 keV, in, interest. Although tokamaks and laser-irradiated targets
400 2 and 10 1. The approximate temperature at which the frequently generate the same ion species, these sources
ions will appear in ionisation equilibrium is the ap- are discussed separately since their diagnostic require-
propriate excitation energy for the An = 1 transitions ments are usually very different. In tokamaks, for

example, impurity ion diffusion might be the most
important parameter to derive from soft X-ray spectro-

26 - s scopy, while In laser compression experiments line
0 0 A 2s broadenigg leading to values of the compressed density,

22 A P gm cm ang of the inertial confinement factor,22- 2C 1p.dr gm cm , are often the most sought after para-
000 A meters.

15 00A
o AA3 The design criteria for X-ray instrumentation is

04 discussed bearing in mind the possibility of investi-
= A gating specific aspects of plasma behaviour. Stated in000~ A4 3p50 C a a a different way, the instruments are designed with a

00 a particular diagnostic measurement in mind rather than
a a, In:. as 'botanical' survey instruments for cataloguing

- 0 n 3d spectral features. In section IV, we cite examples
- of the types of grazing-incidence grating spectro-

2 meters and crystal spectrometers that are in

o 20 0 70 .00 200 400 700 1K ?A 4K 7K10 operation at the Culham Laboratory and we speculate on
more ideal systems which require yet further development.E5 (cV)

II SOFT X-RAY SPECTRAL FEATURES OF key PLASMAS
Fig 1. Excitation energies Sx, of An = 1, An - 0 IN LABORATORY FUSION STUDIES
transitions in Iron ions of charge state q. A. Tokmaks.

0094-243X/81/750101-14$1.50 Copyright 1981 American Institute of Physics
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Tokamaks operating with glasmas whose electron measure for the somewhat different conclusions of the
temperature In typically kTe A IkeV 1 nd with a c1,tra TFI tokamak group (14] and of the Princeton Group. It
electron density in the range 5 x 10 1 n x c ,. appears that the spatial location of the ion populations
have emission features in the soft X-ray region which is more sensitive to uncertainties in atomic rates
are closely similar to those from solar active regions. than to possible variations in particle diffusion rates

An electron temperature of 1. 1 keV can be achieved [15]. In the outer, lower temperature regions of the
almost routinely by simple ohmic heating. This value plasma, departures from coronal equilibrium are com-
can, in principle, be increased by heating the electrons monly observed due to the relatively rapid recycling of
directly at the electron cyclotron resonance frequency, the impurities between the plasma boundary and the
so-called ECRH heating. So far, with modest input powers limiter and vessel walls. 3 3 -1
of 0.1 MW, factors of two increase at sub keV temper- The low collision rates in tokamak&, 10 - 10 a

atures have been achieved [9]. More indirectly, the ensures that forbidden lines which also appear in the

electron heat content can also be increased, via the ions, solar spectrum and extend from the X-ray region to the

by wave heating at the ion resonance frequencies [10]. visible are noteworthy features of the tokamak spectrum.
Auxiliary heating with particle (eg H

0
) beams is also Figure 2 illustrates the wavelength dependence of the

topical 11] [12] and indirectly heats the electrons. At forbidden and allowed lines from ions belonging to the

the multi-MW level in the PDX and PLT tokamaks [11] [12], carbon iso-electronic sequence. The allowed An - 0
particle beam heating has produced something of a record transitions of the common metals lie in the extreme

with ion temperatures as high as 7 keV and electron vacuum UV (XVV) region, 100 1 k A 200 1; the inter-

temperatures kTe \ 3 keV; these two temperatures are system lines are at somewhat longer wavelengths while
decoupled partly due to electron heat loss but mainly the important forbidden lines due to Ml transitions

due to th 3 low3 frequency of electron-ion collisions at

n lxl0 cm
e The main spectral features from these plasmas in

the soft X-ray region are line emission from highly

ionised impurities. Light elements eg 0, N, C etc are

present typically to the extent of 0.01 n , while

heavier, usually metal impurities eg Ni Fo Ti Mo etc. T,. 3'403

from the walls and from current aperture limiters, have . 141296

typical concentrations . 0.001 n . In particularly Tin_'21clean tokamaks with getteringlang divertors [13], these T.411
impurity concentrations can be reduced by an order of M T, 1.$1

magnitude or more. We shall see section III, that this m,3314

has an important bearing on instrument aperture for , 3 144 42

soft X-ray studies. ____,___ I 0
The metallic impurity ions in the core of a

tokamak plasma have ionisation potentials, (q) where

q is the ion charge state, which characteristically

are three or four times the electron temperature and

with the relative populations of the different charge
states in approximately coronal equilibrium (14]. In the Tm 5,8

PLT tokamak at Princeton (PPL), however, the impurity

ion species are located typically at somewhat higher T. 161 17

values of Te on the Te(r) profile than would be predicted

by coronal ionisation-recombination balance. Uncertainty
in the atomic rate coefficients could account in some

______'. 0c0 169
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Fig 2. Wavelengths of some important transitions in gas ions of 0 and C in high order number'n' are
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Fig 4. Section of soft X-ray spectrum (15 - 5)

from DITE tokamak. Three different operating conditions

are shown. In (a) the discharge is ohmically heated (50

kA current) and the current aperture limiters are Mo.In

(b) and (c)the limiters are Ti and C while the plasma
ohmic heating current and neutral injection (NI) power
are as indicated.

between levels within the ground configurations lie which appear at or near the same wavelengths during neut-
typically in the VUV region of the spectrum, ral beam injection(lower trace). A resolution interval

An > 0 transitions of the common metals whose ions of 0.1 R or better is desirable therefore in this wave-

are isoelectronic with carbon or with any other ion in length region.

the neon-shell, (Ie the so-called M-shell transitions), Very high resolving power, sufficient to

lie in the soft X-ray region. In this region of the undertake line profile studies, is difficult to

spectrum, 1, 10 9- , 100 1, the An > 0, M-shell metal achieve with grating dispersion at grazing incidence.

lines form a well separated group from the An = 0 lines Instrumentation for line profile analyses is more
as indicated in figure 1, and interspersed through these easily achieved using crystal dispersion at shorter
two groups are the K-shell An > 0 resonance lines of wavelengths or with normal-incidence gratings at

lonised light impurities. Figure 3 illustrates a section much longer wavelengths. Of more interest in tokamak
of the spectrum near 100 R from the DITE tokamak: the physics is the absolute soft X-ray photon fluxes
main line features are from ionised Ti and Fe. The most from which are derived tb. spatial concentration of

highly charged states of the metals observed in these the impurity ions since these influence the overall

discharges with Te(o) 800 eV were TiXX and FeXXI. energy balance and even plasma stability [16].

Emission at the shorter wavelengths, around 25 in the Impurity ion transport in tokamaks is a complex
soft X-ray region, is illustrated for a number of dif- problem and depends on particle diffusion coupled

ferent DITE plasma conditions in figure 4. It is worth with the atomic rate coefficients, viz,

noting that with more limited resolution the FeXVII

2p-3d, 3s multiplets (upper trace) between 15 1 and 17

could easily be confused with the FIX and FVII lines
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1Nz(q) w u, ,, I  w '' " 1 w ,, l. .w

- + VD (q)VNz(q) = Sz(q-1) Nz(q-l)
2 10Z

Sz(q) Nz(q) + Rz(q+l) Nz(q+l)

-- Rzq) Nz(q) (1)
S"'" .. Charge Exchange

where S (q), R (q) are the total ionisation and re-101
combination rates and D (q) is the diffusion rate [17] --- ---
which depends in a complex way on the ion collisionality, in 5 - 16
and on the temperature and particle density scale lengths. 

ne

R (q) includes collisional-radiative and dielectronic re- - -
combination as well as charge- exchange recombination from v

both injected high energy neutrals and from background 10,12
thermal neutrals (18]. For diffusion rates much lower

than the atomic rates, coronal equilibrium of the ion V He
populations is assured. The opposite is the case for C Shells
relatively fast ion diffusion. Typical ion diffusi~n o 5
times in 1 kamak are lis - 100.8 and with N u 10 cm-3

n = 10 * 10 > cm a, where T is the effective ion I0
-1  Dielectronic

c~n inement time. This value of n cis of the same order
as that required to achieve ionisation balance between
the ion species so the full rate equations (1), generally 001 01 10 10 100

need to be solved. Te (keV)
Space resolution of the emission lines from

tokamaks shows that each ion species occupies a limited -rates(em3- o
volume of the plasma where its concentration reaches a Fig 5. Recombination ra e ibrof the most abundant
maximum. H-like and He-like ions are somewhat anomalous species of Iron in coronal equilibrium. For the H-

and He-like species the dielectronic rates are relatively
relative to other ion species in that their dielectronic low while charge transfer recombination from neutral
recombination rates are relatively low, see figure 5. log wh ose tration re ati
These ion species can therefore 'visit' more extensive hydrogen whose concentration relatige to the electron

density is taken as n /n = 5 x 10 , is relatively
temperature regions of the plasma than the other ions, large. (D E Post andOt I Hulse, PPL).
without recombining. They are therefore useful monitors
of ionic diffusion and their charactertsti§ lines and3
coitinuua in The soft X-ray region, the Is S -s2p PI/
a So-lS2p P1 Intercombination/allowed line ratio for
example [19], and the free-bound recombination edge [20], In summary, the design guide-lines for soft X-ray
hav sen used for this purpose. A corollary to the instrumentation of tokamaks place a high priority on
relatively low dielectronic recombination of the H-and a spatial scan of the plasma. Since line profile
He-like ions is their relatively high sensitivity to analyses is more appropriate to the X-ray and VUV
the presence of neutrals through charge-exchange re- wavelength regions, soft X-ray instruments are re-
combinationfigure 5. quired to have only sufficient resolving power.

Since charge exchange recombination d~romtly A 3 3

populates the higher quantum levels, D = q " where q is -X- ' 10 at 10 and u 3 x 10 at 100 9, in order to

the ion charge, the appearance, synchronous with the separate out and unambiguously identify the line

beam current rise-time, of high quantum transitions in features. The instruments however need to be calibrated

impurity ions, is indicative of H
0 
beamnjection. The against absolute photon flux intensity falling on the

concentrations of impurity nuclei, eg 0 , which ordin- diffraction element. A sufficiently high aperture

arily are difficult to detect, can be measured in this to give time resolution of 1 1 ms is desirable, while

way[21]. The emission rate, neglecting cascades frora continuous spectral scans with multi-channel electronic
the upper levels, is simply, read-out would be an appealing feature.

Ajk Because of the large plasma dimensions, typically

Ijk = N(H
°
) V bOchx N(O 

8  
1 ... (2) O.lm to lm, X-ray imaging systems such as coded aper-

bIA tures or grazing incidence focusing optics are lessE jkuseful than tomographic analyses of the line-of-sight,
k=j-1 chordal, soft X-ray fluxes. The derivation of spatial

where V is the b.an velocity, plasma profiles at PPL, Princeton University [25],
Whle, per charge exchange collision time (which using surface barrier detector arrays which simultan-

equals the ionisation time in a steady-state beam- eously and continuously view as many as 20 chords
injected plasma), the population of the n = 2 level of through a tokamak has very adequately demonstrated the
OVIII might Increase by a facior of about two or less power of this techirique. Navertheless, a simple pin-
due to charge transfer from 0 

+
, (electron impact hole imaging system with image intensifier cameras and

excitation always being a heavily competing process for I-D electronic read-out with framing rates of 50 KHz has
low quantum states) the population of the upper levels, been proposed for tokamak diagnostics [26].

in contrast, can have their relative population increased
by well over an order of magnitude due to charge B. Laser-Produced Plasmas
exchange. Typically, OVIII H will be enhanced during

the beam injection pulse by a factor of 20 or more rel- Irradiation of solid targets by intense laser beams
salv toitsintnsiy piorto e-sinjctin. he y-a has produced approximately the sae range of Ion species

line of OVIII at 191 remains, therefore a good monitor as has magnetically confined plasmas. By 'tailoring' the

of changes In the grouna state population and light irradiation intensity at the target surface it is

thus of the ionisation balance dpossible to replicate the ionic emission from tokamaks,
t h u o t e o n s s l o b l a c e w h i l e t h e I d o u b l e tf i u e .

at 102.37, .51 1 is more useful for monitoring and figure 6.
mapping out the H particle beam penetration into sig reflert ig t o1jh arfl density fo

the lasa. Iler was he irstto ecogisetotai~lighl reflection of 10 cm , a flux intensity ofthe plasma. Islet (22] was the first to r1cognise u 10 wcm at the target surface will produce an else-
the implications of the steep increase in OVIII H

duin H I euijcinItotkmk.Mr ron temperature, kTe 1% 1 keV, and light atoms, eg 0, C,during H
° 
beam injection into tokaaki. Moe N etc in the critical density layer, will be stripped

recently he has used the prompt radiation from thg. tc f the ia elns . he i o etals

5-4 transition in OVIII at 632 X to measure the 0A+ typically of all their electrons. The metalsapper a He an Lilik ios wileheavier elqmenta,

concentratiog+J23]. Similar mensurem nts have been appear as H- and Li-lke ong while heir outs

made for N(C ) using CVI Ly-a at 33 r by Afrosimov such as A., can lose some 30 or more of their outer

e et &1 [241. electrons.
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In contrast to magnetically confined plasmas how- An optical depth i for Ly-,z can often be between

ever, the interesting physics of the laser interaction, i0 100 while for°Ly-6 a value of io " 1 is more

such as the light absorption, energy balance, and heat usual. It is important to note that a single
and particle transport into the solid, takes place in a observable such as the half intensity width of an

highly constricted space and time scale. Measurements optically thick line is not of itself a unique
with 10 ps (temporal) and lpm (spatial) resolutions are function of the plasma microfield broadening and

deifrale. Collision processes are extremely rapid , therefore of n but depends also on the number
10 a so that radiative decays from metatble levels density of theeemitter ions [28]. More appropriately,

are not observed. For example, the 3d -3d 4s(E2) the series members such as Ly-u, -L are used to derive
forbiddnines of MoXVI and MoXV, which have A values the product of the emitter concentration and scale
of , 10 a and are strong features of the Mo spectrum length, ie f( .dr, from their opacity-distorted pro-

in a tokamakare absent in laser irradiated Mo-targets, files, while the optically thin, higher series members

figure 6. eg Ly-y and Ly-' and H which all suffer mainly Stark

Despite the high collision frequency, ionisation- broadening, are used to derive ,

recombination equilibrium is not a general rule in laser- Crystal instruments are most often used for line
matter interaction experiments. This is due to the steep profile analyses at )<25k [28] [29], although the
density gradients (Z lhm) where Z is the density plasma microfield broadening of the optically thins 5

scale length, the (less severe) temperatuie gralients, line wings can be sufficient at longer wavelengths to
and the high streaming velocity, V > 10 cm s , of the contemplate the use also of grazing-incidence grating

plasma as it expands away from theilaser energy dispersion [30]. Space resolution is simply but in-

deposition layer. The effective ion confinement time efficiently effected by positioning an aperture between
(Z /V )-(n Rz(q)) and thealus of the confinement the plasma and dispersion element or between the input

parameer ne T ( s/V(Z 10 cm a) are less than those slit and the dispersion element in the case respectively
necessary to achieve lonisation balance [27]. of a crystal or a grating spectrometer. Relay focusing

The main diagnostic parameters of interest in optics using grazing-incidence mirrors allows the

laser-plasma interactions or laser-driven compression spectrometers to be remotely positioned from the plasma.

experiments are the spatial density structure in the When considering X-ray imaging systems [8] [31], coded-

inter-action region and the compressed core density aperture and reflection-optics microscopy allow a large

and the confinement factor fo.dr. These parameters increase in the soft X-ray throughput (for a given spatial

oand ;oedr can be derived conveniently from line resolution) over that available with a pin-hole aperture.

broadening. Linear Stark broadening of H-like Time-resolution of the soft X-rays is now routinely

transitions in these high density plasmas is often achieved by projecting an X-ray image or spectrum onto

of the order .'.)s/,% 10 so that ions, eg Ar XVIII, the photocathode of a gated, imag(-intensifier. These

seeded into the compressed plasma, emit lines cameras have inherent resolutions of lps and 20 ;/mm.

which can act as density indicators. The use of Remarkable advances have been made, during recent years

linear Start broadening is restricted not only to in the diagnostics of these highly transient micron-size

hydrogenic (degenerate) levels but in practice is plasmas [31]. However, a combination of high light

often restricted, also, to intermediate quantum throughput, time resolution '>10 space resolution of1m

levls. Hig quntu trnsiion mege iththeand spectral resolution >> 10 ,is still something oflevels. High quantum transitions merge with thedefr.

continuum while transitionc from the lowest quantum a tour de force.

levels are often optically thick to line radiation.

Fe XVf OV OYU CYI 2xOVI FeXV Fe XID

CrXV CrXV NVU 2-OMl FeXV, XMV

SL. DITE
Tokamak

Mo 3d-4s
(forbidden lines)

20 , 0 60 70 BI0 90 x

H" U Iv L Loser produced plasma

3d-4tp XV Z

zW Xv xyXV
3d-4:f I I [ I

3p..4s I'! - IV ,
Xm m xV

3po4dI ([ I I I

,s.4pi I [ I 3p-3d X0 XX etc

An -1 transitions An= 0 transitions

Mo ions (allowed lines)

Fig 6. Soft X-ray spectrum from DITE tokamak operated

with a Mo limiter (upper) compared with spectrum from
laser-irradiated solid Mo target(lower). Note the ap-

pearance of the Mo forbidden lines in the tokamak spectrum.
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III DESIGN CRITERIA FOR SOFT X-RAY
INSTRUMENTATION

A. Tokamaks

In the design of dispersion instruments for fusion c

studio. it in pertinent to consider firstly the intensity (W
of the emission lines from the plasma and secondly the w, .

throughput efficiency required of the spectrometer to
achieve a desired time or spectral resolution. The volume
emissivity of a line is simply

N (q )A hv
f()dA= X q4i. (3)

The local concentrations of the ions of atomic number Z
and charge state q is often the parameter of interest.

The population of level J can be calculated in terms of
the ground state population using appropriate numerical
codes [32] which include the collisional and radiative
coupling processes between a significant fraction of all Fig 7. Schematic diagram of the optical layout of a
the levels, including levels i and J. More simply, the Rowland circle grazing-incidence grating spectrograph
coronal relation can sometimes be used, viewing the cross section of a toroidal plasma.

n Nz(qij) C
i j 

A
i
l hVij

(aij ... (4)

A

where the excitation rate is given in terms of the a temperature of . 400 eV when Fe XVII has a relatively

collision strength 0tj' high fractional abundance, N(Fe I6)/ 26N(Fe+
q
) = 0.5 -

-3 -1 8.63 x 10-6 0.6, and at the same electron density? 3 x 1013cm
-3

, and

C i (cm a ) 3 P 0
-  

(E) exp(E/kTe)dE an iron impurity level of 0.001 n,, then

SWike)32 AE ij (5) (15 X) dl = 3 x 1013 ph cm
-
3 8

-1

~~Eis ~ ... (5) (5)pc
Setting, appropriate values for the symbols in equation

This relation is appropriate to allowed transitions (7) we derive for the flux in the diffracted line

whose upper levels are populated entirely by collisions F'(21.6 2) =
from the ground level and where branching decays are 4
known. The presence of metastable levels coupled to 1.0 x 0.001 x 2.0 x-0.75 x 1.0 x 50 x 0.05 1.47 x 10

the upper level can disqualify this simple coronal 4w x .00 x 25 0.919 x 10
- 9

excitation model, in which case one has to fall back on a 1 x 106 quanta a
-

a numerical solution of the full set of time dependent
coupled equations describing the level populations. Taking a quantum efficiency of 5%, typical of a

Volume emissivities of strong impurity lines channeltron response at 21 2, the above flux gives a
from tokamaks range typically from % 1010 photons count rate of 5 x 104?. The count rate for the Fe XVII

cm-3s:lin the X-ray region to \, 1015 photons cm-
3
s
-1  

(15 2) line is nearly the same. Assuming an electron

In the XUV region, multiplication of 107, the charge collection rate is
O.08VA for these soft X-ray lines. High count rate

A.(i) Grating Dispersion channeltrons such as the "Galileo 4818" can operate in
excess of 10

6
Hz before the detection efficiency starts

Using a grazing-incidence grating spectrometer to fall, and at rates up to 105H without appreciable
layout as illustrated in figure 7 the photon intensity loss in gain. A time resolution of 5ms should therefore
in the diffracted lines can be calculated be attainable.

F(ergs cm-2 -l) T 0X) S W X L G(X) fc(X)dX ... (6) Using the optical layout as In figure 7 one might
4 R. r. dx1/2sin 0 then expect count rates of up to lO

5
Hz for most of the

intense lines in the grazing incidence region. The depth
with an acceptance slit width s = dx1/2 sin a and of the plasma which contribute to the line intensity is
length Z' at the detector, then taken to be 0.5m, a reasonable value for the dimensions

F'(quanta a
-1
) = T(A) S W . Z' L G ()fE (X)dX .. (7) of the sub-keV temperature region in a JET-sized

4n R r hv tokamak. In a smaller device such as the DITE tokamak

where T(X) is the transmission of the A ray path; the line count rate is less but is still a very useful

s(cm) is the entrance slit width; value, as illustrated in figure 8 by the time variation

1(cm) is the entrance slit length; of the CV 1s
2
-1s2pp

1
P transition at 40.27 2.

W(cm) Is the ruled length of the grating illuminated A problem with photoelectric readout of the spectra,
by A; which ts particularly severe for shallow grazing angles

L(cm) is the viewed depth of the plasma volume; of the incident light and short wavelengths, X < 100 2,
G(A) is the grating reflectivity at A is the competition from background light. Even for

R(cm) is the radius of curvature of the grating- relatively intense lines, as illustrated In figure 9

r(cm) is the slit to detector distance for A; by the spectral scan through the Ly-a OVIII line at

hv is hQ 19 2, the peak intensity to background can be as low as
A 3/1. Ideally each line should have two measuring channels,

Consider two fairly strong lines which often appear one which monitors the peak line intensity and the other
in tokamak spectra viz, OVII 1s

2
-ls2plPl, at 21.602 A the adjacent background light. On the other hand, use

and Fe XVII 2p
6 

- 2p
5
3d at 15.013 2. At a temperature of a multi-channel detection system such as a micro-

of 300 eV the fractional ibundance of 06+ is \ G.1. channel plate (MCP) or better still, a photographic
Thus for n = 3 x 10

13
cm" and a typicalgiygen impurity emulsion, see eg figure 6, ensures a contrast of at

level of it, Z H(O )/n. - 0.01, then W(O
"
) - 3 x least 20/1. The source of this background light has not

q -1 been properly researched but Is probably due to scattered
09m

3
and fc(21.6 2) dA = 1.6 x 1013 ph cm3 .1 At soft X-rays or longer wavelengths scattered from the
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grating, perhaps also fluorescence of the grating to
channel no. harder X-rays. Channeltrona are a poor choice of detector

20 40 120 165 in the respect that they are sensitive to a wide range
- ) of wavelength. with a peak sensitivity In thbt XUV spectral

region. The use of filters [331 and low scatter, hole-
graphically ruled gratings help to increase the line

60- intensity/background ratio but It is very difficult to
realise the same contrast over a broad spectral band an

40- .in routinely achieved with photographic emulsion. Our
calculations Indicate, moreover, that to achieve a density
of 0.5 above fog on, say, Kodak Pathe BC-5 film with the

4 20iphoton flux estimated (above) for OVII at 21.6 2 (using
a 2 metre radius grating ruled with 1200 1/m at a 2

°

0- grazing angle) an exposure time of I- 25Oms is required.
ma ae For very long-lasting plasmas such as anticipated in the

--- -JET tokamak (, lOs) the use of a grazing-incidence

I I spectrometer with photographic emulsion recording and

0 20 100 145 with a camera shutter to control the exposure time is

time during discharge (Ms) not an unappealing proposition.

A(ii) Crystal Dispersion

At wavelengths shorter than about 25 9, crystal
dispersion becomes an alternative to the use of grazingcurrent shutter neutral shutter incidence diffraction gratings. Crystals are highly

start open injection close
effective monochromators rather than true broad band

spectrometers, so that surveying a region of the

Fig 8. Time variation of CV Is -ls2p. Ip40.27 spectrum conventionally involves scanning the crystal
through a range of Bragg angles, either stepping the

emission from the DITE tokamak, measured with a grazing- angle in a series of discrete motions or by continuous
incidence spectrometer. Note the increased level during crystal rotation. If a flat crystal is used, reasonable
the neutral .Injection pulse and negligible background spectral resolution can be maintained by restricting the
detector signal with the mechanical shutter closed, angular divergence of the incident light at the crystal

with a Soller slit. Indeed, the first crystal survey of

a plasma in the soft X-ray region (N < 22 2) was achieved
with just such a flat crystal and Soller slit arrange-

ment (34]. An alternative arrangement is to accept a
range of Bragg angles simultaneously by the crystal
convex in the "de Broglie" configuration, figure 12.

A large increase in light throughput with higher
resolution can be achieved if the crystal is bent, In

the "Johann" mode, concave to the diameter of a Rowland

circle onto which is positioned the effective entrance
2000 aperture, the dispersion element and the detector.

Better efficiency still can be achieved If the Rowland
circle arrangement is retained but with the front face

of the crystal ground to the Rowland circle radius as in
the fully-focusing "Johansson" mode. The relative merits
of these convex and concave configurations for tokamak

E(JET) studies are discussed by Hobby et al [35].

The schematic optical layout of a focusing crystal
*spectrometer attached to a toroidal plasma device is

shown in figure 10 with the Rowland circle parallel toSho~gatt thetoroidal axis. The wavelength coverage ie the range

Longgettr ofBragg angles ia clearly dependent on the entrance
aperture to the torus and on the diameter of the Rowland

6 circle. Our proposal (35] for the JET tokamak studies

favours a relatively small Rowland c1rcle diameter R =

1000- 75 cm and a compact vacuum system. The crystal width W

can then be kept reasonably small < 5cm,while the
sensitivity is not affected since this depends on V/R.
Defocusing aberrations on the other hand scale as
(W/R)

2 
and (h/R)

2 
where h In the crystal dimension

orthogonal to the plane of the dispersion but these
will lead to only a marginal lose in resolution [35].

S . . . . .. . . . One consequence of the relatively tight focusing
9960 95S.5 955.0 95S& circle is the requirement for a high spatial resol-

Dal siIng (X) I- M.OSSIdiv) ution detection system. Microchannel plates provide

adequate resolution (% O.035m) for this purpose and
we tolerate their rather poor efficiency 5% -* 20%

over the range 10 R - 100 2 in the soft X-ray region.
Fig 9. Wavelength scans, on successive dischargesof In order to cover the important line groups from the
the DITE tokamak, through the Ly-a OVIII emission. The ion species likely to be present in a tokamak, a stack
'long getter' pulsed conditions reduce the oxygen of six different crystals is proposed [35] viewing
concentration and the emission from this ion falls to the plasma over a range of Bragg angles from 48

° 
to

almost the background light level. 58 2 . A high mean viewing angle - 53a Is preferred
for low optical aberration, high resolution and near

normal-incidence on the detectors. The mlcrochannel
plates have a 30 bias of the channels to the normal
as indicated in figure 11 in order that the diffracted

light strikes the channels at an optimum angle u 7 °
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for maximum sensitivity.
The resolving power of the crystal instrument is

S tane B

where 66 is a convolution of 68 + 68 + 
6 
D

60 is the FIR of the crystal adiffraction .&

patern, 66 is the focusing aberration, 60 is theh
loss in resolution due to the finite elements of the

detector.
For the spectrometer characteristics outlined above

we might expect a resolving sower of between 10
4 

ad 2r

2 x 104 for dispersion of 2 I light from a good quality
quartz crystal [35]. Since in the soft X-ray region we r

are interested in rather longfr wavelengths, then mica
could be used to diffract 15 A radiation at a Bragg angle
of 48.90 (is within the angular viewing range of the Dectr
instrument). The crystal diffraction width for 15 Z light
in first order from a mica crystal Is likely to be 100 L
arc sec and this is at least an order of magnitude wider
than diffraction widths for good quality crystals in the

X-ray region proper. The resolution therefore at these
longer wavelengths Is proportionately reduced. Crytal VAdth W,hght h,

As for the Rowland circle grating instrument, we planescwwd to R,
can calculate the sensitivity relation for the Johansson face curvd to r, -
configuration, viz.

P = L R(8 c f() d . Fig 10. Schematic diagram of the optical pfinciple
4 1 R dx1 /2  by of the Johansson focusing crystal spectrometer.

where the symbols are as equation (6), except that R(0c)
is now the integrated reflectivity of the crystal.

For a detector length k' and width (dx)1/2 the flux
in the diffracted line Is

W h L R(8c) t' fE(A)dX,

P- = T(A) 4 v R hv (quanta ) ... (10)

Again, considering as before the Fe XVII line at 15.013
from a plasma with the same paramotiss and the same _53"
volume emissivity fc(A) dx = 3 x 10 ph cm -s -; but
now assuming mica crystal dispersion withR(c= 0

,

and a detector length of 1cm, we have, 5 13
P' (15 1) 10 x 4.0 x 1.0 x 50 x 1 x 10- x 1.0 x 3 x 103 Microchannelplate= ~~~~4 T x 75 Mrcanllt

6.4 x 10 quanta s

For a detector efficiency of 4% this represents for the
15 2 line a count rate of 2.6 x 106 Hz (-- 1 x 10

8 
electrons

cm-2s
-
l at the detector surface). Such an instrument3

should provide time-resolved impurity spectra from a Jet- channels

size plasma on the time scale of a few nasecs.
A cascaded channel-plate assembly with delay-line read-out Rowland circle
satisfies most of the detector requirements giving adequate

spatial resolution and quantum efficiency, though probably
the dynamic range is insufficient to record the strong lines

synchronously with the very weak lines. Fig 11. Tangential setting of special 300 bias micro-0
The use of much larger radius focusing crystal channel plate for optimum efficiency (glancing angle 70).

instruments, for example the 3.3m Johan configuration
with multi-wire proportional counter read-out used at
Princeton University, has already proved very effective
for line profile studies of tokamak plasmas (36]. Other
intermediate-size configurations, such as the 1.Sm read-out, and with a curved KAP crystal wavelength
Johann spectrometer at Fontenay aux Roses [37], with the coverage from 1 * ' 23 2 can be expected. The relatively
quartz crystal held against the cylindrical former by low efficiency of this configuration means that only
atmospheric pressure and with linear, position- modest time-resolution is achieved. The dispersion
sensitive proportional counter read-out, have also been relation for the de Broglie configuration is
developed. The tighter Rowland circle proposed here [35]
suffers in no important respect such as light through- dX = 2dcos ...(11)
put, resolution etc, while Its compact size allows It dt r , I 2

to be tilted so as to spatially scan the plasma volume. R r ln I - r cos
For soft X-rky spectral survey purposes a very

simple crystal spectrometer can be based on the de Broglie where r is the crystal curvature and R is the radius of
convexly curved configuration, figure 12. This spectro- the detector circle around which the wavelength variation
meter can be used with photographic or photoelectric is almost linear with distance.
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The count rate per emission line dispersed by the A(iii) Crystal Versus Grating Dispersion
de Broglie crystal viewing an extended source through a At Soft X-Ray Wavelengthsnarrow slit is given by

narro at in give b )- I  
For wavelengths in excess of 25 2, grating

F=T ) r sine B (6c) a b L Z' f c (A) dA (quanta a dispersion instruments have exclusively been used for

broad band spectroscopy of fusion plasmas. At the4 w k (I + t) hv ..... (12) short wavelength end of the soft X-ray region crystal
instruments on the other hand have clear advantages inwhere the symbols have the sane meaning as before except, terms of light throughput and wavelength resolution. It

80 is the Bragg angle for wavelength A; is of interest to consider these parameters in the
r (cm) is the curvature of the crystal;
k (cm) is the distance of the slit to the crystal; limited wavelength region 1. 10 2 - ' 25 2 where the
t(cm) is the distance fom the slt to the d to; advantage of one dispersion system over another Ist (c ) is the distance from the alit to the detector; somewhat contentious. An appreciation of the problema (cm) is the slit width and b (cm) is the slit length; can be gained by considering the resolving power and

Again, assuming a do Broglie spectrometer with a nAgai, asumig ade rogu spctrmete wih alight throughput of the focusing crystal and grating

mica crystal, 5 cm. high, viewing a 50 cm depth of a lgttruhu ft:fcsn rsa n rtn
tokamak plasma which emits 3 x 1013 photon cm

-3 
of 15 2 instruments cited for 15 2 light in sections III.A.(i)

and (ii).
Fe XVII light then inserting appropriate numerical We note in A.(t) that a 10 PA slit width and a
values for the symbols respectively in equation (11), Wete n A.i ha a suml id ad agrating aperture of 2cm has been assumed in order to

F' = achieve a line flux 1 1 x 106 quanta s- at 15 2 . The
1.0 x 5.0 sin 49

° 
x 10

- 5 
x 0.05 x 5 x 50 x 1.0 x 3 x 1013 resolution of the spectrometer is In this case deter-1 mined largely by the slit width but also by the grating

4 w x 50 x 60 aperture and ruling frequency. At 15 2 a 10 Pm slit
= 3.8 x 10 quanta/s presents no diffraction problems. The resolving power

which, with a 4% photo-detection efficiency, gives a due to the finite slit width is,

count rate of 1.5 x 104 Hz. With a global count rate [35] R = A 0.09 R(m) n d (jm)
for the channeltron read out system of '1-0

6
Hz, several a ) s(Om) ...(13)

tens of lines can be recorded with about 1% statistical
variation and a fraction of a second exposure. Even with where the symbols are as before, but with units in

photographic film a density of 0.5 above fog would be parentheses, n is the order number and d
1 

is the

acieved with an exposure line I 10 sec (ie the full grating ruling fiequency. Witp a 2-metre radius of
pulse length of the JET tokamak). curvature and d =(2,400/"- then the slit width

An alternative broad-band crystal configuration limited resolving power is given by

makes use of a plane flat crystal which is rotated A
through the required range of Bragg angles. Collimation Rsl (I )l 654
of the input light with grided apertures is necessary.
In this case the detector can be a simple light 'bucket'
and the spectrum is dispersed as a function of time. A The resolving power set by the grating aperture at
S x 5 cm crystal with a rotational speed of 100 Hz and grazing incidence is given by R(opt) = 0.92 a x W(opt)

an acceptance angle of 100 arc sec set by the crystal d
rocking curve and the entrance collimator would give a whert used atu a 20 g a .t
total count rate per line of the same order as the above grating used at a 2 grazing angle.
static, de Broglie instrument. Comparing the merits of The finite thickness of the emulsion also causes

these two modes, the rotating and static crystals, there some loss in resolution. The overall resolving power

is a direct trade off between band-width and time reso- however is largely determined by equation (13) and

lution, the spectral resolution remaining almost constant. can be taken as < 1000. On the other band we have

More sensibly therefore the light throughput should be seen, equation (8), that the resolving power of a

increased at the expense of band-width by slowing the Johann crystal spectrometer In largely dependent on

rotation to - I Hz. These flat crystal configurations the angular divergence SeR at the crystal which will

are used with considerable success in stellar X-ray support monochromatic Bragg reflection. For diffraction
of 15 2 light from a mica crystal at a mean Braggangle of 49 , 60 R" 100 arc sec, giving a resolving

Elcentrie powerpillr step
Se t 'le 4 2 'jmA os, R (e R )  

2.3 x 1

se God Defocusing aberrations are given by

A = SR 2 ta. W2(14)

and

OR2sin 0 15

h
and account for resolutions, 6AW and 6Xb due to the
finite aperture length W and finite height h of the
crystal. The overall resolving power R(e ) of the
Johann instrument is about a factor of 3.Sbetter than
the grating instrument at 15 2 and has, moreover, a

Car, 1144 V... s tank light throughput (see III.A(i), (Ii), which Is greater
by a factor of '- 60. These advantages of focusing
crystals became more pronounced at shorter wavelengths

Crylest provided that one chooses an appropriate crytal to
preserve an almost constant Bragg angle. The indications

are that the 'cross-over' wavelength at which focusing

o s 10 Is i crystals and gratings have comparale performance is
- em. between 20 2 - 25 2. In respect of total band-width,

of course, a grating spectrometer used at shallow angle
Fig 12. Optical layout of de Broglie crystal spectro- of incidence, < 10, will easily outperform a focusing
meter. crystal spectrometer.
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R. Laser-produced plasmas.

Despite the minute plasma dimensions, < 100 pm,

and the short duration, < I no, of the I kev plasmas
produced by intense laser irradiation of solid targets,

the X-ray emission is sufficiently copious, typically a s eeadved

few percent or more of the incident laser beau power, Woctrm

that even the relatively inefficient grating and crystal

dispersion instruments can be used [401. A consequence

of the need for micron-size space resolution, is that o rys
X-ray microscopy in one form or another is essential. A

time resolution of lOps implies that fast electronic

gating, or high-frequency response detectors capable Sit

of handling 'pileup' pulses, is necessary.

B.(i) Grating Spectroscopy

Grating spectrometers with a slit aperture ortho- pasm-

gonal to the entrance slit and placed between it and I I --
/

the grating can provide sufficient spatial and spectral L-K -

resolution to diagnose the critical surface and ablated

plasma regions of the irradiation target [30]. In order

to collect adequate light flux however, the plasma

source Is placed typically a few -n from the entrance Fig 13. Flat crystal dispersion arrangement for space-

slit of the spectrometer. However, the use of aspheric resolution of the X-ray spectrum from laser-irradiated

reflection optics to relay the X-rays to the grating

allows the spectrometer to be placed remote from the

plasma. In the Rutherford laboratory laser programme,

for example, toric surfaces with principle radii of 5m

and 26mm are used both for the relay optics and for the

grating substrate [41]. Spatial resolution of the object

of lOpm and a spectral resolution of 30 mR at A = 40 X

have been acheived with a toric substrate carrying holo-

graphically formed 'rulings' at a frequency of 1200 1/mm.

The formation of a stigmatic image, of course, occurs

only over a limited spectral bandwidth. Photographic

recording is commonly used with these grating spectro-

meters because there Is little loss in resolution due to
the emulsion thickness. Also it is often possible to

sap out a crude time history of the plasma expansion

using the close correlation between the location of

emitting ions and time.

Plosma . "eak tb,,
B.(ii) Crystal Spectroscopy. 2t

. Cathode

Focusing crystals, as in the Johann configuration,

give little advantage over a flat crystal when viewing 2 Slit to provide

laser-produced plasma since the tight radius of curva- Bragg crystal tirne resdution

ture, 1 cm, required for light collection would induce
unacceptable diffracted image aberrations. Miniature

flat crystal spectrometers are most frequently used the

spectral resolution being set by the crystal rocking

curve and/or the finite size of the source. Fortunately, Fig 14. Schematic diagram of apparatus for X-ray

some diagnostic observables, such as Stark line widths streak spectroscopy of laser-produced plasma.

of hydrogenic transitions, can be so large that the

ultimate in spectral resolution is not required. In

these crystal spectrometers a slit aperture, placed

between the source and the film, figure 13, nllows the

plasma to be space-resolved with a resolution, typically

3 - 2Om. The image of the outer shell wall in micro-

balloon irradiation experiments is clearly separated

from the X-rays emission from the compressed core plasma.

Temporal resolution of the X-rays is affected by

projecting the spectrum onto the photocathode of gated B.(iii) Soft X-ray Imaging Systems

image-intensifier as illustrated in figure 14. A time

resolution 1 70 ps and a spectral resolution (X/AX) It

500 are typical of this type of apparatus [42]. For X- In order to appreciate the extent to which X-ray

rays in the energy range hV 16 1 0 10 keY, the photo- icroscopy of the inute Plasma volumes produced In

cathodes are typically at 200 1 thick costing of Au on laser compression experients has developed over the
a Beoubtrat.A poegy catig ofColof tickess last few years one has only to refer to the Lawrencea Be substrate.A spongey coating of Cal of thickness Livermore annual reports [43]. eflection microscopy

20 - 200 w, depending on the X-ray energy, can increase has t analeor [43]. Rel ution io p

the overall sensitivity of the camera by a factor of I- ha he advantage of good spatial resolution \1 I U
20the Imeage engtieitydd thcners on film or igit y and relatively long objective distances which allows the20, the image being recorded either on film or digitally image-forming components to remain undamaged during

via a charge coupled device (CCD). Since one dimension the-mio-ex poneof t ret. Andampgedenurin

of the image plane is reserved for the time sweep only a technique developed by Cei and corke t

thin slice of the geometrical image of the plasma is [45] is that of coded-aperture imaging which gives the

displayed, capability for 3-D analysis on reconstruction of the

image. The coded apertures are typically free-standing

micro Fresnel zone plates 5 Vim - 25Wm thick with mone
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Fig 15. GML-SM grazing incidence spectrograph [51]

showing entrance slit, grating and photographic

cassette modules located on reference beam.

numbers 100 N k 250, the width of the outermost zone
being Ar a few microns; this being the same order as

the planar resolution. Tomographic (in depth) resolution
of a few 10's of microns can be achieved. Thin trans- -__. ________

mission filters are employed, as in tokamak X-ray

tomography [25], to differentiate between different =__0

regions of the spectrum - otherwise the apparatus 0 i

developed for X-ray imaging of these two laboratory li f -

sources, tokamaks and laser-irradiated microballoons, -
could hardly be in more dramatic contrast.

IV. SOFT X-RAY SPECTROSCOPY AT THE
CULNIAN LABORATORY

Among the grazing incidence diffraction grating

spectrometers at the Culham laboratory are a few which -

have seen continuous use since their design and con- -

struction some two decades ago. These include the ESBO,

2-metre instrument [46] which can be supplied,by Rank Hilger

Ltd (UK), with photographic recording as in figure 4, or
with a single-channel scan unit for photo-electric read

out, figure 8. An earlier version of the present Mark III Fig 16. Optical layout of GHL-SM grating spectrograph
1-metre spectrometer, with each of two scanning slits and within vacuum housing. The whole assembly tilts to

associated photo-electric deflectors capable of being spatially scan the cross-section of a tokamak plasma.

driven round the Rowland circle, was first used on the

Zeta fusion device [47]. This illustrates the durability

of the basic Rowland circle geometry for grazing-incidence
grating spectroscopy.

A 'state of the art' development of these astigmatic

instruments is the GLU-5 spectrograph (manufactured by

Grating Instruments Ltd - UK) In which the slit, grating

and detector modules are, within machining tolerance,

located on the Rowland circle by virtue of their location

on a one metre long segment of a reference circle [48].

This arrangement, gives flexibility In the disposition

of the modules, as might be required, for example, in

altering the angle of incidence, without degrading the
preset focus. The basic instrument with photographic

detector module is shown in figure 15 while a schematic

diagram of the spectrograph in Its vacuum tank, as it

would be used to spatially scan a tokamak plasma, is

shown in figure 16. Test spectra with a grazing angle

of 1.650, a holographically formed 600 I/mm grating,

and a I pm entrance slit indicate a resolution of <
0.05 eV at hj -r 150 oV and < leV at h%) 

= 
1.2 keV. A

2-channel scanning slit unit, figure 17, has been

designed and fabricated [49] as an alternative photo-

detection module to the photographic cassette. The slit

assmblies are symmetrical about a meridian dividing
plane through the aid-point of the entrance slit and

the pole of the grating, and they measure equal halves

of the astigmaticaly lengthened spectral lines. Each

slit Is independently driven around the Rowland circle. Fig 17. Two channel photo-electric detector module for

This arrangement'is ideal for line/background intensity GML-SM spectrometer (fig 15). Both slit units are

measurements and foi the measurement of line intensity driven independently and can be positioned to record

ratios eg to Ly-i(O )/Ha (07) which are separated equal lengths of the same dispersed line or of different
by 80 1 or for the intercombination/allowed lines of lines within the wavelength range of the Instrument.

where the separation at 21.6 is only 0.2
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Position read out of the slit modules via a shatt If the emissivity of the plss can be absolutely

encoder (coarse control) and three Mire graticule calibrated for one of the pair of lines, (this is

tracks (for fine control) gives an ultimate positional generally feasible for the longer wavelength if it lies

accuracy of better than 15 pa. At the time of writing 
in the visible or VUV region, using a separate spectro-

the photoelectric scan unit, which will use channeltron 
meter of know light throughput) then the amissivity of

detectors, has not been actively tested on a plasma. 
A the other line of the pair can be calculated. This

comparably high resolution instrument with photographic 
branching ratio technique is commonly used [54] 155].

emulsion and 2-channel photoelectric read out has been The use of MgY - windowed deuterium lomps " readiation

developed and used by Schwob [801. transfer standards between 1150 1 [] have proved

We should not end our discussion on soft X-ray particularly useful in the calibration of VUV sectro-

grating spectrometers without acknowledging the meters at the Culba laboratory. Branching ratio

important developments in the technology of high line pairs, belonging to Be- and Li-like iow of light

* efficiency laminar gratings and low light scatter elements, which commonly appear in fusion devices and

holographicaly formed gratings [si]. For fusion which the author has found pticulrl ueful, are

studies we should like, ideally, to have true multi- 
OVI, 150 2/3811 2; OVII 21.8 2/1638.4 X and CV 40.73 2,

channel spectral read-out. The use of toric substrates 
2277.3 R. Extension of the branching ratio pairs to

and holographicaly formed rulings can produce a nearly 
shorter wavelength < 20 R is possible using the Iso-

flat focal plane (at a preferred wavelength) and such electronic transitions in fluorine and noon.

an instrument, which might use a multi-element micro

channel plate read-out system, has indeed been manu-

factured by Jobin-Yvon. A suite of gratings would be

necessary for extended wavelength coverage; 
but it is C. Crystal Spectrometers

not certain what the shortest wavelength limit of such Following our argument (section III A.(ii)) for a

an instrument might be. Such an instrument however, compact, spatially scanning crystal spectrometer the

might well set the pattern for future grazing-incidence focusing Johann instrument illustrated in figure 18

spectromters. has been designed and constructed. The four-pillar

We have mentioned the need in the spectroscopy of bending jig, see insert figure 18, holds an 8cm x 2cm

fusion plasmas for the calibration of the absolute crystal bent to a radius of curvature of 50cm. The

incident photon flux against detector response. The spectrometer is designed to observe X-radiation in the

absolute response of an instrument at characteristic range 0.5 to 25 2 from highly-ioni ed metals such as Ti

LO wavelengths can be measured with a gas flow Fe Mo and also from OVIII and OVI!, these latter ions

proportional counter and an X-ray diode source with often being the most abundant ion species in toksmaks.

Interchangeable anodes (52]; or from separate measure- The mean Bragg angle is altered by pivoting the Rowland

ments of the diffraction grating efficiency and the circle about an axis through the crystal and orthogonal

detector response (53]. More conveniently In fusion to the plane of dispersion. In order to view different

experiments, the plasma itself often provides pairs of chords through the plasma the whole vacuum assembly can

emission lines originating from a common upper level, be tilted.

Rvd

Cry&W Us..din jig

Fig 18. Optical layout of 0.5 m curved crystal spectro-

meter, using Johann Mounting. The system Is design to

observe dispersed radiation in the rang-e and

can be plasma tilted to spatially scan a tokamak
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ABSTRACT

Quantitative diagnostics of fusion and astrophysical plasmas require knowledge of crystal

spectrometric properties. To provide more reliable and versatile diagnostics of plasma
conditions, increasingly accurate knowledge of crystal spectrometric properties is becoming

necessary. We provide here a summary of the following accurately measured parameters for the

crystals KAP, RbAP, TIAP, NN4AP, NaAP, ADP, and EDDT:
1) 2d. - the interplanar spacing of atoms
2) A - the angle correction for normal and anomalous dispersion that is required for

application of the Bragg formula
3) n - the thermal expansion coefficient near room temperature for commonly used planes

4) Rc - the integrated coefficient of reflection
Measured data on Rc are compared to theory with good agreement.

I. INTRODUCTION II. RC MEASURED WITH LINE SOURCES AND

COMPARED TO THEORY
Soft X-ray spectroscopy with crystals has been

applied extensively to several new fields over the past Data reported in this section are a composite of

two decades with considerable interaction among workers many measurements spread intermittently over nearly two
in different disciplines. From the early days of decades. Some measurements were made with line
extension of quantitative x-ray analysis to the soft emissions from electron beam excited sources, some from
x-ray range (1) we have seen crystal spectroscopy fluoresence line sources, and some from both.
extended to controlled thermonuclear confinement fusion Techniques to minimize systematic errors are extremely
(2), solar physics (3), laser fusion (4), and x-ray important. These are described in references 6 and 7 in
astronomy (5). A common link between these new fields particular. A source of systematic error not emphasized
is the predominance of radiation from hot plasmas in the in recent literature is the spectrometer beam limiting
soft x-ray range. aperture, which must be the same aperture for the direct

As diagnostics have become more sophisticated, and reflected beams. In the ultrasoft region when large
there has been a need for quantitative knowledge of the beam sizes are employed it usually becomes necessary to
spectrometric properties of crystals used for support the thin proportional counter window with a
diffraction in the energy range below 5 keV, especially honeycomb structure in addition to a wire mesh. Then it
in the range 0.1 to 2 keV. Neither the crystals (beryl, is necessary to assure the combination of source and
gypsum, mica, and multi-layer films) nor the technology detector geometries does not cause any rapid variation
available through 1960 were adequate for the needs. of direct beam intensity with angle. This is
Results of steady progress in the technologies of x-ray controllable in systems where the e and 2e drives can be
sources, detectors, gratings, collimators, and other decoupled.
areas are presented in other papers in this volume. We Figures 1 through 7 show results of measurements
shall report on some progress in crystal diffraction. from line sources compared to theoretical calculstions.

Some applications have demanded crystals with the Results for the acid phthaltes are for our best crystals
highest possible integrated reflection coefficient Rc. with cleaved and undegraded surfaces. RbAP and
This is particularly true in x-ray astronomy. Other especially NH4AP are known to deteriorate with time but
applications, including solar physics and fusion plasma all the acid phthalates can be stabilized to better than
spectroscopy, have increasingly shown the need for 10 percent per year by overcoating their surfaces with
better resolving power, which requires narrow crystal ~50oA aluminum or other protective layer and storage in
reflection profiles for monochromatic radiation, a dessicator jar (18). ADP and EDDT require solution

Because signal strengths go down as resolving powers go polishing by the technique of Deslattes et al. (20) and
up we have attempted to find crystals that provide an the protective coating just mentioned to assume nearly
optimization of the two parameters. As a result of much perfect crystal behavior and long term stability.
work among several groups (6-18) there is now a body of Without the solution polishing these two crystals can be
evidence showing that good reproducibility of very different from the theoretical curves because the
spectrometric properties can be obtained with reasonable crystals must be cut to the desired reflecting planes.
care in selection of crystal specimens from certain The cutting process can introduce mosaic structure that
vendors. It is, therefore, appropriate to summarize causes larger Rc than for perfect crystals, or
some often-used crystal parameters. We report here our contamination of the surface that can cause lower Rc.
results on integrated reflection coefficients (Rc), In Figure 6 the ADP (101) measurements at Al Ka
interplanar spacings (2d.), thermal expansion (51.5 deg) were done on a large crystal that had been
coefficients (a), and dispersion corrections to measured carefully solution polished and coated two years prior
Bragg angles (M). Crystals on which we report are to the measurement. It had also experienced three
ammonium acid phthalate (NH4AP), sodium acid phthalate rocket flights. The three orders of reflection of CuKo
(NEAP), potassium acid phthalate (KAP). rubidium acid were made on a different crystal that was a fairly good
phthalate (RbAP), thallium acid phthalate one, but was not protected by an overcoating during

(TYAP),amonium dihydrogen phosphate (ADP), and ethylene three months between polishing and measuring. In Figure

diamine dihydrogen tartrate (EDDT). 7 the triangles are for two orders of CuKn reflection
For background on definitions and techniques from our most perfect EDDT. A three months delay

related to crystal reflection parameters the reader between polishing and measuring without a protective

should consult references 7 and 8 and standard textbooks coating may be responsible for the measured values

like Compton and Allison (19). falling above the theoretical Darwin-Prins curves.

OO94-243X/81/750115-09$l.50 Copyright 1981 American Institute of Physics
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crystals. Points are measured with line x-ray sources. Darwin-Prins theory.
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EDDT(ono)
TIAP (001) 0 IMPERFECT SAMPLE

DARWIN-PRINS MOST PERFECT SAMPLE
MAUREI BIN E S NEAR PERFECT CRYSTAL-- MEASURED BY LINE SOURCES USED IN ROCKET

SOURCE
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Fig. 5. Rc measured for TIAP and compared to
Darwin-Prins theory. It was assumed that TLAp is Fig. 7. Rc measured for EDDT and compared to
isostructural to RbAP for the calculations, which were Darvin-Prins theory.
kindly provided ahead of publication by Ping Lee and
Burton Henke.

ADP (h k)

--- MOSAIC

DARWIN-PRINS Indirect measurements of EDDT resolving powers from
0 MEASURED polished and coated crystals have convinced us that

nearly perfect crystal behavior (Darwin Prins) can be
consistently achieved with selected specimens.

(101 This raises the essential question of how one
-4 - selects good specimens and from whom. We can give the

10 following guidelines, which are necessary and in our
S ,.experience sufficient. The acid phthalates must be

transparent, colorless, flat, and free of any visible
S, defects such as cracking, twinning, pitts, scratches, or

2 _abrasic. Flatness can be easily checked by simply

R .- observing the sharpness of an autocollimator reflected
- /reticle image. Cleavage steps on the reflecting surface

(202) .... - are generally not a problem because the stepped layers
are parallel to one another. The autocollimator test
reveals whether this is true or not in each case.
Because these cleavage steps can influence the tilt

(303 ) angle a crystal holder with tilt angle (21)
adjustability is desirable for high precision
measurements. All the acid phthalates except F need
to be freshly cleaved Just prior to use or else iaeaved
and coated prior to storage. Any thin coating
impervious to water vapor and air should be adequate.
ADP and EDDT must have the same charactertistics after
solution polishing, and both should be coated within a
day after polishing. For precision measurements above 5
key the coating should be done immediately after

0 10 20 30 40 5O 60 70 polishing (22).
CRYSTAL ANGLE (dog) Our most perfect samples have come from Warren

Rudertmn (formerly with Isemet Corp. and now with
INRAD). High quality specimens In large sizes are

Fig. 6. Rc measured for ADP and compared to available from stocked crystals from Quartz Products
Darwin-Primn theory. Corp. We suspect the above criteria will be adequate

. .. .. . ,-.,..
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for selection of good crystals from other vendors as ENERGY eV
well. 813 725 659 609 569 538 514

A few points about Figures I to 7 are noteworthy. 8

The calculated curves depend on the accuracy of 2.5x4 O A
atomic positions taken from crystal structure PEAK IS 3.011(I4RAO
determinations and on absorption coefficients (among
other paratmeters). Small errors in structure KAP REFLECTIVITY
determinations can easily account for deviations in weak 2.0-
higher order reflections, such as the third order AtKo
from the acid phthalates. In the case of TPAP no
measured structure is available and it has been assumed
isostructural to RbAP. <

It has been the practice, especially ia x-ray
analysis literature, to quote ratios of reflectivities g
for a particular crystal in different orders at a given
wavelength, with the implication that these ratios could W ,DC
be applied to other wavelengths. In the soft x-ray
range this is a practice to be avoided because of the _ G E

strong effects of anomalous dispersion on structure 5xi BE
factors and reflectivities. For example the first three
orders of Rc for CuKa reflected off KAP are in the ratio
10000:630:100 while for AtKa they are in the ratio
10000:440:3. Just a glance at the figures in fact shows 0 0 5

35 40 45 50 55 60 65
the problem, while pointing up the need for such
summary as we are attempting in this paper. CRYSTAL ANGLE 9(deg)

Among other crystals for soft x-ray diffraction we Fig. 8. Rc measured for RAP by means of a calibrated
note that PET should be good in theory 8). Our one continuum x-ray source. The magnitude of Rc is
crystal was very poor but we note that &lexandropouloe determined largely by the imaginary part of the(10) reported results close to theoretical. Hall et scattering factor, which is related to absorption

al. (12) in a detailed study of PET found a nearly coefficients, and these in turn vary near ionization
perfect sample compared to theory, but also noted major edges because of the size and shape of the molecule and
degradation at short wavelengths after two years. A because of extended x-ray absorption fine structure
stabilizing coating should be tried on a good PET (EXAFS).
sample. Measurements with GYPSUM in our labs confirm
the report of Stephenson and Martin (23). We found
Rc - 3 x 10

-4 
at NiLa for about three hours and then a

decay by a factor two in the next six hours. Based on Accordingly we present Rc data on five acid
the success at stabilizing NH4AP by an aluminum coating phthalates in Tables I through V. These are weighted
the technique should be tried on GYPSUM. averages for several scans for each crystal. Angle

Determinations of Rc at OKa with line sources are intervals have been selected so that each curve can be
susceptible of large systematic errors because of the reconstructed to the accuracy of the data. Angle
complex nature of both the source emission line spectra uncertainties are ±0.05 deg (2a). Anyone wishing to use
and the crystal reflection coefficient structure (24). these data to correct their measured spectra in this
Because of the latter factor theory is also very weak range will find it sufficient to simply shift the
around absorption edges and especially around the tabulated data to correct for zero error in their
OK-edge. Our data, presented in the next section, will spectrometer. If the zero error is not known or not
clarify Rc in this range. easily measured, a separate scan of most any oxygen

emission spectrum or any continuum emission spectrum
IllI. Rc OF ACID PHTHALATES AROUND THE OXYGEN from a laboratory x-ray tube will reveal the dominant
K-EDGE FROM CONTINUUM SOURCE MEASUREMENTS reflectivity spike A, which occurs in all five crystals

and can be identified in plots from Tables I-V.
A systematic experimental study of Rc measured

continuously over the range 500-650 eV around the IV. OTHER PARAMETERS REQUIRED FOR
OK-edge has been completed for five commonly used acid PRECISION X-RAY SPECTROSCOPY
phthalate crystals. An example of the remarkable

variations of Re over this range is shown in Figure 8. X-ray diagnostics of fusion plasmas and the solar
The reader should consult reference 24 for a full corona have now progressed to the point where line
discussion of the background concerning these Re profile measurements and precision wavelength
variations, the measurement technique, and determinations are required. Then one must use the
interpretation of the data. correct form of the Bragg equation; that is, either the

Very briefly one obtains a calibrated continuum angle of diffraction or the interplanar spacing must be
source by the following procedure. As seen in Figure 3 corrected for dispersion inside the crystal. The basic
the measurements from line sources confirm the validity crystal spectrometer equation is
of the Darwin Prins calculations. Accordingly these
calculated Rc values are used to calibrate a continuum nA - 2d, sin% (1)
source (gold anode) over the range -20-40 deg. This
monotonically declining intensity source spectrum is where 2d. is the true interplanar spacing of atoms and

then extrapolated to larger angles where the procedure 6B is related to the measured peak diffraction angle 0
is inverted to yield the values of Rc with an estimated by
accuracy of ±15 percent. Because Rc Is continuously
determined and shows large variations we refer to this 6 - eB + A (2)
approach as crystal reflection integral spectroscopy or
CRIS. and A is the correction for refraction of X-rays Inside

In this energy range no crystals are known that the crystal. For a review of how A is calculated from
simultaneously have the required long 2d spacing, the atomic constants see references 19, 8, and 25. It is
absence of oxygen in the crystal composition, and useful related to atomic constants through 6, the unit
diffraction properties. Thus the acid phthalates are decrement of the index of refraction, by

presently used by nearly everyone and a summary

tabulation of reference vtes of Re seems appropriate. A - 6(sinBcos%)-I radians. (3)
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TABLE I

Re MEASURED FOR TIAP

A (deg) R x 10
5 

(rad) e (deg) R x 10
5 

(rad) e (deg) R x 10
5 

(rad) 8 (deg) R x 10
5 
(rad)

48.0 17.8 56.0 20.1 62.75 21.5 65.3 25.8
48.5 17.8 56.4 19.7 63.00 19.5 65.4 25.4
49.0 18.2 56.7 20.1 63.10 19.4 65.5 25.5
49.5 18.4 57.0 20.9 63.25 19.9 65.75 26.3
50.0 18.4 57.5 21.3 63.5 21.5 66.0 26.6
50.5 18.4 58.0 21.5 63.75 23.5 66.5 27.3
51.0 18.2 58.5 21.7 64.00 27.0 67.0 28.0
51.5 18.0 59.0 22.2 64.25 31.2 68.0 29.5
52.0 18.0 59.5 22.8 64.35 32.2 69.0 31.0
52.5 18.3 60.0 23.4 64.5 34.6 70.0 32.4
53.0 18.7 60.5 24.2 64.6 37.2 71.0 33.6

53.5 M.0 61.0 25.4 64.7 39.6 72.0 34.6
54.0 19.3 61.5 26.1 64.8 43.0 73.0 36.0
54.5 19.5 61.75 26.4 64.9 41.0 74.0 37.1

55.0 19.5 62.0 26.2 65.0 34.5 75.0 38.1
55.1 19.5 62.25 25.4 65.1 29.8 76.0 39.0

55.5 19.8 62.50 23.7 65.2 26.9 77.0 39.9
55.8 20.1 78.0 40.7

TABLE It

Re MEASURED FOR RbAP

(deg) R x 105 (rad) 0 (deg) R x 105 (rad) 0 (deg) R x 105 (rad) 0 (deg) Rc x 105 (rad)

48.0 8.6 59.5 11.2 62.1 8.2 64.0 6.8
49.0 8.8 59.75 11.35 62.2 8.1 64.25 7.15
50.0 8.9 60.0 11.6 62.35 8.0 64.5 7.5
51.0 9.1 60.25 12.2 62.5 8.6 64.75 7.9

52.0 9.4 60.5 12.9 52.6 9.4 65.0 8.3
53.0 9.7 60.6 12.9 62.7 11.2 66.0 9.7
53.5 9.8 60.7 12.7 62.8 13.4 67.0 10.7
54.0 9.7 60.8 12.3 62.9 16.2 68.0 11.8
54.1 9.6 60.9 11.6 63.0 20.3 69.0 13.0
54.5 9.8 61.0 10.8 63.1 24.6 70.0 14.2
54.75 9.95 61.1 10.2 63.22 28.8 71.0 15.0
55.0 9.8 61.2 9.8 63.3 26.0 72.0 15.9
55.3 9.6 61.3 9.4 63.4 20.6 73.0 16.7
55.5 9.8 61.4 9.0 63.5 13.0 74.0 17.4
56.0 10.1 61.5 8.5 63.6 9.1 75.0 18.1
57.0 10.2 61.6 8.0 63.7 7.8 76.0 18.7
58.0 10.5 61.75 7.65 63.8 7.0 77.0 19.3
59.0 11.2 61.85 7.7 63.9 6.8 78.0 19.8
59.2 11.25 62.0 8.1
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TABLE III

R MEASURED FOR KAP
C

B (deg) R x 105 (rad) 0 (deg) R x 105 (red) 0 (deg) Rc x 105 (rad) e (deg) Re x 105 (tad)

35.0 5.78 51.0 5.42 57.85 6.32 60.9 18.0

36.0 5.65 51.5 5.51 58.0 6.35 61.0 25.5

37.0 5.54 52.0 5.56 58.1 6.42 61.10 30.0

38.0 5.42 52.5 5.49 58.25 6.89 61.25 25.5

39.0 5.32 53.0 5.56 58.4 7.114 61.35 18.3

40.0 5.29 53.15 5.58 58.5 7.98 61.45 11.0

41.0 5.32 53.5 5.112 58.6 8.26 61.55 7.70

41.5 5.33 53.75 5.32 58.7 8.55 61.65 5.80

42.0 5.35 54.0 5.42 58.85 8.84 61.75 4.60

42.5 5.37 54.5 5.57 59.0 8.53 62.0 3.15

43.0 5.30 54.75 5.60 59.25 7.77 62.25 2.418

43.5 5.22 55.0 5.59 59.5 6.60 62.5 2.02

44.0 5.18 55.25 5.55 59.65 5.94 62.75 1.90

45.0 5.11 55.5 5.59 59.75 5.80 63.0 1.94

46.0 5.13 55.75 5.70 59.85 5.93 63.25 2.01

46.5 5.13 56.0 5.80 59.95 6.03 63.5 2.10

47.0 5.18 56.25 5.98 60.0 5.90 64.0 2.18

47.35 5.24 56.5 6.11 60.1 5.64 65.0 2.50

47.75 5.16 56.75 6.35 60.35 5.09 66.0 2.80

48.0 5.18 56.9 6.38 60.45 5.32 68.0 3.48

49.0 5.16 57.1 6.36 60.5 5.60 71.0 41.42

49.5 5.16 57.4 6.16 60.6 7.32 74.0 5.28

50.0 5.22 57.65 6.03 60.7 9.50 78.0 6.21

50.5 5.30 57.75 6.13 60.8 13.3

TABLE IV

R MEASURED FOR NaAP
C

e (deg) Re x 10
5 

(tad) 0 (deg) R x 105 (tad) 9 (deg) R x 105 (tad) 6 (deg) Rc x 105 (rad)

48.0 2.40 59.25 4.00 61.6 3.90 63.5 3.3

49.0 2.35 59.50 5.00 61.7 6.90 64.0 ?14

50.0 2.40 59.75 5.50 61.8 11.8 64.5 1.8

51.0 2.415 60.00 4.90 61.9 19.6 65.0 2.05

52.0 2.55 60.25 4.15 62.0 27.0 66.0 1.45

52.5 2.60 60.30 4.10 62.06 31.1 67.0 1.5

53.0 2.55 60.5 4.60 62.1 28.0 68.0 1.65

54.0 2.40 60.6 5.40 62.2 24.4 69.0 1.9

54.4 2.30 60.7 6.00 62.3 18.5 70.0 2.15

55.0 2.40 60.8 6.20 62.4 14.0 71.0 2.5

56.0 2.25 60.9 6.15 62.5 11.4 72.0 2.8

57.0 2.15 61.0 5.60 62.6 9.4 73.0 3.05

57.5 2.35 61.1 4.70 62.7 8.1 74.0 3.4

58.0 2.95 61.2 4.40 62.8 7.0 75.0 3.7

58.35 3.20 61.3 4.10 62.9 6.1 76.0 4.0

58.5 2.15 61.4 3.50 63.0 5.5 77.0 4.25

58.75 2.05 61.5 3.20 63.25 4.3 78.0 4.55

59.0 2.25
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V

R MEASURED FOR NH 4AP

8 (deg) R x 105 (red) 8 (deg) Rc x 10
5 

(red) 6 (deg) Rf x 105 (rad) 8 (deg) R x 105 (red)

48.0 0.50 61.0 3.20 62.6 6.6 64.25 8.4
49.0 0.50 61.1 3.25 62.7 11.8 64.5 7.5
50.0 0.55 61.25 3.20 62.8 18.7 64.75 6.75
51.0 0.60 61.35 3.10 62.9 26.0 65.0 6.1
52.0 0.65 61.5 3.20 63.0 30.0 65.5 5.0
53.0 0.75 61.6 3.35 63.05 32.3 66.0 4.35
54.0 0.80 61.7 3.70 63.1 .0 67.0 3.5
55.0 0.90 61.8 4.00 63.2 26.0 68.0 3.1
56.0 0.95 61.85 4.05 63.3 22.4 69.0 2.85
57.0 1.00 61.9 3.95 63.4 18.5 70.0 2.7
58.0 1.10 62.0 3.80 63.5 16.1 71.0 2.6
59.0 1.20 62.1 3.60 63.6 14.1 72.0 2.45
59.5 1.25 62.15 3.60 63.7 12.6 73.0 2.4
60.0 1.80 62.25 3.40 63.8 11.5 74.0 2.35
60.25 2.35 62.35 3.20 63.9 10.9 75.0 2.35
60.5 3.05 62. 3.20 64.0 10.2 76.0 2.35
60.65 3.10 62.5 4.00 77.0 2.35
60.8 3.05 78.0 2.35

One can calculate 6 from atomic scattering factors (25) separately determined by means of the expression derived

which are presently being summarized by Henke (26). from Eq. (1)

Instead of Eq. (1) one can alternatively write o - - cote AO/AT (7)

-
2
deff sine where a is the expansion coefficient, 6 is the mean

where the effects of refraction are incorporated into an angle for the reference line (Atac), and A8 is the

effective interplanar spacing difference in peak positions for two fixed temperatures,
Tn and TL. Most of the measurements were done at

2
deff - 2d. [1 - A cot6] (5) TH 30Oc and TL u 20

0
C. so that AT z 1O°C. If a varies

over this range, our results in Table VII are an average

In either case the required parameter is A. Table over the range of variation. Because the a values are

VI provides A in arc seconds versus wavelength for the large (especially for NH4AP) it is important to have

first order (001) reflections of the acid phthalates good temperature control in precision measurements with

plus the most important planes of ADP and EDDT. The these crystals.

Miller Indices (O0n) for NsAP and NH4AP are extinctions In Table VII the listed values of 2d. are
for odd n, so the first order designations in Tabip VI preliminary. Some changes in the last decimal may occur

are (002). Second order is (004), and so forth. when our latest temperature recalibrations have been

To obtain A for any order n of these planes use the included. If improved AAKo wavelengths become
following relation available, the absolute values of 2d will change by

A2d/2d = A/A. A preliminary error analysis shows a 20
An cote; . A

1 
cot In

-
2 (6) uncertainty not exceeding 20 ppm for 2d. on any of the

seven crystals. However, one should keep in mind
For precision spectroscopy one should pick a possible variations from one crystal to another and the

crystal for which the desired wavelength is not near a shit required if AtKnI is not 8.33955 A. A good cross
crystal absorption edge. check is possible on ZAP by using the result of Bearden

Values of 2d. for the same crystals and planes have and Huffman (28). 2d. - 13289.51 xu at 26
0
C, and the

been measured in our laboratory with the AXKu doublet CuKQ conversion factor, A - 1.0020802 A/xu, from
reference spectrum. A full discussion of spectrometer Deslattes and Henins (29) to obtain 2d. - 26.63431 A.

alignment, sources of error, and correction procedures This differs from our value by 15 ppm.

will be published elsewhere. Results are tabulated in
Table VII based on an assumed absolute wavelength of V. DISCUSSION

8.33955 A for AfKRI from a vacuum evaporated aluminum
anode. A small correction was required to relate the Several sets of calculations (8,26,30) and
measured peak positions to the Al~aI wavelength. This measurements (6,7,15,30) now exist for Rc of RAP, which
correction was calculated from convolutions of a is the most stable and reproducible of the acid

Lorentzian approximation to the Darwin-Prins crystal phthalates so far as we know. In the range 10-20 A

profile, the measured collimator profile, and the line there is agreement within plus or minus three percent
profile. For the latter we assumed the AfZo1,2  doublet from the mean for Rc. If one avoids the humps shown in

a2  figure 8 the agreement between our continuum sourcehad a 2:1 intensity ratio betwoen KaI and Ko, that each

component had a Lorentzian shape, sal that the Kun-K 2  results and reference 30 is within one percent from 16
separation was that published by illne and Aber& J27). to 20 A. When one considers the difficulties of

We find, however, that the widths of each component line handling all the observed Rc peaks theoretically it

after correction for the instrument broadening should be seems advisable to extrapolate from the good RAP
0.38 eV instead of 0.58 eV. agreement outside the peaks and take the continuum

The spacings are all referenced to a crystal source Re values as the standards for all the acid

temperature of 26
0
C. for this purpose the thermal phthalates from '19 to 26 A* In the range 23 to 26 A

expansion coefficient of the measured planes was the absolute accuracy could be as bad as ±IZ (3o)
because of our extrapolation uncertainty and variations
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TABLE VI5

INDEX OF REFRACTION CORRECTIONS , 6, FOR ACID PHTHALATES, ADP. AND EDDT

a (arc minutes)

Wavelength (002) (002) (001) (001) (001) (101) (200) (020)

A NaAP NH4AP KAP RbAP TiAP ADP ADP EDDT

1.0 .20 .18 .21 .22 .30 0.094 0.066 0.068
2.0 .40 .36 .42 .45 .60 0.192 0.137 0.138
3.0 .61 .55 .62 .68 .88 0.295 0.218 0.216
4.0 .82 .74 .82 .90 1.08 0.407 0.314 0.305
5.0 1.03 .93 1.05 1.12 1.07 0.525 0.438 0.415
6.0 1.25 1.14 1.28 1.23 1.52 0.648 0.630 0.562
7.0 1.48 1.34 1.51 1.41 1.84 0.853 1.28 0.793
8.0 1.71 1.56 1.75 1.73 2.15 1.12 1.320
9.0 1.94 1.78 2.01 2.01 2.45 1.57

10.0 2.18 2.02 2.27 2.28 2.77 2.72
11.0 2.40 2.26 2.54 2.57 3.09
12.0 2.65 2.52 2.83 2.87 3.43
13.0 2.96 2.79 3.14 3.18 3.78
14.0 3.28 3.07 3.46 3.52 4.14
15.0 3.61 3.38 3.80 3.87 4.53
16.0 3.95 3.71 4.16 4.26 4.99
17.0 4.33 4.06 4.55 4.68 5.46
18.0 4.73 4.45 4.98 5.14 6.02
19.0 5.16 4.88 5.44 5.65 6.64
20.0 5.64 5.35 5.95 6.22 7.33
21.0 6.14 5.88 6.51 6.88 8.19
22.0 6.64 6.43 7.08 7.61 9.21
23.0 6.70 6.66 7.29 8.07 10.11
24.0 8.55 8.68 9.20 10.48 13.47
25.0 11.93 12.90 12.67 15.56 21.97

+ 55

TABLE VII

BEST MEASURED VALUES OF CRYSTAL EXPANSION

COEFFICIENTS AND INTERPLANAR SPACINGS AT 26*C

among crystals. Below 10 A the agreement is not as
CRYSTAL 2 d a good. Future work should be concentrated on the range

-6C 1  below 10 A for lAP, and on better controls on sample
(A) (10 C -  histories for the other acid phthalates.

There are some general comments about crystals for
low energy x-ray diagnostics we can make from theseEDDT (020) 8.80479 +.00008 18.8 +1.0 results.

ADP (101) 10.6425 7.0005 18.1 _0.6 NH AP has particular merit in second order for
NH AP (OOn) 26.1905 +.0007 133. ;9.0 combined high resolving power and reflectivity In the
afP(OOn) 26.4185 7.0005 41.6 75.0 narrow range 11.3 to 12.3 A for applications where the
KAP (OOn) 26.6347 7.0005 39.7 +;2.0 first order is negligible, such as NeX Lyn from solar
RbAP (0On) 26.1160 Z.0007 37.0 .3.0 active regions.
TrAP (OOn) 25.7625 +.0010 32.7 +1.0 RbAP has good general utility because it has high
a Rc, medium resolving power, and good separation between
In most Cases there were not enough independent mess- first order and higher orders.

urements for a reliable statistical analysis of diaper- TIAP is the crystal of choice when reflectivity is
sion in the data. Also, variations were found among most in demand or when observing near the oxygen K-edge,
samples. The errors quoted include upper limits to but it has poor resolving power.
known systematic errors plus an estimate of random EDDT is especially good below 8.5 A because it has
error taken to be three times the range of partially high reflectivity, high resolving power, good separation
subjective, selected measurements. Selection factors of orders, absence of absorption edges, and ready
included internal date consistency and sample purity, availability in large sizes. In the long wavelength
The final 2d values are also systematically uncertain range where this crystal is well suited the
by the amount of uncertainty in the AlK wavelength, stabilization by means of a thin overcoating works well
-030 ppm. This error is eventually correltable. for at least two years. )'
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Evaporated Multilayer Dispersion Elements for Soft X-Rays
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IBM T.J. Watson Research Center, Box 218, Yorktown Heights, NY 10598

ABSTRACT

* IThe design possibilities and limitations of multilayer structures for soft x-ray spectroscopy are
summarized. Near grazing incidence structures can have a large integrated reflectivity and a large
relative bandwidth close to one. The smallest possible bandwidth or highest possible resolution is
obtained near normal incidence, and is determined by the absorption index k of the most transparent
material available; the maximum resolution is Nmn W. l/2wk. Depending on the wavelength, values
for Nl. can be between 10 and 104 in the soft x-ray region. The practical realization of a design
requires good thickness control and sharp, smooth boundaries between the layers. Sufficient thickness
control has been obtained by in situ monitoring of the x-ray reflectivities. Within the uncertainties of
the optical constants the measure performaqce of the best multilayer systems is in agreement with
theory for multilayer periods larger than 30A. For smaller period lengths, the peak reflectivity is
smaller than the theoretical values. The lower reflectivity can be explained by an effective roughness
of the multilayer system in the order of 3A.

:-4

1. INTRODUCTION H L H L H L

There are two well known geometries which utilize QUARTER WAVE
interference effects to produce high reflectivity mirrors: the STACK
quarter wave stack, and the ideal Bragg crystal (Fig.l).
The quarter wave stack consists of alternating layers of high _.

(H) and low (L) refractive index, each of the same optical
thickness nd - A/4 (for normal incidence), such that all
boundaries add with equal phase to the reflected wave. For
the case that both film materials are completely absorption ... IDEAL BRAGG
free, the quarter wave stack gives the highest reflectivity A CRYSTAL
with the fewest number of layers and approaches a reflec-
tivity R - 100%. In an ideal Bragg crystal the atomic
planes are usually much thinner than a quarter wave, differ-
ent planes are spaced A/2 apart (for normal incidence) and
contribute in phase to the reflected wave. For the case that Fig. I The quarter-wave stack (top) gives the fastest
the space between the atomic plane is absorption free, the increase in relectivity with increasing number of
reflectivity approaches R - 100% for a large numer of layers, but deteriorates fast in performance if one
layers even if the thin atomic planes are absorbing. The of the layers is absorbing. The ideal Bragg crystal
elimination of the absorption losses is due to the fact that (bottom) minimizes absorption by positioning the
the atomic planes are located at the nodes of the standing layers (atomic planes) into the standing wave
wave field generated by the superposition of the incidence produced by the superposition of the incident and
and reflected wave (see Fig.1). In the quarter wave stack, reflected wave.
on the other hand, each layer extends from a node to an
autinode; if one or both layers are only slightly absorbing
the performance of the quarter wave stack deteriorates fast Optimum multilayer designs for soft x-rays are be-
due to the large absorption losses at the antinodes of the tween the two limits of Fig. 1. Designs for the highest pos-
standing wave field. sible resolution are similar to a Bragg crystal while designs

0094-243X/81/750124-07$1.50 Copyright 1981 Aaerican Institute of Physics

I
j-.



125

for largest integrated reflectivity are more similar to the
quarter wave stack. However, due to the fact that all mate- 1

r11rials are absorbing in the soft x-ray region, the two design - n : .999.9
limits never represent an optimum design in the soft x-ray

region. Optimum designs are in many cases aperiodic, be- 10-2 k: .0002 .01

ing close to a quarte wave stack at the bottom of the coat- >-
-R

ing and close to the crystal at the top of the coating (1). _R
Film deposition by evaporation offers most easily the U 10-4-

widest choice in the selection of the thickness of each film R
in a multilayer; provided that sufficiently smooth films can U
be deposited with sufficient thickness control, evaporation cr

methods promise the realization of customized coatings 10-6s

optimized for specific applications.
We will summarize in this paper the design possibili-

ties of multilayers for spectroscopic applications and review 10-80 20 40 60 80
the state of the art of fabricating these coatings by vacuum ANGLE OF INCIDENCE()
deposition.

1i. MULTILAYER CALCULATION AND DESIGN
Fig.2 Reflectivities R. and RP for s- and p-polarization

The calculation of the performance (reflectivity, at the boundary of 2 materials versus the angle of
transmission, phase shift) of a multilayer structure is incidence in vacuum calculated from Eqs.I and 2.
straighforward and treated in any textbook on optical thin The optical constants are those for C and Au from

films (2). Except for the periodic structures of the two Ref.3.
limiting cases of Fig.I, analytical formulas are not very
handy and the computations are best performed with a
digital computer. The two most popular methods are the Fig.2 gives typical relectivity curves R- Ir I2, Rp -
recurrent use of the single film formula or the Matrix me- I r1 2 at the boundary of two materials in the soft x-ray
thod. region; the optical constants used are those given in Ref.3

In the recurrent method, one starts with the equation and 4 for carbon and gold. Except for very grazing inci-
r + rb e-2iA dence angles the reflectivity of all material is very low inrf rb (ea) the soft x-ray region, and the purpose of a multilayer coat-

I + rtrb e - 2iA ing is to enhance the reflectivity to a value close to I by
utilizing constructive interference between many bounda-

ries.
21r d n Cos a (The matrix method is due to Abeles (5) and utilizes

- 2 s (2a) the fact that for any linear system the output field vector
(Eo0 u, Hoj1) can be obtained from the input (E..,, Ho.t) by
multiplication with a characteristic matrix. The matrix M,

which gives the reflected amplitude of a single film as a for a single film can be easily derived and the martix for a
function of the reflected amplitudes of the top (r,) and multilayer coating is simply the product of all its single film
bottom (rb) of the film and of the phase retardation A of a matrices. (See Born and Wolf for details and note that for
wave propagating with a propagation angle thrQpugh the soft x-rays all matrix elements are complex). All properties
thickness d of the film. The refractive indices n and in of an arbitrary multilayer are then obtained from the matrix
general r1, rb and cosa are complex quantities. elements of the product matrix. The matrix method can be

very elegantly programmed on a digital computer, especially
The influence of an additional layer can now be in a computer language like APL, where matrix operations

calculated by replacing rb in Eq.1 by the value obtained are directly incorporated.
previously for r, and again using Eq.1 now for the calcula-
tion of the two layer system. Repeated application of Eq.1
gives finally the reflected amplitude (and also the transmis- The inversion of a multilayer calculation, i.e, the task

sion) for an arbitrary structure of thin films. to find a multilayer coating which approaches a given re-
The reflection coefficients r,, rp (for s- and p- flectivity (or transmission or phase shift) curve is much

polarizatonl at the boundaries of two materials (refractive more complicated and may also lead to solutions that can-

indicies n ,n 2) which have to be inserted into Eq.I are not be realized in practice. The problem and some ap-
obtained from Fresnel's equations proaches are reviewed in two books (6,7). Due to the

limited range of available optical constants in the soft x-ray
region design possibilities are much more limited here than

Scos a, - n2 Cos a 2  (2a) at visible wavelengths.
n, - a We will in the following restrict ourselves to the mostcos a1 + 7 2 cos a2 simple designs with the goal to explain the available design

choices and will only give the directions towards more so-
phisticated designs. Trial-and-error methods are in many

rp n cos a 2 - n2 cos (2b) cases sufficient in the soft x-ray range.
n, Cosa 2 + n2  11. ROUGH BOUNDARIES AND GRADUAL

TRANSITION BETWEEN LAYERS
where the propagation angles in the materials are obtained
by Snell's law from the angle of incidence a. in vacuum A rough boundary or a gradual transition between

two materials reduces the reflectivity at this boundary. The
n, sin a, - n2 sin a2 - sin a, (3) simplest theory gives for the reduction of the reflected

amplitude r/r.



126

r/r o = exp - 2 ( 2wo cos a ) (4) PHOTON ENERGY (eV)
2000 1000 400 200 100

w0 I 1 0 1
when r, is the amplitude reflectivity of a smooth and sharp AU/C
boundary, and o is the rms roughness.(8-10) Equation 4 is Au/C
valid under the assumption that the surface heights varia-
tions are described by a Gaussian of variance a and that the \ O
slopes are sufficiently small such that polarization effects,
shadowing and multiple scattering can be neglected. Equa- V\ 14min

= /
tion 4 also describes the reflectivity reduction by a smooth t% 10 \ --Nmax= 1 /27rk
Gaussian transition layer between two materials if the re- O
flectivity is small (r. << 1). While the loss in reflectivity &
will appear as scattered light for the rough surface it will LAJ
show as increased transmission for the smooth transition CL

layer. The theory of multilayer structures with rough L1

boundaries has been developed by several authors.(11-13) 0 103

Experimental data which can be compared to the detailed
theory have not been obtained up to now; for soft x-rays ca
authors have used the single bondary Eq. 4 to describe the M
measured performance of a multilayer coating. The Dz. Z
"effective" roughness obtained this way may deviate from Z
the real topographical roughness of the interfaces. 102 . I

One important result of the multilayer theory is, that I
scattering is greatly reduced for a boundry at the node of a I
standing wave.( I1) Therefore for the same topographical
roughness, we can expect less scattering for the design of
Fig.lb than that of Fig. Ia; furthermore, scattering decreas- O 4 i0

es as the standing wave ratio or the reflectivity increases. 10 20 40 100
WAVELENGTH (A)

IV. DESIGN LIMITS

The design possibilities and limits can be estimated Fig.3 The minimum number of periods Nmn required to

by considering two parameters N,,, and N * . N. is the obtain a reflectivity close to 1, if propagation loss-
minimum number of periods required to give a reflectivity es due to absorption are neglected and the maxi-
minmu toeI, considering only the Fresnel reflection coeffi- mum number of periods N... permitted due to
close to 1 condry ond nel refletion coes absorption in the carbon spacer layer for a Au/C
cients r at each boundary and neglecting absorption tosses multilayer system as a function of wavelength. In
due to propagation through the films, while Nma is the
maximum number of periods which can be penetrated due aphos I aeind coati desgN s can p i
to the absorption. For the case N >> N a reflectivity for different applications.

close to 100% can be achieved an the freedom to select
substantially different designs is proportional to the ratio
N. /N - , while for the case that Nmax << N n the maxi- Cos 2 a 2

mum possible reflectivity is small (R << 1=and essen- N max -- s (7)
tially no freedom is available to choose designs with differ- 2wk 2ik
ent characteristicsm using normal incidence and the absorption index k of car-

We can estimate N by assuming a periodic multi- bon. N is obtained for the design limit in Fig. lb, wherelayer which is close to the quarter wave stack. All bounda- the mult'fayer consists mostly of the spacer material and the

ries add in phase to the reflected wave and neglecting multi- absorption in the heavier material is reduced by the stand-
pIe reflections and considering that we have 2 boundaries ing wave field.
per period we estimate the total reflected amplitude of the The spectral bandwidth or resolution of a multilayer

multilayer to be N., . 2 1 r I. The condition that this value coating is determined by the total number of periods N
is close to one gives contributing in phase to the reflectivity:

N mi - 1/2.Irl, (5) A aN. (8)
AX

where r is the amplitude reflection coefficient at the bound-
ary of the two coating matrials, which can be calculated The maximum possible resolution is N., and Fig.3 shows
from Fresnels equations (2). Fo: normal incidence and that its value increases towards shorter wavelengths Crom
under the assumption that n, and n2 are close to 1 we can 20 to over 200 for wavelengths decreasing from 130A to
approximate 45A. In the wavelength region A = 30 - 44A (for energiesabove the absorption edge of carbon) N , is much smaller

than N.. and coatings with carbon spacer layers have only

Nmin ,- 1 /VAn 2 + Ak 2 , (6) poor reflectivities. For wavelengths below 30A the possible
best resolution increases fast with dcreasing wavelength
reaching values over 1000 for A < 10A, while the maximum

where An and Ak are the differences in the optical constants possible reflectivity approaches 100%. Coatings with the

of the coating materials. The full curve in Fig.3 give N.,1  largest bandwidth and integrated reflectivity are obtained
as a function r'" wavelength calculated for the optical con- for designs that require close to N F" layers. N,,, and Nps
stants of carb, , nd Au from Ref.3. Also plotted in Fig.3 decrease at oblique angles of incidence, and near grazing
is the value of incidence N can reach values close to I (see Fig.2). Theentire theoretically possible range in resolution of a multi-
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layer is therefore between a value close to I and the value
Nma. where the largest bandwidth is possible near grazing,
the iighest resolution near normal incidence. 0.4

25 6 PERIODS 0
V. MULTILAYER DESIGNS -=45 °

k=O.01 0.00025

The simplest multilayer designs are periodic struc- >- 0.3 n=0.989 0.998 65/A Rmo..AX/X"
0-a: nd 7. 28.65A 14 1 0 75 -

tures, for given optical constants they contain only two t: b: nd=14.8 21.5A 62 0.405%

parameters: the thickness ratio of the two materials within P-

one period and the total number of periods. Figure 4 gives W 0.2 c: nd=2.8 33.5A 230 0.102%
the peak reflectivity of a 256 period coating designed for an ,,

incidence angle a =450 and a wavelength A =50.8A as a lit
function of the normalized thickness of the heavy material. 0.1
(The optical constants are those of C and Au from Ref.3) --

The peak reflectivity has a maximum for a normalized
thickness of the Au of 0.22 of the period length, which 0
corresponds to 7.3A of gold and 28.65A of carbon. The 49.6 50.0 50.4 50.8 51.2 51.6
Curve a in Fig.5 gives the reflectivity versus wavelength WAVELENGTH (A)
curve for this design and also the values for the spectral
resolution and integrated reflectivity. Larger integrated
reflectivity and less penetration into the multilayer can be Fig.5 Reflectivity versus wavelength for multitayer coat-
obtained with thicker gold films (Curve b in Fig.5) white a ings with 256 periods optimized for highest peak
higher resolution is obtained with thinner gold films allow-smaller (c)
ing deeper penetration (Curve c). The low resolution of 62 bandwidth.
for Curve b indicates that only the top 62 periods of the
multilayer contribute to the reflectivity. Therefore, essen-
tially the same reflectivity curve can be obtained with much
fewer periods (for example, 64) using the corresponding
optimum thickness ratio.

The reflectivity versus wavelength curve of periodic
structures approaches a Lorentzian for large numbers of I' ' -0.05
layers. Other lineshapes can be obtained if the thickness 1.0- co
ratio between the two materials changes throughout the <4
depth of the film. Because the reflectivity of each film in Rm 0 xxAO/O 3
the multilayer is a function of its thickness (approaching -' - 0.04 aEzero for zero thickness) one can adjust the relative weight L __ 4 E
of the contribution of each period to the total reflectivity; RmQK ,.>

for example, a Gaussian reflectivity curve can be generated -...
by creating a Gaussian as the weight with which the differ- > 0.03
ent periods (starting from the top) contribute to the reflec- __
tivity. U Q5 - I-

is also obtained if one asks for the structure which gives the eW 0,02,,

highest peak reflectivity with the fewest number of layers. X .

The result is a structure which is close to the quarter wave 4 1.7
stack (equal thickness of both materials) at the bottom and W - max I.92 0.01
closer to the Bragg crystal at the top. For wavelengthsA < 91-101 LAYERS o4
100A and large numbers of layers, the reflectivity curve w
does not differ significantly from that of the optimized 0, 0
periodic design; aperiodic designs are more important for 0 0.05 0.10 -

longer wavelengths and fewer periods (14,15). RELATIVE BANDWIDTH .18

0.40 
R BANDWIDTH AM

256 PERIODS
ot=45 ° X=50.8 A Fig.6 Peak reflectivity Rma, and integrated reflectivity

0.35 k=0.01 0.00025 Ra A@/@ for multilayer system, where the peri-
_ n=0.989 0.998 o(aTlengths varies throughout the thickness versus
U 0.0 -the relative bandwidth. The smallest bandwidth in

J 0.3 the plot corresponds to the periodic system. De-
t,. signs are found by trial and error.

, 0.25

M. 0.20
In those wavelength regions where Nma >> N it is

possible to design coatings with a relative bandwidth

0.1 0.2 0.3 0.4 0.5 AA/A > I/Nmi by changing the base period of the multi-

NORM. THICKNESS OF HEAVY MATERIAL layer throughout the thickness of the coating (16). Figure
6 shows as an example, how the relative bandwidth and the

Fig.4 Peak reflectivity R, of a multilayer with 256 peri- integrated reflectivity can be incrased by this method. The
ods versus the thickness of the heavy element, goal was to increase the integrated reflectivity for a grazing
The coating is optimized for an angle of incidence incidence x-ray telescope (17); the period length decreases
! - 45° and wavelength A - 50.8A, the thickness from the bottom to the top of the multilayer and the details
is normalized to the period length of 35.95A. of the design have been obtained by trial and error.
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SAMPLE OUARTZ
_WNIMOTOR

X X-RAY

X-RAYSHUTTER COUNTER

SOURCE

EVPORATOR MCA

SC OUTPUT

RATE

RECORDER

Fig.8 Vacuum evaporator with in situ monitoring of the
soft x-ray reflectivity. Targets of B, BN or C are

Fig.7 A blazed reflection grating overcoated with a used in the source giving x-ray wavelengths of
multilayer extends the range grating monochroma- 31.6, 44.7, or 67.6A.
tors towards shorter wavelengths but requires high
tolerances for the grating profile.

120 0 .. . . . i ' : . . . . ." ' :

The spectral resolution of a multilayer can be extend- .

ed beyond the limit posed by Nm.x (Eq.7) if steps are cut
into the multilayer which permit the radiation to reach 0 800
deeper periods (Fig.7). The structure can be realized by 0
overcoating a blazed diffraction grating with a multilayer P.
such that the blaze condition and the Bragg condition are
fulfilled simultaneously. The process requires tighter toler- 'to0
ances on the smoothness and step uniformity of the grating r_
than are standard and has not been tested up to now.

VI. MULTILAYER DEPOSITION SYSTEM
0 10 20 30 40

Fig.8 is a sketch of our vacuum deposition system DEPOSITION TIME (min)
used for the multilayer deposition. An important feature of
the system is the soft x-ray reflectometer which allows one Fig.9 Monitor signal (A - 31.6A., a = 620) obtained
to monitor the reflectivity of a multilayer during deposition. during the deposition of the frst 27 layers of the
The interference maxima and minima observed during the 120-layer coating designed for maximum reflectivi-
deposition give an accurate measure of the thickness and ty at A - 67.6A and normal incidence versus accu-
can be used to eliminate the influence of any drifts in the mulated dep9sition time. Filters and windows of
calibration of the quartz microbalance. A main feature of Si N (1500A thick) are used to suppress the X -
this monitoring system is that thickness errors are not accu- 67.6A line from the BN target in the , ray source.
mulating, the maximum accumulated thickness error is al-
ways a small fraction of one period in the multilayer. We
use targets of carbon or BN in the x-ray source, giviqig
characteristic x-ray wavelengths of 31.6, 44.7 or 67.6A.
The largest reflected signal is obtained with A = 44.7A ence in n (see Eq.6) and the spacer material should have
however, this wavelength is not very suitable for the moni- the smallest possible absorption (Eq.7). In general, this
toring of a multilayer that contains a carbon spacer layer, requires one to combine a light material (Be, B, C) with a
because the reflectivity changes only very little during the heavy material (Ta to Au). The boundaries between the
carbon deposition for thi1 wavelength. The smallest signal layer should be abrupt, smooth, and stable. Carbon has
is obtained for A - 31.6A; however, for this wavelength a been shown to form stable boundaries with practially all
usable fringe contrast is obtained and Fig.9 shows the actu- heavy metals (18) and is, therefore, the first choice for a
al monitor signal obtained during the deposition of the first spacer material. The change in the roughness of a film

surface can be estimated from its reflectivity obtained dur-
27 lr oing film deposition. Figure 10 shows the measured reflected

normal incidence reflectivity at A - 67.6A. amplitude 0W (circles) for a film of AuPd. The teoretical

curve obtained from Eq.1 is a damped oscillation around
VII. COATING MATERIALS I r, I, the reflected amplitude of the top surface. In order

to explain that the average between the envelopes through
For the widest possible design choices Nm f should be the maxima and minima decreases with increasing thickness,

as small and N as large as possible. Therefore, two ma- we assume that I r, I decreases and that the decrease is due
terials should bselected with the largest possible differ- to an increase in roughness. By multiplying r, in Eq. I with
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Eq.4, we can fit the measured curve to the theory with a as
a fitting parameter. Figure to (full curve) shows the theo-
retical curve together with the values for a obtained. Table Vill. MULTILAYER PERFORMANCE
I gives a listing of the roughness values obtained by this
method for a variety of promising coating materials. The We have fabricated and tested multilfyers made of the
results are in qualitative agreement with electron micro- following material combinations: AuPd-B, ReW-B, AuPd-C,
graphs (19) and with in situ measurements of the film con- Pt-C and ReW-C. The interfaces of the AuPd-B system
ductivity. The table shows that boron and carbon are suita- become rough or gradual already during the deposition; all
ble low absorption spacer materials, while LiF which has other material combinations form stable usable multilayer
low absorption in the a 18 - 4sA range is useless due to systems. The performance of the multilayers is summarized
its roughness. Of the heavy elements, W and Pt produce in Table 11. To~e AuPd-C system gives the highest reflectiv-the smoothest surfaces; however, Pt requires high depos- it for I! TAile te m W vs the best rformav-
ition rates above 2A/sec for the smoothest surfaces (20). ity for e > 80A, while the ReW-C has the best performance
Gold films can be made much smoother by adding Pd. The at shorter wavelengths (21). The peak reflectivities of the
smoothest films are obtained with amorphous ReW films; ReW-B multilayers are smalle than those ofocomparable
while all other heavy metals show always an increase of ReW-C systems. At A = 44.7A and X = 1.54A and multi-
roughness with increasing thickness, the ReW films show layer periods around 50A the performances of the Pt-C and
sometimes no roughness increase (on smooth Si wafers) or the ReW-C system are comparable.
even a smoothing effect (on rotating float glass substratesl. A quantitative comparison of the measured perform-

ance with theory is difficult for soft x-rays due to the un-
. 0.0 -- -- , ---- -certainties of the published optical constants. The optical

z constants of Ref.3 give a much higher reflectivity for a
* single boundary than has ever been measured (22) and
m Au- optical constants obtained from reflectivity data are not

S0.06 /\ 6 available for soft x-rays. Theory and experiment are in
ti- agreement in the increase of the reflectivity of a multilayer

- o oV) over that of a single film. The peak normal incidence re-
73 .044 W flectivity obtained is around R = 10% in tbp A = 45-2001

3 0 X wavelength range.
0 n "Quantitative agreement between experimental and

W 0.02 0 2 C theoretical performance is obtained for A = 1.54A and
o .- grazing incidence. Measured pKak reflectivities are above

16 " 60% for periods larger than 30A. For shorter periods the
=a peak reflectivity drops and one can describf this drop with00 50 100 150 200 Eq.4 using values for o between 2.5 and 4A as fitting par-MASS THICKNESS (A) ameter.

The halfwidth or spectral resolution is in agreement
with theory at all wavelengths; however, no attempts haveFig. 10 Measured reflected amplitude (VT) obtained, been made up to now to fabricate multilayers with resolu-

during the deposition of a AuPd film on a silicon been ade tOow
substrate for A ax 44.7A and a- 64 ° (circles) and tions above 100.

theoretical curve (full curve) obtained under the
assumption that the surface roughness of the top IV. CONCLUSIONS
surface is represented by the dashed curve.

Multilayer structures made by evaporation can con-
tain in principle any thickness thus allowing the fabrication
of a large variety of structures which might be periodic or
non-periodic. Therefore, coatings can be designed and
fabricated which are optimized for different purposes, for

TABLE I example, to give the highest integrated reflectivity, the
highest spectral resolution, or which approach a specific
reflectivity versus wavelength curve. The highest possibleIncrease in the surface roughness a of the top surface resolution is limited by the absorption in the spacer layer

of various 100A thick evaporated films measured during the
deposition by the method of Fig. 10. Negative values indicate and has the value Nto in d/21rk for normal incidence,
smoothing. where k is the absorpttion index of the spacer layer. For

sapcer layers of carbon Nx increases from N.ax - 20 to
Nn, 21 300 for wavelengths decreasing frqm A - 100 to Amaterial substrate rougl~ness - k5. For a wavelength below A = 20A, N increases

O(A) rapidly (about as 1/ 3) with decreasing waveength. The

B ReW ~1 highest possible bandwidth or integrated reflectivity is ob-B ReW 0 tained for the smallest number of periods N_. in a multilay-
C ReW 0 er which still produces substantial peak refrectivity. Nmin is
LiF ReW 17 determined by the Fresnel coefficient at each boundary and
Ta Si 5.2 approaches a value close to I for very shallow grazing an-
Re Si 5.2 gles. Therefore, if the angle of incidence is used as a free
Re Si 5.2 design parameter, multilayers can be designed for any rela-
O Si 4.tive bandwidth from values close to I to values as small as1 r Si 4.2 I/No.
Pt Si, float glass 2.8 to 6 .In wavelength regions where N >> N, peak
Au Si 3 reflectivities R,. close to I can be obtained; for values of
Pd Si 7the optical constants which yield Nmin >> Ninx, we can

Ptlr Si 0 only obtain peak reflectivities R << !. For multilayer
ReW Si 0 to 2.5 systems of carbon and a heavy 'element peak reflectiviti~s
ReW float glass -3 to +2 are above 10% for wavelenghts between 45A and 200A,

have very small values (about I%) in the A - 30-44A
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TABLE 11

Measured properties of various multilayer mirror coatings. N is the number of layers, Rm. the
maximum reflectivity measured at wavelength X , AA the halfwidth of the reflectivity versus wave-
length curve, and a the angle of incidence ( unp' stands for unpolarized).

System Substrate N (,) Ra(%) A /A, a(0 )

1) AuPd-C, 49% Au glass 6.5 132.5 14.3 14 100
2) AuPd-C, 49%Au glass 13.5 130 15.8 , 15 100

13.5 103 22 14 50 0 ,s
3) AuPd-C, 54% Au Si 27.5 132 16 24 100

27.5 102 10.5 ... 40 0 ,s
27.5 104 1.1 ... 40 0,p

4) ReW-C/B, 68%Re glass 29.5 133 4.9 ... l0 °

5) ReW-B Si 56.5 67.6 2.1 23 520 unp
56.5 23.6 1.1 28 68.50 unp
56.5 14.6 2.3 28 76.90 unp
56.5 1.54 75 21 900-0.9* unp

6) ReW-C Si 62.5 1.54 65 43 90o-1.25* unp
62.5 44.8 6.3 72 440 unp

7) ReW-C Si 97.5 1.54 52 57 90°-1.6 ° unp
97.5 44.8 2.8 73 370 unp

8) ReW-C glass 39 1.54 57.5 35 90*-1.26* unp
9) ReW-C glass 39 1.54 21.5 4.3 90°-1.05* unp

39 44.8 1.25 11 590

region, and increase to values close to 100% with decreas- (6) Z. Knittl, Optics of Thin Films, (Wiley, London
ing wavelength for A < 20k. 1976).

For highest peak reflectivity, abrupt, smooth inter-

faces between layers are required. Of all material combina- (7) H.M. Liddell, Computer-aided Techniques for the

tions explored, the ReW-C system produces the sharpest Design of Multilayer Filters, (Hilger, Bristol, 1981).
boundaries. Multilayers of ReW-C show thloretical per- (8) P. Beckmann, and A. Spizzichino, The Scattering of
formance for multilayer periods larger than 30A, for smaller Electromagnetic Waves from Rough Surfaces, Perga-
periods, the peak reflectivity is reduced and the observa- mon Press, Oxford (1963).
tigns can be described by Eq.8, with a roughness value a _-
3A. (9) H.E. Bennett and J.O. Porteus, J. Opt. Soc. Am 51,

We control the thickness of the multilayer films by 123 (1961).
monitoring the reflectivity of a characteristic x-ray line (10) H.E. Bennett and J.M. Bennett, in Physics of Thin
- 31.6, 44.7, or 67.6k) in situ during the deposition and Fi0 s e. G.nnett and . . e n, in a oTin

observing the interference effects between the top surface 4, 1 (1967).
and the underlying multilayer. We have fabricated multi- 4
layers with up to 200 layers (100 periods) by this method; (11) J.M. Eastman, in Physics of Thin Films, eds. G. Hass
the observed resolution was in all cases in agreement with and M.H. Francombe, 10 (1978).
theory. (12) C.K. Carniglia, Opt Engin. 18, 104 (1979).
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ABSTRACT

The opportunities offered by engineered synthetic nultilayer dispersion elements for x-rays have been recog-
nized since the earliest days of x-ray diffraction analysis. In this paper, application of sputter deposition
technology to the synthesis of Layered Synthetic Microstructure (LSM's) of sufficient quality for use as x-ray
dispersion elements is discussed. It will be shown that high efficiency, controllable bandwidth dispersion ele-
ments, with d spacings varying from 15 A to 180 A, may be synthesized onto both mechanically stiff and flexible
substrates. Hultilayer component materials include tungsten, niobium, molybdenum, titaniom, vanadium, and silicon
layers separated by carbon layers.

Experimental observations of peak reflectivity in first order, integrated reflectivity in first order, and
diffraction performance at selected photon energies in the range, 100 to 15000 eV, will be reported and compared
to theory. Emphasis is placed on results giving Information concerning limiting structural characteristics of
these LSM's. It will be shown that the observed behavior is in accord with theory, both kinematic and dynamic
regimes being clearly observed. In addition, the mosaic spread of these LSM's is not detectable, indicating that
they are perfect structures. A consistent explanation of these experimental results indicates that roughness at
the interfaces between constituent layers is the structural characteristic currently limiting diffracting behav-
ior.

I. INTRODUCTION lators caused by radiation heating from the electron-
beam thermal sources. This has been corrected by using

Early in the development of the field of x-ray an x-ray interference monitoring technique, allowing
diffraction, it was proposed that synthetic man-made continuous determination of the individual layer thick-
materials consisting of alternating layers of high nesses during deposition and considerable improvement
atomic number and low atomic number elements would be has been achieved with this process control modifica-
useful as dispersion elements for x-rays. Such struc- tion. In addition, the effect of substrate character
tures, termed layered synthetic microstructures (LSM) has been explored with inherently smooth substrates
in this paper, were the subject of several investiga- being demonstrated as clearly optimum.
tions. The primary difficulties encountered in this Work at Stanford by the author (13-15) initiated
early work were technological, being associated with in early 1976 (under NSF/MRL sponsorship through its
the synthesis process and materials selection. In this Center for Materials Research) was on the development
section, a short summary of these efforts will be pre- of a technique for the synthesis of LSM materials using
sented with emphasis on delineation of generic limits- sputtering technology. In the fall of 1978, it was
tions and the structure of this paper outlined, clear that high efficiency x-ray dispersion elements

Earliest efforts (1,2) to form synthetic struc- for Cu K. radiation has been synthesized with a period
tures were unsuccessful, the first successful work of -20 A. These samples were characterized by Mr. L.
being that of Dumond and Youtz (3) who vacuum deposited Koppel of Lawrence Livermore National Laboratory (LLNL)
copper/gold LSM's with a characteristic period of over the energy range 4.5 to 11.5 keV using standard
approximately 100 A. Strong dispersing power for Mo Kd powder diffractrometry and a high-resolution of Si (Li)
radiation was observed but decayed, due to the energy dispersive detector. This result represented an
interdiffusion of the components, in approximately one existence experiment and indicated that substantial
week. More recently, Dinklage and Frericks (4) and research into the reproducibility and general breadth
Dinklage (5) prepared layers structures of lead/meg- of periods and constituent materials should be
nesium, gold/magnesium, and iron/magnesium. The lead, undertaken.
gold/t gnesium systems exhibited instability due to In addition to work specifically oriented toward
reaction or diffusion in a manner similar to copper/- LSM dispersion elements for x-rays, other investigators
gold. Iron/magnesium, on the other hand, exhibited have been pursuing the application of such materials as
stability projected to be longer than one year. In neutron dispersion elements. Saxena and Schoenborn
addition, the Fe/Mg-LSM showed many orders of reflec- (16), have investigated manganese/germanium struc-
tion in diffraction scans and exhibited diffracting tures. Synthesis process control difficulties resulted
behavior comparable to ADP and lead stearate. in substantial imperfection in their materials, though

Since then, a substantial effort to synthesize high reflectivites were achieved. These investigators
normal incidence mirrors for soft x-rays has been un- also developed an analytical approach based on
dertaken by Spiller (6-12) and his associates. Their scattering theory allowing closed-form description of
work has been primarily with radiation having wave- the intensities diffracted in both the kinematic and
lengths longer than 100 A, though characterization has dynamic regimes, Ignoring absorption effects. In
been made using Cu Ka (1.5418 A) radiation. Analytical summary, the work on neutron dispersion elements has
procedures have also been developed that are based on been consistent with the experience of others and
optical dispersion theory that allow description of the yielded devices of interest to this comunity.
expected behavior of LSMs. Semiquantitative comparison It is also important to mention the ongoing re-
has been made with results obtained using Cu K. search on semiconducting materials and on metal/metal
radiation and reasonable agreement attained. Particu- LSMs. Molecular beam epitaxy (MBE) (17-21) is the term
lar emphasis in this work has revolved about improving usually used to describe these processes which are

* the interface roughness between constituent layers of being utilized In many laboratories in the world.
the LSMs. It has been demonstrated that inclusion of a Highly perfect LSMs have unique properties and possible
correction factor for such roughness significantly significant applications. In metal/metal systems, the
improves the agreement between calculations and results are somewhat less well defined (21-25) as the
experiment. field is significantly less mature and the variation in

The synthesis procedure initially used by Spiller material properties definitely ouch broader than exhib-
was thermal evaporation controlled by quartz crystal ited by semiconductor materials. Again, many of the
oscillators. Difficulties with layer thickness control probloma already described in the discussion of diaper-
were encountered due to thermal drift of the oscil- sion element work have been encountered in this work

0094-243X/81/750131-15$1.50 Copyright 1981 American Institute of Physics i
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and engineering solutions achieved. At this time, sig- cess may introduce variation in layer thickness, these
nificant advances in this field will be forthcoming as errors are not equivalent to the mosaicity of a natural
a better understanding of material effects is gained, crystal. It is, therefore, more appropriate to use a

In summary, significant effort in a limited number dynamical theory to compute their properties , although
of laboratories has been placed on the synthesis of a kinematical approximation suffices if an LSM is of
LSMs with characterization by a variety of means imple- low diffracting power.
mented. Primary difficulties have been encountered
with respect to process control, substrate character, A. Scattering Theory
and choice of constituent materials. These problems
are now under serious investigation and will be It has been shown by Saxena and Schoenborn (16)
considered more fully in the following presentation. that the diffracting power of an LSM, from scattering

In the following, a short review of the theory of theory, with dA  = dB and sharp interfaces between
the diffracting behavior of LSM dispersion elements layers is given by:
pertinent to this paper will be presented first. The 4

1 4 N2d4  2sputter deposition synthesis process will then be _ - - (fAf (2)
reviewed. Experimental results obtained using i0 s(
tungsten/carbon (W/C). vanadium/carbon (V/C) and in the kinematic approximation where N is the number of
titanium/carbon (Ti/C) LSM's are then considered. Two planes, d the period, n the order of the Bragg reflec-
applications of these LSM dispersion elements as tion, and fA and fB the atomic form factors for the
spectroscopic devices are then presented. The paper is layers A and B. In the dynamic range this becomes:
then be summarized and recommendations as to further 2
research discussed. . = tanh A (3)

10

II. MODELING AND THEORY 2
where A (f 4 _f~~B Note that the diffracted

Modeling of the diffracting behavior of LSMs takes = n2 A-B)

many approaches all of which are discussed in other intensity is proportional to N2d4 in the kinematic

papers in this Conference Proceedings. The discussion range.
Also, in the kinematic regime the peak width ofincluded here is specific to the data presented in the

following sections and is not intended to be more than the Bragg peaks is defined by the number of reflecting

a summary, planes in a manner directly analogous to the line width

The x-rays dispersion behavior of LSMs can be mod- dependence on the number of grooves in an optical grat-

eled from two viewpoints. One corresponds to the ap- ing. Analyses of this diffraction effect for struc-

proach taken in the analysis of x-rays diffraction from tures such as represented by LSMs (28) yields the rela-

crystal-scattering theory. The other follows directly tionship (Scherrer equation) between full width at half

from optical dispersion theory as applied to various maximum for a Bragg peak, A201/2, and the crystal

types of interference structures. In this section, thickness D - Nd given as

these two treatments are separately considered with 0.888k
reference to the work of Saxena and Schoenborn (15) and 120 -NdCosO
of Spiller (12) (optical dispersion theory), and of n

Underwood and Barbee (26, 27). where On is the Bragg angle of the nth order reflec-
A LSM is made up of two materials, A and B, tion. Note that dynamic calculations yield A2O1/2

arranged alternately in layers of thickness dA and d value in agreement with this relationship in the kine-
respectively. The structure is thus periodic in tRe matic regime.
direction perpendicular to the planes, with a period d
= dA + dB. x-rays of wavelength X, incident at a B. Dynamical Optical Dispersion Theory

glancing angle 0 on the planes, will be scattered by Including Absorption (DODT)

each layer of atoms. At the Bragg angles On, given by When the incoherent absorption in the layer mate-the relationWhnheiohrnaboponn hlyrmt-
nt h 2d sin n (1) rial is taken into account, the dynamic theory becomesdifficult to treat analytically. It is therefore bet-

the scattered waves will add in phase and the total ter to adopt a computational approach. The approach

scattered amplitude will reach a maximum. The positive adopted is analogous to those used in the computation

integer n represents the order of the Bragg "reflec- of properties of multilayer dielectric filters for the

tion." optical region of the spectrum. The layer material is

Computation of the intensities of the Bragg re- characterized by a complex index of refraction

flections for an LSM requires the solution of Maxwell's P - I - 6 - iO • (5)

equations in a material having a periodically varying 6, the real part of the refractive index, 0, is related

dielectric constant. The problem is exactly analogous to f 2
to the computation of Bragg reflection intensities from 6 . Nr(f+Af,)2 + Af 2 11/ 2r (6)
natural crystals, and either of two theoretical ap- 2c 0 e
proaches may be adopted. In the kinematical theory,
the scattering from each volume element is treated as where N is the atomic concentration, r the classical

being tndependent of that from the other volume ele- radius of electron, fo the atomic form lactor and 6f',

ments. This theory neglects the details of the wave A' the inomalous dispersion coefficients while 0 is
interactions within the structure, in particular the related to the linear absorption coefficient pa of the
progressive reduction in amplitude of the forward wave material by X
as it travels into the structure and is partially re- 0 Pa (7)

flected by successive planes (extinction). In the
dynamical theory, all wave interactions are taken into The method used is based on a treatment of x-ray

account. The dynamical theory is customarily used in interference by a few contaminant layers on the surface

the study of the x-rays diffraction from large perfect of a glancing incidence x-ray mirror. However,

crystals, while the kinematical theory is more appro- approximations me by considering 0, 6, and 0 to be
small and, furthermore, considering only the a

priste to the study of thin crystals or "mosaic" cry- smpllend fuhoreaonidin only the a
stals which can be thought of as being composed of component of polarization limit this theory and
large numbers of small crystallites whose orientations modifications are required to treat more general
differ slightly, in a random fashion, from the mean of cases. The theory, together with the required modifi-

the crystalline planes examined. cations, is given in the article in this volume by

The LSMs are essentially "perfect" from a crystal- Underwood and Barbee (27, 28).

lographic point of view. Although the fabrication pro-
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C. Interfacial Roughness Henke (32). It is also demonstrated that these samples
allow the refractive indices to be determined over a

In the calculations described thus far it has been wide range of wave lengths using the same samples.
assumed that the interfaces between layers are ideal,
smooth and fully specularly reflecting. If the surface 11I. LSM SYNTHESIS
is not smooth a fraction of the radiation is not
Specularly reflected and the diffraction efficiency of The LSM preparation cechnique used in this work
the LSMs is reduced. Simple theory (29, 30, 31) gives was previously developed under the sponsorship of the
the reduction in reflectivity for a single film as a NSF-MRL program as part of the activities of the Center
function e, the angle of incidence, of the x-rays as: for Materials Research at Stanford University by Dr. T.

idaW. Barbee, Jr. Ths process, as will be seen, repre-
I/I0 eXp[-[4S AZ] (8) sents a step on the developing path whose end can betermed molecular or atomic engineering. It has been

where l/I01ideaI 's the reflectivity calculated for applied to a wide variety of combinations of elements,

ideal interfaces, X the wavelength and AZ a surface many of which are specific to x-ray dispersion element
roughness parameter. Rearrangement of eq. (1) and sub- devices.

stitution in eq. (8) yields:

10 10 IdealeXp n d (9)

where n is the order of Bragg reflection and d the per- B
iod of the LSM. This approach allows analysis for the
surface roughness parameter, AZ, if the diffraction
efficiency of many orders of Bragg reflections are
known and can be compared to model calculations. All
calculations against which direct comparisons are made
in this paper used the Dynamic Optical Dispersion
Theory (DODT) approach, except where noted. Also,
except where noted, all calculations are for
unpolarized incident radiation. A computational
program developed by J. Underwood (27, 28) was used
with values of 6 and 0 taken from the literature or
provided by Ping Lee and B. Henke (32). The value of 6
and 0 from the literature have given the largest
uncertainty in the modeling efforts, particularly for
photon energies lower than approximately 1.5 keV.

D. Refractive Index Correction

The Bragg relationship presented in equation (1)
ignored the effects of refraction on the position of Fig. 1. Schematic diagram of a triangular array of
the Bragg relfections. This refraction shift can be magnetron sputter deposition sources. When the depo-

sizable and represents a method for determining the sition profiles overlap alloy films may be formed.

optical constants as a function of photon energy. When the sources are sufficiently separated, the depo-

These data can then both be compared with literature sition profiles not overlapping, layered structures can

values for 6 and 0 and used in modeling calculations. be formed on moving substrates.
A straight forward analysis (33) yields a rela-

tionship between observed Bragg angle 0, refractive In contrast to the majority of work reported, this
index 1, and the d spacing and is given as: process uses fixed magnetron sputtering sources and

moving substrates; other processes have used fixed
nX - 2dSinO [I + ( tmII(I±1)r 1/2 (10) thermal sources and fixed substrates with moving

Sin 2e0 shutters. The system is shown schematically in Fig.
6 for photon nergies greater than 1000 eV is typically 1. Note that all sources (A,B,C) are mounted on the
less than 10-. For small 6, equation (8) can be ap- same radius ani that the substrate table (below the
proximeted as: sources) rotates about the center of this mountingcircle. Sources are excited using either dc or rf

nX = 2dSinefl - (11) power and substrates are allowed to thermally float,
Sin 2e reaching temperatures of approximately 50*C during a

which can be used at the higher photon energies. The long (>2 hr) deposition run. In the following a more
value of 6 for a given material is determined from the detailed description of this process is given.
measured Bragg angle and the true period of the mate- Sputter deposition is a complex process into which
rial, d. many parameters intrinsic to vapor deposition enter.

It is important to note that the Bragg angle used In addition, there are many extrinsic parameters asso-
in these calculations of 6 is not that corresponding to ciated with the particular apparatus and system geo-
the peak diffracted intensity. This results from the metry which must be considered. These are listed in
effect of absorption on the diffracted intensity on the Table 1. The effects of these parameters are consid-
high angle side of the Bragg peak. The intensity in ered in a general manner elsewhere (34-38) and the
this region is markedly attenuated with the result thL reader is referred there for a more complete discus-
the Bragg peak is asymmetric. The position of th, sion. Items 3, 4, (5, & 7), 8, and 9 are briefly con-
maximum in diffracted intensity falls at a slightly sidered in the following.
smaller value of e than the maximum intensity when ab- Also, of importance is the type of sputter source
sorption is ignored. An excellent approximation to the used in the deposition appartus. Several types are
position of the Bragg peak is given by the center angle currently available that can be broadly classified as
at half height diffracted intensity. This value of 0 standard and enhanced and are listed in Table I along
is the one used in calculating the values of 6 from the with a simple set of comments on their specific cha,'c-
position o the Bragg peaks in this work. teristics. The most important information in the table

It will be seen later that the composite refrac- is that it is possible, using magnetron sources, to
tive indices for the V/C-LSM determined by this method decouple the sputter plasma from the sample minimlsing
are in good accord with the predictions of Ping Lee and the effects of high energy ion bombardment and second-

ary electron effects. Also, the large deposition rates
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Table 1. Important Parameters in Sputter Source 2 hr. Therefore, control requirements are for stabil-
Vapor Deposition ity for a limited time, making synthesis an easier

proposition. More importantly, the decoupling of the
I. The large atomic quench rate characteristic of sputtering plasma from the deposition surface increases

vapor deposition, the ability to form continuous well-defined layers on
the Angstrom scale. In standard sputtering diodes,

2. Both surface and bulk atomic motion kinetics - strong coupling of the plasma to the deposition surface
primarily controlled by substrate temperature. results in an ion bombardment mixing of the

constituents that can extend several nanometers into
3. The energy distriubtion of the incident ad- the sample. This degrades the sharpness of the

atoms. interfaces between layers and, if the layers are thin
enough, decreases the composition fluctuation. Such

4. The substrate surface morphology, characteristics may be advantageous at large layer
thicknesses where interface width will strongly damp

5. The effects of deposition surface (substrate or the intensities of higher-order Bragg reflections,
deposited film)-adatom atomic interactions, though for thin layers, this phenomena destroys the

layers and results in a homogeneous sample when the
6. The ambient atmosphere in the experimental layevs are sufficiently thin. The nature of the

apparatus. deposits is additionally affected by the sputtered
adatom energy, though this is not well documented. The

7. The etfects of the adatom condensation energy. adatoms or depositing atoms have a mean kinetic energy
of approximately 8 eV and a tail extending to 80 eV.

8. Vapor source-deposition surface interactions. This can cause interfacial broadening as well as reac-
tions at interfaces where it would not normally be ex-

9. The geometry of the vapor source-substrate con- pected.
figuration. In addition, substrate rotation results in moving

the substrates beneath the sources so that adatom de-
position occurs at many angels of incidence. This min-

Table 2. Sputter Sources Characteristics imizes the effects of substrate roughness as shadowing
is minimized. The basic gain is that substrate quality

I. Standard diodes (R. F., D.C.) does not deteriorate and that layering quality is main-
A. Rate Low tained or improved through hundreds of layers.
B. Large fraction of power deposited into Many different types of substrates have been in-

substrates vestigated, with the most consistent results achieved
C. Radiation damage high on single crystal silicon (100) and (111) orientation

wafers. Preparation of these materials is done using
I. Enhanced sources the technology typical of integrated circuit laborator-

A, Magnetron (R.F., D.C.) ies. I note here that cleaved mica is also an excel-
1. Rate large lent substrate material yielding results as good as the
2. Source isolated from substrate. Mini- best silicon substrates. In addition, float glass can

mum plasma energy deposited in sample. be used with success if the quality is high. In some
3. Radiation damage minimized cases very high quality results are obtained with plas-
4. Can be scaled up tic film substrates. In addition, preliminary observa-

B. Triode supported (R.F., D.C.) tions from LSMs deposited in mechanically prepared
1. Rate large glass surfaces indicate very high reflectivities. In
2. Plasma interaction with substrate all cases the area of the sample which is usable is a

large 2 cm x 7.5 cm rectangular area.
3. Radiation damage large
4. Can be scaled up? IV. X-RAY DISPERSION BEHAVIOR OF LSM'S

available using magnetron sources, generally an order Three specific material combinations will be con-
of magnitude higher than those characteristic of stand- sidered in this section, tungsten/carbon, vanadium/-
ard diodes, facilitate the synthesis of high quality carbon and titanium/carbon. The data discussed in the
LSs. following was gathered in many laboratories by several

In the apparatus used in this work magnetron sour- investigators. These include L. Koppel (L.L.N.L.), C.
ces (A, B, C of Fig. l) are arranged so that their de- Stradling (L.L.N.L.), B. Henke and his collaborators
position profiles do not overlap. Deposition onto uni- (U. of Hawaii), J. Gilfrich and D. Nagel (NRL), T.
formly moving substrates mounted on a table beneath the Barbee (Stanford University), and W. Warbarton and T.
substrates at a working distance of 7.5 cm results in Barbee, et al. (SSRL).
the synthesis of layered structures in which both The techniques used were those typical of x-ray
composition and structure can be systematically varied diffraction analysis using standard diffractometry. In
normal to the deposition surface, some cases white radiation was incident on the sample

The magnetron sources used are 3"-diameter planar which was used as a spectroscopic element, the dif-
circular configurations. The characteristics of magne- fracted radiation being analyzed using energy disper-
tron sources are well documented in the literature, and sive techniques. In other cases characteristic x-ray
only those factors important to this application are emission lines were used with standard detectors, in-
considered here. Magnetron sources have a magnet cluding flow proportional and scintillation counters.
structure behind the sputter source plate supporting a At SSRL an apparatus designed to da glancing angle dif-
fringing field that produces a trap for the secondary fractometry by W. Warburton was used and allowed data
electrons important in the argon sputter gas ioniza- to b, collected from Bragg angles of approximately
tion. These electrons are trapped at the target sur- 5xlO radians.
face, thereby trapping the plasma and increasing the
plasma density at the target surface. This trapping A. Tungsten/Carbon (W/C)-LSM
mechanism is important as it minimizes the interaction
of the deposition surface with the sputtering plasma as The tungsten/carbon system has been extensively
well as increasing the deposition rates by approxi- studied due to the high electron density fluctuation
mately an order of magnitude. inherent to this material combination and, hence, the

The increased sputtering rate results in synthesis high scattering power per tungsten/carbon layer pair.
of multilayer structures in short times of an engineer- In addition, this system is stable due to the refrac-
ing scale. A typical run will take no longer than tory character of the components and the equilibrium I
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phase diagram which shows that the stable equilibrium projecting asymptotically to a value less than 1. This
is between tungsten carbide (WC) and carbon at tempera- is in accord with theory as shown by the two curves
tures up to 2800*C. In this section the results of a with the experimental values being 50 to 60% of that
series of experiments designed to provide information calculated using the DODT.
concerning parameters important to the performance of
LS4 as despersion elements are presented.

Diffraction spectra from a W/C-LSM (78-204; t -. ..
0 Calculotedl

t = 11.3 A; Nw - 62) deposited on (100) orientatilon alculat
aingle crystal silicon are shown in Figure 2. These
spectra were taken using the Bremetrahlung radiation CuK.-X 15418
from Al or Ti anodes using the LS as a spectrographic
element. The energy of the diffracted radiation varied
as the Bragg angle was varied. Peak reflectivity and 10
energy resolution for 9690 eV photons observed are 46%
and 295 volts respectively. The drop in reflectivity /
above 10000 eV is the result of the absorption jump at
the tungsten LI I edge (-L0300 eV). The fractional
change in reflectivity at this edge is in agreement iO-
with calculation. These reflectivities are 7
cpproximtely 65? of those predicted by model
calculations. This is believed to be the result of /,.@ Nad'
interfacial roughness between the constituent layers as
will be demonstrated later.

50 1 1O- T- - o-" i0-" 10-93

W/C structure, 62 layer pairs. N2 
d2(cm4)

I1 A layer thickness. Reflection
at dispersion angles40 -from 2.8 to 7.0 Fig. 3. Calculated and experimentally observed reflec-

tivity in first order for Cu Ka radiation for W/C-LSM
0 having 20.3 A 4 d - 21.0 A and N - 6, 11, 31, 62, 106

are plotted as a function of N2 
d

4
, a parameter for

__ 3 which a linear relationship is expected in the kine-
- J matic diffraction regime (see eq. 2).

.5 It is clear from these results that the experimen-
2 20 tal diffracted intensity is in general accord with
4- theory though systematically lower. Comparison of full
4) width at half maximum (A201 /2) with calculation also

yields information on the structure of these LSs.
10 - Experimentally observed values are listed in Table 3

with values calculated using the DODT and the Scherrer
equation (Eq. 4) and the tabulated values of d and Nw,
the number of tungsten layers. Note that the number of

0 diffracting planes of eq. (4), N, is given by:
4 5 6 7 8 9 10 II 12 N=Nw-1

It is clear from Table 3 that the agreement between thePhoton energy, keV DODT calculations and experiment is excellent. In
addition, in the kinematic domain, agreement between

Fig. 2. X-ray dispersion response of a tungsten/carbon experiment and the values of A2l/2 calculated using
LS1 (d = 22 6 A, tw = 11.34 A, Nw - 62, C-Top) the Scherrer equation is also goo3. These results
deposited on (I00) orientation single crystal silicon indicate that the LSN structures are highly perfect
is shown as a function of the energy of the diffracted with angular resolutions A201/ 2 in agreement with
radiation. theory.

The conclusions to be drawn from this data are
The energy resolutions (E/6E) shown in Figure 2 that the resolutions are in accord with theory demon-

are all of the order of 35. These are somewhat less strating that the theoretically predicted number of
than expected from theory and from examination of the planes are active in the diffraction process. Also,
diffracting behavior using Cu Kn (X-1.5418 A) the peak reflectivity in first order is substantially
radiation. This discrepancy is believed to be the less (-0.6) than that predicted by theory. These are
result of the convolution of incident spectrum with the exactly the characterisitcs attributable to interfacial
diffracting characteristics of the LSH. roughness which is considered in more detail later in

This sample (78-204) is part of a set of samples this paper.
in which the period of the LSNs was held constant at The data presented thus far are limited in that
approximately 21 A and the number of diffracting planes only one photon energy has been used. In Figure 4 peak
varied so as to explore the transition from the kinema- reflectivity in first order is plotted as a function of
tic to dynamic regimes of diffraction respose. These photon energy over the energy range (277 eV to 15000
samples are described 

4
n Table 3 (78-206, 78-204, 78- eV) for W/C-LSMs (78-204, d-22.6 A; 79-086, d-52 A; 79-

207, 78-208, 78-209). Peak intensities in first order 091, d-58 A). The reflectivities observed for the
for Cu K_ radiation were measured using a standard pow- larger d spacing LSMs (79-086, 79-091) are close to
der diffractometer equipped with a diffracted beam values calculated using the DODT both in peak reflec-
monochrometor. These observed peak reflectivities are tivity and in angular resolution. I note that Ping Lee
plotted along with calculated values in Figure 3 as a has calculated the reflectivity in first order (~13%)

* function of I d
4 

where N is the number of diffracting for W/C-LSs, 2d100 A for C- (E-277 eV). His results
planes and d the pel of the LSN. It is clear that are in good accord with the reflectivity (122) shown
at small values of N d the reflectivities are directly in this figure for similar samples. Also calculations

indicate that the reflectivities over the full spectralproportional to N2 d4 
in agreement with kinematic theory range for samples 79-086 and 79-091 are very close to

(Eq. 2). For N
2
d
4

> 10
-24

the reflectivities saturate theoretical values. The smeller period sample (78-204)
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Table 3. Full width at half maximum (A201/2) of first order reflections of Cu K, (X - 1.5418 A) radiation from
W/C-LSHs calculated using DODT-h2e/ 2 (T), the Scherrer equation-A201 /2(S), and experimentally observed A20 1 / 2(E)
are compared.

Experiment 1 DODT Scherrer

Sample Nw d(A) tw(A) 201/ 2(E) A201/ 2(T) A2e 1/2 (E)/A201/2 (T) A20 1/2(S) 620 1 2 (E)/A201/2 (S)

78-206 102 20.3 10.15 0.075 0.76 0.99 0.038 1.96
78-204 62 22.6 11.3 0.085 0.086 0.99 0.057 1.49
78-207 31 20.3 10.15 0.133 0.137 0.97 0.129 1.03
78-208 11 20.3 10.14 0.355 0.356 0.997 0.380 0.95

78-209 6 21.0 10.15 0.69 0.630 1.095 0.74 0.96
78-211 11 24.7 10.0 0.305 .... 0.318 0.99
78-212 11 33.8 10.0 0.23 .... 0.232 0.99
78-213 11 59.9 10.0 0.135 .... 0.131 1.03

is, as already discussed, somewhat less than theory in
reflectivity. It is also important to note that the 5 1I 1 1
jumps in reflectivity at the WM and WLIIT edges are in
agreement with theory. These values of reflectivity 3
can be easily converted to integrated reflectivity as
the observed angular widths of the Bragg diffraction
peaks are in excellent agreement with theory though the 120
peak reflectivities are somewhat less than expected.

10-3 Esftmoted
r.0 - 'Uncertanty

"46 -- 618-

o 42A"

/ g 100 ALead Steorate/" WL 3 DGE

0.1 WEDGE a: 164

KAA
A 78-204 0-22.61 N-61 5AP

/ +79-06 052 A N.30

/ 3 5 7 9 11 13

0.0 12 ail 3 a a .1 WAVELENGTH (A)

1001 Fig. 5. Observed (39) integrated reflectivity, R, for
ENERGY (*V W/C-LSMs having periods, d, of 21 A (2d - 42 A), 30.5 A

(2d - 61 A) and 60 A (2d - 120 A) is shown as a func--jFig. 4, Peak reflectivity in first order for W/C-LSM tion of the waveleneth of the incident radiation. The
78-20. D - 22.6 A Nw - 62; 79086, D-52AN 31, reflectivities are approximately half that predicted

and 79-091, D 58 A, Nw - 31 are presented for photon using DODT.
energies of 277 eV to 15000 eV. Theae data were
collected by B. L. Henke and his students at the Uni-II
varsity of Hawaii, L. Koppel at L.L.N.L., Jim Underwood 10 SO- 037, E -8.038 keV
at Stanford University, and Troy W. Barbee Jr. at Stan-
ford University and are considered minimum values.

Integrated reflectivities (39) for a series of 0.8
W/C-LSMs having periods of 21 A (2dg42 A) 30.5 A ,Exprimentol
(2d(61 A) and 60 A, (2d(120 A) are shown in Figure 5
for radiation in the wave length range 7 to 13 A. 0.6ditiory
These samples were synthesized so that the maximum
diffracting power was expected. It is important to
note that these results semiquantitatively agree with 04
theory.

The comparison of experiment to theory shown thus
far has only been parametric conaisting of peak re- 1
flectivities and peak widths (A20 1/2). A comparison 02
between the observed diffraction spectrum using Cu K
radiation over the angular range 0<2001.0 degrees Ah
calculations using DODT is shown in Figure 6 for sample 0
80-037, a W/C-LSN. The calculation was based on design 2 e. 20 30~s
values for the sample period and the relative thick-
nesses of the carbon and tungsten component layers.
The difference in peak positions is due to the fact Fig. 6. Experimental and theoretical diffraction
that the sample period was 53 A while the design period curves of Cu from sample 80-037 (d - 52.0 A, t -
was 52 A. Excellent agreement with the theory is 17.34 A, . f, w-Top) are shown and compared. %
shown, for the critical angle and the secondary Fresnel daawre taken using a standard powder diffractometer
maxima. Note the experimentally observed peak reflec- equipped with a diffracted beam monochronomter.
tivity is 55 to 60% while the calculated value is 66%.
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TABLE 4. Peak reflectivity in first order, experimen- Results obtained using sample 80-038 (W/C-LSH, see
tal A201 and theoretical A201/2, for W/C-LSM of vary- Table 4) and photons of energy E-5478 eV are shown in
ing d designed to have constant reflectivity for Cu K'. Figure 8 and compared to DODT calculations. A201/2 is

observed to be in excellent agreement when experiment
6201/2 (E) A2e1/2(T) and calculation are compared. The offset between ex-

d(A) ________) (degrees) (degrees) peritient and DODT calculations is believed to be due to
d_ /o(%) (derees) dgea small error in the period d or uncertainties in the

80-037 53.0 11 55 to 60 0.20 0.19 values of 6 and fP. Also, the predicted peak reflectiv-
80-038 30.9 30 44 to 48 0.125 0.126 ity is 622 while the observed value is 54%. This value
80-034 20.3 69 35 to 45 0.079 0.078 yeilds an effective interface roughness AZ of approxi-
80-040 15.4 123 9 to 11 0.0625 0.06 mately 1.8 A compared to the 3.15 A value seen in Fig-
80-041 10.0 274 0.1 0.05 0.04 ure 7. The implication of this comparison is that the
80-042 (5) 1094 0 .... laboratory data (Cu K.) yields an upper limit to the

interface roughness parameter as the reflectivity
The W/C-LSM 80-037 is one of a series of six sam- appears lower; I/IO1E - 44 to 48%, ve DODT - 67%; for

ples designed to investigate the effects of interfacial laboratory experiments; I/IOIE - 54% vs DODT- 62% for
roughness, the characteristics of which are given in SSRL experiments. This is supported by results on
Table 4. The samples were all designed to have reflec- other samples of Ti/C, Nb/C, V/C-LSMs and indicate that
tivities in first order of 65 to 68% for periods of the alignment and low beam divergence possible with
53 A, 30.9 A, 20.3 A, 15.4 A, 10 A and 5 A by increas- synchrotron sources are advantageous in the characteri-
Ing the number of diffracting planes as the period de- zation of LS~s.
creased, as shown in Table 4. Again note that the
A201/ 2  experimentally observed is in excellent 60-038
agreement with values calculated using DODT.

The observed values of peak reflectivity are 0.6 {T
plotted as a function sample period in Figure 7 with
the solid line approximating the observed behavior.
The circles in Figure 3 are points calculated using eq.
(9) with the experimentally determined values of d, and Theory
the peak reflectivities predicted using DODT assuming an
interfacial roughness AZ, of 3.15 A. The agreement is 04 Experiment
semiquantitative, with the dependence of peak reflec-
tion on the period d being clearly reproduced. This is .
taken as clear evidence that the interfacial roughness
between constituent layers is the characteristic of
these LSMs which is limiting the diffracting behav-
ior. Values of approximately 3 A have been reported by 0.2
Spiller (12) for tungsten-rhenium/carbon LSM struc-
tures.

01
3 5 4.0 4.5 5.0

W 0. 20 (degrees)

'dl" Fig. 8. The observed first order Bragg reflection for
a W/C-LSN (80-038, d - 30.9 A, tw - 10.3 A, N% 30)
for 5478 eV radiation is compared to theory. e h ex-

0.50 perimental data were taken at the Stanford Synchrotron
-, Radiation Laboratory.

0 1 EXPERIrEKT The diffraction behavior of sample 81-117, a W/C-
0.25- LSM, having a period of 38.5 A (Nw-50, t -12.8 A,

AZ.3.15 tc25.7 A) using 10000 eV radiation is compare to DOD?
calculations in Figure 9. The offset in the peak re-
flectivity positions is approximately 0.005*-0 and is

I I I 0due to an uncertainty with the values of 6 and 0 as
0 10 20 30 40 50 well as a possible error in the period. Note that the

D(A) secondary Fresnel maxim are not clearly defined in the
experimentf curve due to the inherent beam, divergence

Fig. 7. Observed peak reflectivity in first order is of - lxlO- radians in this experiment. The experimen-
plotted as a function of d(A) for W/C-LSM designed to tally observed peak reflectivity is 78% while DODT pre-
have constant reflectivity in first order and compared dicts 82%. Note that the W-LIlI edge lies at approxi-
to the predictions of theory in which the effect of a mately 10300 eV so that absorption effects are mini-
surface roughness (AZ - 3.15 A) is included, mized at 10000 eV. Interfacial roughness is calculated

to be approximately 1.4 A for this sample. This Indi-
In closing this section on W/C-LSNs I will present cates that very high quality LSM structures are synthe-

two recent experimental results obtained at the Stan- sizable with essentially atomically smooth interfaces
ford Synchrotron Radiation Laboratory. The importance between the constituent layers.
of these results is that they were obtained with tun- In this section it has been demonstrated that high
able, low intrinsic beam divergence radiation using an diffraction efficiency W/C-LSM's having periods above

apparatus that allowed excellent alignment. This 15 A can be synthesized and have x-ray dispersion char-
apparatus allows data to be taken at angles greater acteristics in accord with theory. Interfacial rough-
than 0.1. in 8 and scans which span the angular range ness of the order of 1.4 to 3.15 A is inferred from
from the region of total specular reflection to higher experiment demonstrating that near atomic level smooth-
angles where Bragg reflections are observed. In the ness at these interfaces can be achieved.
following only data from regions about the first order
Bragg reflections will be presented and compared to
theory.

[___
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0.6Thavy~, W/C ; d -3.49A

0. I.OO0eV

1/1. 0.5

04-
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0.7 0.6 O 1 1.1 1.2 0 2.0 4.0

2 e (degrees)
Fig. 9. The observed first order Bragg reflection for
a W/C-LSM (81-117, d = 38.5 A, t, - 12.8 A, Nv = 50) Pig. lOs. Observed diffracting behavior over the angu-
for 10000 eV radiation is compared to theory. The lar range 0 to 6 degrees in 2e for a V/C-LSM (80-177),
experimental results were taken at the Stanford Syn- d = 143.5 A, tv = 43.5 A, Nv = 21) for 5300 eV radia-
chrotron Radiation Laboratory. tion is shown.

Two important comments are made in closing this I.C
section. First, these LSK films can be formed on flex- 80-177 E=5.3kV
ible substrates such as mica and polyimide films.
Silicon substrates can also be flexed so that an 0.5
meter radii of curvature is achieved over a 7.5 cm dis-
tance. Second, these structures are quite stable and
samples synthesized in early 1976, though somehwat dis-
colored, still exhibit the x-ray diffraction behavior 14
originally observed. When such samples are heated in
inert atmospheres to temperatures of approximately 0.5
500*C for 5 to 10 hrs the tungsten layers react with
the carbon to form WC which has a density of 15 to 16
gms/cc. The decrease in the carbon layer thickness due
to the reaction is not as large as the increase in the
thickness of the W(WC) layers during the annealling so
that the period of the sample increases. There is no
apparent degradation in the diffracting efficiency of
the samples, an increase in resolution, and possibly an A A &
increase in the perfection of the structures as a 0
result of such annealling. 0 2.0 4.0

B. Vanadium-Carbon (v/c)-L|s 2 e (degrees)
Fig. lOb. Predicted (DODT) diffracting behavior over

The x-ray dispersion behavior of a specific vana- the angular range 0 to 6* in 20 of a V/C-LSI 80-177, d
dium/carbon LSH is considered in this section. This = 143.5 A, tv - 34.5 A, Nv - 21) for 5300 eV radiation
sample (80-177) consists of twenty-one-45 A thick vana- is shown.
dium layers separated by 100 A carbon layers deposited
onto (100) orientation Si single crystal substrates. SW-177 E-6.0koV
Vanadium was the top layer. This period, (d - 145 A),
and the vanadium were chosen so that an efficient dif-
fracting element for very soft x-rays could be con-
structed with absorption effects minimized.

Diffracting behavior over the photon energy range
108 to 13W0 eV is discussed. Direct comparison be-
tween experiment and DODT calculations are made for
data taken above and below the V edge [E=5300, 6000 0.5-
V], for C-K (E-277 eV) and Be-K (1-108 eV). Estimates

of the interfacial roughness are inferred from the
higher order Bragg reflections (E-5300, 6000 eV).
Also, it is shown that the positions of the Bragg re-
flections in first order allow the value of 6, the real
part of the refractive index, to be estimated. The
measured values are for the composite material and val-
ues for the component elements must be unfolded. These
composite material values are compared to those derived 0 2.0 4
from classical theory and recent results of Ping Lee
and B. Renke (32). DODT calculations exploring the ef- 28 (degrees)
fects of the nature of the top layer and the polariza- Fig. la. Observed diffracting Dehavior over the ansu-
tion of the Incident light are also presented. lar range 0 to 6* in 20 for a V/C-LS4 (80-177; d -

Diffraction scans and DODT calculations for a V/C- 143.5 A, tv - 43.5 A, Nv - 21) for 6000 eV radiation is
LBM (80-177) for radiation of energy 5300 eV and 6000 shown.
eV are shown in Figure lOa,b, and lls,b respectively.

1 __ _ __ _
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1.0 A comparison between experimental results taken by

80-177 E keV Tester and lenke and these DODT claculations are shown
in Figure 13. The predicted reflectivity is approxi-
mtely 1.5 times the observed value of 302 (above back-
ground). In addition the experimental value of
A2e 1 / 2(FW114) is approximately 1.5 times the predicted
value. It is likely that the disagreement between the
experimental value of peak reflectivity and the pre-

0.5 dicted value is the result of an underestimate of the 0
values for the component layers, as well as of the
scattering power per layer. This is supported by the
fact that the integrated reflectivities compare very
well.

ICf  
I

0 I A 1 ,80-177
2.0 4.0 E - 277eV, X 44.7A

2 e (degrees)
Fig. lib. Predicted (DODT) diffracting behavior over
the angular range 0 to 6' in 20 for V/C-LSM (80-177, d 0.6- VTOP
-143.5 A, tv -43.5 A, Nv 21) for 6000 eV radiation 1
is shown. 

] I4

The basic agreement is excellent with respect to the 0.4-
predicted critical angles, ec, and the peak reflectivi-
ties in first order. The predicted values are 93Z
(5300 eV) and 67% (6000 eV) while experiment yields 882 0.2-
(5300 eV) and 65% (6000 eV). Observed intensities for
2nd, 3rd, 4th, and 5th order Bragg reflections are all
substantially less than predicted.

This disagreement between theory and experiment at 00 5 10 15
the higher orders can be rationalized in terms of an
Interfacial roughness. In Eq. (3) a relationship be- e (degress)
tween the order of reflection of a sample and the in-
terfacial roughness parameter &Z was given. Values of Fig. 12. The predicted diffracting behavior for a V/C-
&Z calculated using this equation are listed for photon LSM (80-177, d - 143.5 4, tv - 43.5 A, N - 21) for C-K
energies of 5300 eV and 6000 eV as a function of the (h - 44.7 A) radiation !a shown for 0 4 9 4 15 degrees.
order of reflection in Table 5. The apparent inter- Two cases are compared; (1) a case for which the top
facial roughness is -7.7 A which is several vanadium layer is vanadium, and (2) d case for which the to
interatomic distances. The values of AZ are in general layer is carbon.
agreement for all orders of reflection, supporting the
analysis, indicating that this simple approach provides
a reasonable framework for understanding these results.

S0-I??. C/Tsp
T a b l e 5 . T h e i n t e r f a c i a l r o u g h n e s s p a r a m e t e r A Z a s a Q 5-- E,2T7 s V,44 .?L
function of the order of reflection for E-5300 eV, 6000 c

eV (Sample 80-177) 

C/TW p . 0 O~ ,wmee e , of

! 
M.Te 

sst 
an4 &LHM 

s

rder of Bragg Reflection 0.4-
E(eV) n- n 2 n 3 n 4 n- 5 5

5300 6.8 A 8.8 A 8.4 A 7.8 A 0.3-

6000 -- 6.0 A 7.2 A 8.7 A 8.0 A

The behavior at high photon energies is not as 0.2-
strongly affected by absorption as at low energies, the
reflectivity under the least favorable conditions at
energies Just above the vanadium K edge still being of
the order of 652. At low photon energies absorption 01
dominates and it is necessary to consider the effects 7
of the top layer composition. In addition, due to the --------- A l
long wavelengths, Bragg reflection occurs at high 0
enough angles that the polarization of the incident 6 a 10 12 14
radiation maybe Important. These effects are discussed* .yg
in the following for C-K (E-277 eV) and B e-K (E-108 eV)
radiation diffracted from this VIC-LS4. CFig. 13. Experimentally observed diffracting behavior

DODT calculations using values of 0 and 6 provided of C-K (E - 277 eV, X - 44.7 A) radiation from a V/C-
by Ping Lee and B. Henke for C-K (E-277 eV) are shown LSM (&0177) is compared Lo theoretical predictions
in Figure 12. One curve is for carbon as the top layer made using values of 8 and 0 for the vanadium and car-
and the other for vanadium as the top layer. The ef- bon developed by Ping Lee and Henke (32).
fect of the top carbon layer is important as it pro-
vides guidance as to the possible effects of containa * Measurements were also made of the diffracting be-
tion layers which will always be present in such de- havior of B-K (E -108 eV). The diffracting behavior
posited film. Such contamination layers are expected for a and 11polarized 108 eV radiation calculatsd using
to be both oxides of the vanadium as well as carbon DODT are presented in Figure 14. As the Brewster angle
containing organic film. is approached the a polarization is more strongly dif-

fracted as shown in this figure. There Is essentially
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0 - ?7 O .0 1 2 1 I
E-06W; A0 MH4.me"S of SO-i?

-0.100V

0.075

0 10 20 30

Fig. 14. Predicted diffracting behavior for a V/C-LSM 22 24 26 26 30 32
(80-177) for 106 eV (X - 114 A) for x and a polarized B (degrees)
radiation are compared. Note the Bragg reflectivity of
the a polarized radiation is significantly larger than Fig. 16. Observed peak reflectivity in first order is
the x polarized as the Bragg angle is a large fraction compared with theory for 108 eV radiation ((X - 114 A)
of the Brewster angle. from a V/C-LSM (80-177, d - 143.5 A, t v - 43.5 A, N_ -

21). Two theoretical cases are presented (1) a sample
no difference between the a and x polarizations in the with a vanadium top layer and (2) a sample with a
specular region of the curve. This is included so that carbon top layer.
the possible effects of incident light polarization are

delineated. As discussed in the theory section the value of
More importantly, the effect of the composition of the sample period, d, calculated using the observed

the top most layer is seen both in the specular reflec- Bragg peaks differ@ from the actual value of d as a re-
tion regime and at the Bragg peak as shown in Figure suit ofrefractive index effects (eqs. 10 and 11). This
15. The calculations demonstrate that the specular re- can lead to substantial error in the determination of
flection from a LSM having carbon as the top layer is the actual period unless higher order reflections are
at all angles larger than from a vanadium top layer used as the refractive index effect decreases at higher
sample. This is due to the high absorption coefficient angles. Values of d calculated from actual peak posi-
for 108 eV radiation of the vanadium which markedly de- tions in 0id(8)] for five orders of Bragg reflection
creases the reflected intensity in the specular regime. are shown in Figure 17 for photons of energ 13000,
Conversely, the vanadium top layer sample exhibits a 10000, 6000 and 5300 eV. Also shown are values calcu-
markedly higher value of peak reflectivity in the first lated from the first order position of the Bragg peaks
order Bragg peak than the carbon top layer calculation, observed for 277, 192, 151 and 108 eV radiation. These
This is more clearly shown in Figure 16 where experi- values all lie below the horizontal dotted line in the
mental data is compared to these calculations. Note figure. Apparent values for d [d(A20)J can also be
that the observed reflectivity lies at a intermediate calculated from the value of A20, the difference in an-
value between the two calculated curves and that the gular position between adjacent orders of Bragg reflec-
observed A20 2 is again approximately 1.5 times that tion are also shown and are always larger than the real
calculated. The observed peak reflectivity above back- sample period. They lie above the horizontal dotted
ground is approximately 6.5% and the value calculated
for a vanadium top layer structure is approximately I I I 80-77
10.5% again a factor of 1.5 larger. Vondium- 21 Loyers - 43.5

160- v Carbon - - IOoA
d(A2e}

1.0 
1 AM50

0-177g
E E.O~eV; X-114 2  d (A)------------F

140
0.d( O"-,, 140- dl (. 130-

130 0600004- 
A 5300

0.6 -d f

SFig. 17. Values of apparent d spacing calculated from

[ ...- .J i.. experimentally observed positions of the Bragg reflec-O0 10 20 30 tions for radiation having eneries of 108, 151, 192,

277, 5300, 6000, 10000, and ! t00 eV are plotted as alfunction of the order of reflection. Apparent d pc-

ings calculated from the differences in the angular
Fig. 15. The predicted behavior (DOD?) for diffraction positions of adjacent orders of Bragg reflections are
of unpolarized 108 eV radiation (X - 114 A) from a V/C- also plotted, these points lying midway between the
L14 (0-177, d - 143.5 A, tv- 43.5 A, Nv - 21) for 0 4 respective orders used in the analysis (the d values
0 3.5 degrees is shown. Nwo cases are compared; (1) are all larger than the correct value of d for this
a case in which the top layer is vanadium, and (2) a sample).
case in which the top layer is carbon.
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line In this figure. These two types of analysis yield the triangles values calculated on the basis of a ix-
curves asymptotic to the actual period of the sample at ture using values of Z predicted by Ping Lee and lenke
high angles or at high orders of Bragg reflection. The (32). At high energies agreement of experiment with
horizontal line in this figure represents the actual d the simple model is acceptable. The largest disagree-
spacing of this V/C-LSM which, from this analysis is ment is observed for C-K (X - 44.7 A) radiation and
143.5 * 1.0 A. remains currently unexplained. Again, acceptable

It is also possible once the value of the sample agreement between calculated and experimental values of
period is well established, to calculate a value of i, 3 is shown at low photon energies.
the composite value of the real part of the refractive The diffracting behavior of V/C-LSN 80-177 has
Index for a given LSH structure. Values of - derived been discussed and compared to calculation over the
from the positone of first order Bragg reflections ob- photon energy range 108 to 13000 eV. Agreement between
served for photon energies of 108 to 13000 eV for V/C- experiment and theory has been shown to be good for
LS4 80-177 are presented in Table 6. These are corn- high photon energies (5300 eV, 6000 eV) and less satis-
pared to predicted values calculated assuming factory at low energies. The disparity at low photon

-6- Z )2 energies is believed to result from surface contamina-
'- 1 2.72xE0 - (12) tion and from uncertainties In the values of 6 and 0

and t t used in the calculations. In addition it has been
P" [ P + 

- P] (13) shown that these LSH structures allow determination of
6 over a broad energy range using a single sample

where X is the wavelengh, z the atomic number, M the thereby maintaining the material and sample structure
atomic weight, Pv the density of vanadium, pc the den- effects constant.
sity of carbon, tv the thickness of the vanadium lay-
ers, tc the thickness of the carbon layers and d the C. Titanium-Carbon (Ti/C)-LSM

sample period. The values calculated assumming Z. -

23, Zt = 6, Pv - 5.96 gms/cc, P. - 2.0 gms/cc, d - The diffracting behavior of a titanium-carbon
143.5-A and literature values for the atomic weights (Ti/C)-LSM having a period of 56.4 A consisting of 70
for all photon energies are shown in Table 6 as 6, and titanium layers 26.0 A thick separated by carbon layers
are all larger than experiment with major disagreement 30.4 A thick is summarized in this section. The data
shown for the very low energy radiation, as Is ex- discussed were taken (39) at the Naval Resaerch Labora-
pected. tory and as part of a program at the Stanford Synchro-

tron Radiation Laboratory. Experimental values of R,
Table 6. The real part of the composite refractive the integrated reflectivity, P the peak 2eflectivity in
index, 8, calculated from the experimental positions of first order, and angular resolution 2 /A20 are sum-
the first order reflections of photons 108 eV 4 9 C marized In Table 7.
13000 eV from a V/C-LSM (d - 143.5 A, t,. -43.5 A, Nv =
21) are compared to predictions based on simple theory Table 7. Experimental (39) integrated reflectivities
61 and values calculated using the results of Ping Lee (R), peak reflectigities in first order (P), and angu-
and B. Henke for the values of 8 and 0 of carbon and lar resolution ( (A20) for a Ti/C-LSM 80-073 (d -
vanadium (928 eV ) E > 108 eV). 56.4 A) are tabulated and compared to theoretical pre-

dictions (DODT).
3 (Theory)

Ue&XA) 6da 6. 6.i Zxprmnt T
(OW) )() _,-'--- E(eV) ,(A) R(Radi ans P(Z) e/B R(Radians) P(%) O/A

13000 0.953 3.64x10"6 3.73.10 6 3.64x10- 6 
3.29x10- 6 277 44.7 1.9 x10 3  10.6 37.0 3.1x0 - 3  35.4 45

10000 1.239 6.15x10 6 6.31x10 " 6 6.15xi0- 6 
5.0040- 6  930 13.33 2 x10 - 4  

- - 6.7x10- 4  
14.5 43.0

6000 2.066 1.71x10 - 5 1.76x10- 5 
1.7,x,0 5 1.53x10 5  1040 11.91 3.3 x10 4  - - 6.5xl0- 4  18.6 44.0

5300 2.338 2.19xl0 - 5 2.23x,075 2.19x1075 2.27x1075  1490 8.34 3.6 x1O"4  - - 5.9x10- 4  35.2 47.0

928 13.33 7.13x10"4 7.21x10"4 6.83x10-
4 7.8 x104 1740 7.13 3.7 x1074  - - 6.54074  43.1 45.0

277 44.7 8.01x10-3 3.18x107 3 3.74x10-3 1.21x10- 3  2620 4.729 3.1 xl0- 4  
- - 6.7x10- 4  65.5 45.0

192 64.4 1.66x172 9.71X073 8.99.1071 7.83x13 4795 2.585 3.57x10 -4  67 45.4 5.410- 4  82.1 42.5

151 82.1 2.7 216-2 1.58x10"2 1.42x10- 2 1.29x1072  4980 2.489 6.14x1 5  16 59.3 - - -106~~48 114.0 6.14x10
-5  

164XO- 59.3~22.5lO2- -4

108 114.0 5.21210-2 2"94xi0"2 2"52x10"2 2"45x10-2  6000 2.066 2.17x10 47 41.8 2.5x10-  52.0 45.0

13000 0.953 1.50x10
- 4  60.0 34.6 - - -Comparisons of the experimental values and values

calculated using the results of Ping Lee and B. Henke 17000 0.729 1.23x10-4 60.0 31.7 -- -

(32) for vanadium and carbon for energied of 928 eV or
less are also shown. 6sum was calculated on the basis
of volume fraction: Comparison of calculated (DODr) values of R and

t t experimental values show that in nearly all cases the
'su(X) 6- 6 ()) + d- 6 c(A) (14) experimental values are greater than half that pre-

dicted. Calculated and observed angular resolution

where 6y(X) and 8 cO'Q are the values for the elements (O/AG) are also in reasonable agreement with the
at a wavelength X. 6mi Is calculated using eq. (12) largest discrepancy observed for the lowest energy
and eq. (13) assummng Afective values of Z for vana- radiation C-K (277 eV). In addition the angular
dim and carbon in accord with the calculation of Ping resolution, G/Ae, increases significantly at 4980 eV
Lee and Henke (32). In general, the values of 'sum' while both the peak reflectivity P and integrated re-

flectivity are markedly reduced. This photon energy
exp agreement lies at the titanium K edge, the decrease In reflec-

gies with surprisingly good agreement found in the low tivity resulting from the absorption edge jump and the
energy region. effect of the anomalous dispersion of the titanim on

These data are plotted in Figure 18 where Z is the scattering power per vanadium/carbon layer pair.
shown as a function of X, the radiation wavelength. This decrease in scattering power is reflected in the
The solid line represents values calculated using eq. significant increase in the angular resolution at this
(12) and eq. (13) with Zv - 23 and Z - 6 at all wave- energy.
lengths, the open circles the experimental data, and
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0 Experimental results
a Calculated using results of Ping Lee a B.L. Henke

A102 - a C

it00
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10-6 iO-5 10-4 0-3 2- KO-

Fig. 18. 6, the composite refractive index of the V/C-LSM 80-177 calculated from the angular position
of the first order Bragg reflection of radiation 0.953 A 4 X 4 114 A is plotted as a function of the
wavelength of the radiation. These data are compared to a simple theory in which the effective number
of electrons for vanadia and carbon are assumed to be 23 and 6 respectively and to predictions made
using the values of 8 and developed by Ping Lee and Henke (32).

The integrated reflectivity experimentally ob- V. APPLICATION OF LS~s AS DISPERSION ELOIENTS
served is compared to calculated values over the wave-
length range of 2 to 13.1 A in Fig. 19. R values for In this paper the primary purpose has been to pre-
RAP are also shown for comparison. The general behav- sent Information providing a picture of the current
ior Is clearly in agreement while the actual experimen- status of the development of LSN x-ray dispersion ele-
tel values are, at all wavelengths, less than the pre- ments synthesized using sputter deposition technol-
dicted values. Again, it is likely that an uncertainty ogy. The results discussed have demonstrated that the
in the correct values of 6 and 0 contribute to this application of such LSN structures as dispersion ele-
disparity. ments Is now possible. Two such applications are

briefly discussed in the following.
A series of observations have been made by Loder,

4 Nagel, and Barbee (40) at the Naval Research Laboratory
in which a W/C-LSI was used as a spectroscopic element

-- - dispersing the emitted radiation from a laser induced
S Ti-C plasm generated by irradiation of a Teflon Target us-

Ing a ruby laser as shown in Figure 20. The arrange-
sent of the W/C-LS4 and a rubidium acid pthalate (RAP)
analyzing crystal in a duel element spectrograph is
also shown in Figure 20. This arrangement allowed
direct comparisons of the dispersion characteristics of

0 Tthe two spectroscopic elements. This is shown in Fig-
9 Nk'l "M ai sb ure 21 which presents microdensitoeter traces of the
£ -wt Ao film exposed curing the same laser shot. Note the

00 4.54A integrated and peak reflectivities of the W/C-LSA are
Lsubstantially larger than those of the RAP, and the

resolution is apparently a factor of 6 smaller. DODTcalculations for X - 16.807 A have been made and are

idel I I shown In Figure 22. The calculations indicate a reso-

3 5 7 9 II 03 is lution of approximately 0.21 A is expected compared to

WAWELENGTH (A) an observed value of approximately 0.25 A. Also, the
ratio of the predicted value of integrated reflectivity

Fig. 19. Integrated reflectivities for a Ti/C-LSM (80- for k - 16.807 A to that of RP is ~14.3 ignoring the
073); d - 56.4 A, tTi - 26.0 A, NTi " 70) for radiation effects of interfacial roughness on peak reflectiv-
in the wavelength range 2.066 A X 4 13.33 A are Ity. The experimentally observed value is 11.3. If
shown as a function of radiation wavelength and com- the effects of interfacial roughness on the diffracting
pared to theory. Data and claculations for RAP are in- behavior of this LSN are included the agreement Is con-
cluded for comparison. Also, data at the TI-K edge siderably Improved. Exact agreement is found for 6Z a
were taken at SSRL and are in better agreement with 1.6 A, a value similar to that observed for other V/C-
theory, as shown in Table 7. LS~s discussed earlier in this paper.
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Loser 0 oos|RAP

/ I

/ /

Target W/C 80-043
-FIlM- 2 26- w-c

MIJLTILAYER 210 Wl

RP16. BOTA 14.9841 144581 13.7801

1s2 -ls2p 1s2 -2p 1S2 -1s3p ls'-1s4p

-- LASMA Fig. 21. Optical densitometer traces of film records of laser
Al excited plasma spectra from CF simultaneously obtained using a
WINDOW W/C-LSM and an RAP crystal as dispersion elements mounted in the

apparatus shown in Fig. 20 are shown.Fig. 20. Elevation and plan views of a

dual element spectrograph used to compare
the performance of a W/C-LSN and a RAP
crystal irradiated by a laser generated
plasma from a teflon (CF2 ) target are
schematically shown

Tungsten/carbon
80-043; W/C-LSM 76-100

0.25- E737TV. k- 16.070

Grophite

0.20-

Iw/c a 1.85

0.15 -grophite

0.10-

0.05

0
23 23.5 24 24.5

e (degrees)

Fig. 22. A calculated (DT) diffraction peak profile Fig. 23. A comparison of the diffracted Intensity of
for a W/C-LU4 having 125 tungsten layers 8 A thick the (101) quartz peak observed using Cu K. and a curved
separated by 13 A of carbon is shown for incident radi- focusing graphite crystal and a flat -'d/C-LSM (d -
ation having a wavelength of 16.807 A. 39.*2 A, Nw - 50) as dispersion elements in a diffracted

beam sonochronomter is shown. The signal to noise
These results demonstrate that U/C-LS~s provide a ratio was observed to be 1.65 times larger with the

spectroscopic element having higher energy throughput W/IC-LSM dispersion element relative to the graphite
than standard acid pthalate crystals in the X-UV range crystal.
and resolution sufficient for analysis of prominent
emission lines. diffracted beau monochromator are compared. Excitation

Another possible spectroscopic application (41) is of the source was the esm for both scans. The peak 1
use of these LS~s as dispersing elements In a standard intensity observed with the W/C-LSM was 1.85 times lar-
powder diffraction apparatus. An example of this is ger than with the graphite crystal and the signal to
shown In figure 23 where scans of the (101) peak from noise ratio 1.6 time larger. This comparison, though
polycrystalline quartz with Cu K a (h - 1.5418 A) using simple gives an indication of the utility of these LSM

a1 curved focussing graphite crystal and a flat W/C-LS4 structures even though near grating Incidence gom-
(d - 39.2 A and N~ w 50) as dispersion elements in a tries are needed.
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146 Section IV Atomic Scattering Coefficients and Calculations

Low Energy X-Ray Interactions: Photoionizatlon, Scattering, Specular and Bragg Reflection

B. L. Henke

University of Hawaii, Department of Physics and AqtronoMy, Honolulu, Hawaii 96822

ABSTRACT

For the low energy x-ray region of 100-2000 eV, the complete atomic interaction, coherent scattering and
photoelectric absorption can be described by a complex scattering amplitude which may be given through the atomic
scattering factor, f, + if2. For this low photon energy region, it is shown by the relativistic quantum disper-
sion theory that the atomic scattering factors can be uniquely determined from simple relations involving only the
atomic photoionization cross section dependence upon photon energy. We have compiled "state of the art" tables
for the photolonization cross sections for 94 elements and for the photon energy region of 30-100,000 eV. With
this compilation, we have established atomic scattering factor tables for the 100-2000 eV region. By a summing of
the complex, atomic scattering amplitudes, a low energy x-ray interaction can be determined. Even for atoms in
the molecular or solid state the scattering cross sections remain atomic-like except for photon energies very near
the thresholds. Using practical examples, the methods of calculation, with the atomic scattering factors, are
reviewed here for the following: 1) x-ray energy deposition within materials (energy response of x-ray photo-
cathodes); 2) transmission through a homogeneous medium: refraction; 3) transmission through a random collection
of uniform spheres: low angle scattering in an inhomogeneous medium; 4) specular, Fresnel reflection (total and
large angle reflection) at smooth boundary; and 5) Bragg reflection from a periodic, layered system--(reflection
by crystals and multilayers).

I. INTROOUCTION--THE ATOMIC SCATTERING FACTORS factor, P(26), of the Thomsonian term. P(20) is equal
to unity or cos 20 depending upon whether the incident

In this review, we would like to discuss, for the electric vector is perpendicular to or parallel to the
low energy x-ray region (100-2000 eV region), how the plane of scattering. As will be discussed below, the
interactions of absorption, scattering and reflection relative roles of the coherent scattering and the photo-
can be well described by using the atomic scattering electric absorption will be expressed through fi and f2,
factors as the primary parameters for the material respectively.
system. In the Appendix of these proceedings we present
tables for the atomic scattering factors as directly The relativistic quantum dispersion theory for
derived from a recent work [I] on a "state of the art" atomic scattering and the calculation of the atomic
compilation of the photolonization cross sections for scattering factors has been presented by Cromer and
94 elements for the 30-10,000 eV region, along with the Lieberman [4] and by Jensen [5] (along with their
calculated atomic scattering factors for the 100-2000eV references). In Fig. 2 are shown their results includ-
photon energy region. We present here, as applied to ing the relativistic corrections, Afr to the semiclassi-
selected examples of relevance in low energy x-ray cal, usual relations for f, and f2. Here Z is the
diagnostics, some basic procedures for predicting low atomic number, h Planck's constant, ic2 rest mass ener-
energy x-ray interactions. gy of the electron, Etot the total energy of the atom

The interaction physics for the conventional x-ray and E the photon energy. Cromer and Lieberman have
region (for photon energies above 1000 eV) has been pre- estimated Etot (a negative quantity) for all the
sented by many excellent texts including that of Compton elements and from their table we have fit the following
and Allison [2] and R. W. James [3]. What is summarized polynomial for the larger term in Afr.
here is an extension and specialization of this physics
that is useful for the long wavelength x-ray region of 5 291 x
10-100 A. -L " 2.19 x lO'6Z1 - 1.03 x 104Z2 .

For the low energy x-rays, the interaction 
can be

defined as simply coherent scattering and photoelectric
absorption. Incoherent scattering is negligible. The
complete interaction with an atom may thus be described LOW ENERGY X-RAY SCATTERING
by a complex scattered amplitude defined by an atomic
scattering factor, f1 + if 2 ,as depicted in Figs. I &2. The
scattered amplitude Is given by this factor multiplied X ATOMIC DIAMETER
by that amplitude which would be scattered if the atom E AR
were replaced by a free, Thomsonlan electron. Here, ro
is the classical electron radius, m the electron mass, 29
c the velocity of light and R the distance from the
atom to the point of measurement. Because the wave-
lengths of interest are large as compared with the ATOM
dimensions of the electron distributions within the
atom, we make the important assumption here that essen- SINGLE ELECTRON ATOMIC
.tially all electrons will scatter effectively in phase SCATTERING AMPLITUDE SCATTERING FACTOR
for all but the largest angles of scattering so that the
atomic scattering factor components, f, and f2, may be
considered angle independent. The complex amplitude of {fi,)+if
atomic scattering therefore will be dependent only upon
the anqle of scattering, 20, through the polarization Figure I

0094-243X/81/750146-10$1.50 Copyright 1981 American Institute of Physics
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THE ATOMIC SCATTERING FACTOR. f, +if ATO CATTERING FACTO, f1 +--AWMINUM

RELATIVISTIC QUANTUM DISPERSION RELATIONS, 6 --- - ,

2(E)- A(E) a(E)--ATOMIC PHOTOIONIZATION - I I I f.
(2;rohc) CROSS SECTION ____-- 1 F

AND fill 11

f(E) TrhC) E2_ -40 + A-r, ' .
f

Afr _IE_,2

WHERE Afr - ZE)2 _.

WHICH IS NEGLIGIBLE FOR THE LOW ENERGY 0_i
X-RAY REGION. 1oo 200 500 iooo 2000

Figure 2 E (V)
20 - I T I I IfI T

For the low energy x-ray region it is immedlately el
evident that this and the second relativistic term in IO -RCFREUMA a
Afr are completely negligible except near thresholds - V.A.FICHEV
where f, becomes small as compared with Z. An important X I A,PLUKRSKII

argument here, therefore, is that for the low energy II N I
x-ray region, the atomic scattering factor, f, + if2, III I N I
can be uniquely determined through these relations in f2  - -

terms of the total atomic photolonization cross section
and its dependence upon photon energy. It may be noted 1.0 -- - -
that f2 is directly proportional to the atomic photo- -
ionization cross section for a given photon energy, E. -
It will exhibit the same structures near thresholds as -

does the photoionizatton cross section, p(E). The
relation for f1 suggests that the important anomalous -

scattering contribution (through the integral term) 10 100 i0 i0,000
depends upon a knowledge of the photoionization cross E(eV)
section dependence upon photon energy from a very small Figure 3
to very large value of photon energy. The nature of
this integral, however, is that its value is sensitive
to an integration range of energies relatively close to ATOMIC C FACTOR, f+if--COPPER
E. In our calculations [1] for fl, we have found it
convenient to use a range from 30 eV to 85 keY with our 32 - -

greatest concern for knowing precisely the cross sec-
tions in the intermediate region of 100-2000 eV. I I .

In Figs. 3, 4 and 5 we present examples of plots I f
of the calculated scattering factor components, f, and 24 -

f2 , for aluminum, copper and xenon. In the f 2 plots for 4
the photon energy region below about 300 eV we have ____N__

indicated values corresponding to representative, avail- i 16 - -

able experimental data including that which we have f ____

adoped for this fitting. [6-10] It is important to note
that throughout the low energy x-ray region, the f,
values are appreciably different from the classical 8
Thomsonian value of Z (as a result of electronic binding
and consequent anomalous scattering).

It is proposed here that with sufficient accuracy J(
we may assume that the low energy x-ray photoionization 0
cross sections and, correspondingly, the atomic scatter- 1250'0

ing factors are atomic-like even in the chemical and
solid states. This effect is illustrated in Fig. 6 30 -

where shown is a comparison of the photolonization cross _

sections as measured in the vapor and in the solid state
for the elements sodium, iron and barium. [11-13] Near
thresholds there are characteristically large depar-
tures from the atomic-like character when the atoms are
in the molecular and solid state. At the absorption I I I
edge may be sharp excitonic structures [14] and nearby _

may be the extended absorption fine structure (exafs) f2  -

[15]. Nevertheless, as has been discussed by many
authors, [16-18] above about 50 eV and away from
thresholds, the photolonization cross sections are 1.0 FOR E 800 eV- H. J. HAGEMANNel al
relatively independent of the state of the atomic sys- - R..F REILMAN a
ten. In our integrations for f, we have used values .-- - MANSON

for p(E) that have been averaged through such struc- - -
tures near the thresholds. 0.3

Thus for the low energy x-ray region of interest 000 E(eV)-- 1O00. IO000
here (100-2000 eV) we define and have tabulated the Figure 4
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ATOMIC SCATTERING FACTOR. f1 + if2-- XENON rA ' -? ,
2w n 22  , (4)

56 where theaverage atomic scattering factor per unit
I Hvolume, nf, is given by

hie - I nqfiq (5)42 q q

I I 2 - I • (6)
q

28 1 1 M •Here nq is the number of atoms per unit volume of type-

Usually the E & M boundary value solutions can be
- - - more formal, rigorous and, however, more tedious and

14 - - less intuitive. Often a description by summing overiatomic scattered amplitudes, which is phenomenological,
-- is also more flexible and amenable to practical approx-

01mtion.
100 200 500 1000 2000 In transmission, scattering, specular and Bragg

E(eV) reflection description, a first step in summing the
atomic scattered amplitudes over a given irradiated

70 system of atoms is illustrated in Fig. 7. Here the
amplitude that is transmitted and specularly reflected
by an elementary atomic plane is described. The absorp-
tive factor, o, in the transmitted direction, and the
reflective factor, s, for the cohe~ent constant phase
scattering geometry as allowed only in the specular

10 "direction, 2e, may be related to the atomic scattering
factor, f, + if2, by simply integrating over equiphase

f2 Fresnel zones throughout the plane [3].
F -A M : X1 If, as in many practical systems, the atomic layers

I M -! !-'!! ...... . are within periodic systems of layers as in planar
-FOR E-456V-J.8,WEST & crystals or in multilayers, with a periodicity length

G.V. MARR normal to the surface equal to d, a and s may be simply
.A. ASON generalized for this layer system of thickness, d, in

1.0 - . terms of the average scattering factor per unit volume,
0.710 100 1000 nf, defined in Eq. (5), and a structure factor per unit

EeV)- volume, fFj + ifF2.
Figure 5 Upon summing over the scattered amplitudes within

this layer system a composite scattering factor per unit

atomic scattering factors (a) as uniquely defined by volume for scattering in a direction 26 is defined as
the best available photoionization cross section data;
(b) as being essentially independent of scattering PHOTOIONIZATION CROSS SECTIONS
angle; and (c) as being effectively independent of the ATOMIC VS SOLID STATE
state of the atomic system--except for photon energies - V S -

near thresholds. VAPOR
11. LOW ENERGY X-RAY INTERACTION DESCRIPTION METAL ......

20

Generally one may treat such problems as the trans- 10 ........
mission of radiation, particle scattering, specular and t
Bragg reflection with a macroscopic description as an
electromagnetic wave boundary value problem using tr(Mb)
material constants such as the dielectric constant, K, .0.
and the refractive index, nr, or equivalently, by an No
atomic approach by summing the atomic scattered ampli-
tudes from the irradiated atomic system and using the o21
atomic scattering factors. By comparing the solutions so
of such interaction problems by these approaches, the
following relationships between the complex dielectric
constant, K, the refractive index, nr, and the atomic 10
scattering factors for the x-ray region are directly I a

established. (r(Mb)
For the low energy x-ray region, we define the

complex dielectric constant, K, as 1.0 Fe

K-* 1 - - Fr (1) o.
10o

and the complex refractive index, nr, by

nr =1- -6 , (2) ,1
cr(Mb) 10

where characteristically these unit decrements, a, y, 5
and 0, are small as compared with unity. We then find
that the following relationships between the atomic and So
the macroscopic parameters obtain: I

0 n 2 (3)EFi -
2w "i 2Figure 6
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AMPLITUDES REFLECTED AND TRANSMITTED equivalents through relations (3) and (4).
This inclusion of the effects of multiple reflec-

tion and absorption is called a dy amical prach. In
certain problems a simple and usefu, approximton for

INCIDEN REFLECTE the summing for the total reflected wave system from a
TO Ss system of planes can be obtained by neglecting the8 S= T effect of the multiple reflection and the absorption

reduction of the incident wave. For example, this can
7 1 1l IlTT be appropriate for scattering by small crystals or

particle systems for which relatively few planes are
involved. This simplification in the summing of the

TRANSMITTED reflected waves is called a kinematical a proach.
T=a(I -iT)T 0  In the sections that follow, we would like to

summarize the results of such calculations for some
examples of practical interest.

FOR M ATOMS/UNIT AREA OF ATOMIC SCATTERING FACTOR, fl + f2 A. NORMAL INCIDENCE TRANSMISSION OF LOW ENERGY X-RAYS

o--Mro;d'Li- AND s=-Mrokds- ' -2 P28) Using the Darwin-Prins-Smirnov(DPS) approach, we
have calculated the total transmitted and reflected

FOR M UNIT CELLS/UNIT AREA OF STRUCTURE FACTOR, F, + iF2 . amplitude for a normally incident, unpolarized plane
AND OF ARETwave of x-rays for uniform, amorphous solid. Taking theAND OF AVERAGE ATOMIC SCATTERING FACTOR, "r'+ i 2 square of the modulT-ofTthese mpiftudes, we find that

the reflected intensity is negligibly small, as expected,
fo+If 2  F+iF2  and that the transmitted intensity is reduced exponen-o---Mrod-sn AND S--Mr0 sd n P(28) tially with distance z from the surface as exp(-2r9Xnf2 ),

where nf2 is the average scattering factor component,
Figure 7 f2 , per unit volume as given by Eq. (5). From an E & M,

boundary value solution for the Poynting vector describ-

the unit cell structure factor per unit volume as ing this transmitted energy flow, we find [17] that it

follows: is reduced with z by the factor exp(-41e/ )z). Comparing
follows:z these exponential factors with that defined in terms of

I - A()Zp the linear absorption coefficient, 1J., we obtain the
OF 9 x- X(fip + if2p)e (7) relations

where the volume of the unit cell is Ad and within the = = 2r'n-f (10)
unit cell at a position Zp from a reference plane there
are xp atoms of type-p. which is consistent with relation (4). This result may

As is often possible, if zp may be measured from a also be written as
central symmetry plane, the OF, and OF, components may Elia(E)
then be written simply as f=r= r hc

1 xpfipcos(4,---- Zp) (8) where Va is an atomic (or molecular) photoionizationpF 
= Ad p cross section equal to pt/n. This result also follows

from the quantum theory of dispersion as noted in Fig. 2.

1 4rsin B. THE QUANTUM YIELD FOR
OF2 

= - E Xpf2pcos( Zp) (9) LOW ENERGY X-RAY PHOTOCATHODES

The next step in an interaction description is to In a recent work [23] we have shown experimentally
sum the wave amplitudes from a given system of planes of and by a simple phenomenological model that the number
atoms (or of unit cells) and for a given angle of scat- of electrons that are photoemitted per normally incident
tering, 26. As the initial wave, as depicted in Fig. 7, photon, the quantum yield, Y, is dependent upon photon
proceeds to the next layer it will be partially reflect- energy through the factor, pEiv(E) or EVI(E). E is the
ed again to contribute to the total reflected wave photon energy, p, the mass density of the photocathode,
system and this partially reflected wave will also u and u are the mass and linear photoionization cross
partially reflect back as a component to be added to the sections, respectively. We may thus write for the
initial transmitted wave system, etc. In this way the photocathode efficiency
total transmitted and reflected wave systems may con-
tain the contributions of many such multiply reflected Y - nf (12)
components. The works of DarFin and Prins were perhaps
the first that present a relatively simple solution for by applying Eq. (11) where J 2 is the average scattering
the total reflected and transmitted wave systems. [2,3, factor, f2 , per unit volume for the photocathode and
19,20) Their approach was to write the self-consistent, given in Eq. (5). Thus the f2 parameters which have
difference equations for the transmitted amplitude, TN, tabulated here and in Ref. 1 can be used directly to
and total reflected amplitude, SN, for successive layers estimate the photon energy dependence of x-ray photo-
(indexed by N) taking into account the phase shift, cathodes.
kdslne, of the waves between layers. We refer the
interested reader to the relatively simple and straight- C. SMALL ANGLE SCATTERING OF LOW ENERGY X-RAYS
forward solution of these difference equations for the
reflected wave as a function only of d, 6, a and s. As has been noted in Sec. II-A,a measurement of the
Recently Smirnov(21] has written the difference equa- attenuation of the transmitted intensity through a
tions as differential equations for a continuous set of uniform, homogeneous material can be used to determine
close-spaced planes in order to treat, in particular, the photoionization cross section, V, and the atomic
the reflection of x-rays from an amorphous medium inter- scattering factor component, f2 . If the sample material
face. Smirnov's solution for a perfectly smooth inter- consists of small particles or voids of dimensions large
face immediately reduces to the familiar Fresnel equa- compared with the wavelength of the incident radiation,
tions as written for x-ray reflection by simply replac- the direct beam will be reduced further by the resulting
Ing the f, and f2 parameters by their optical constant coherent scattering. In order to estimate this effect
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and/or to evaluate material scattering generally, a LOW ENERGY X-RAY PARTICLE SCATTERING
description of the scattering by spherical particles or
voids is presented here as a relevant example.

This problem has been discussed in some detail in Za previous work by the author [24). By neglecting

absorption within the sphere (each differential plane
receiving essentially the same incident intensity) and -

neglecting multiple interference, we may calculate,
relatively easily, the scattered intensity distribution
by a kinematical approach. Integrating the differential
amplitudes which are proportional to the circular
section area of i(R - z1) (see Fig. 8) and with phase
angle relative to that for the central plane, 47rz sine/A,
(with 26 the angle of scattering) we obtain the total
amplitude of the scattered wave (24]. Taking the
modulus squared, we then obtain the intensity distribu-
tion at a distance, r, from a spherical particle. LOW ANGLE SCATTERING CROSS SECTION/PARTICLE

SP=0 ,2 )(2 t f2)
I = lo(--rr )((nf 1)

2 + (nf2))(1 +cos2 20)( J3/2M). (13) 0 1  2
0r( = ATOMS/UNIT VOLUME)

Here again nf1 and nJ2 are the averaged scattering Figure 8
factrscomgonents per unit volume, from Eq. (5);

u = An , and J3/2 (u) Is the Bessel function of Fresnel equations (E & M boundary value solution),
order 3/2. For small angle scattering, i.e., for Smirnovet al. [28] then extended these calculations to
A<R, the central maximum is well approximated by a predict the effect of surface roughness upon x-ray
Gaussian distribution mirror reflection and thus explain the often observed

u2 2 -
2  departures of some experimental curves from the Fresnel

2 I- - ((n~f )l + (nf,.))(l + cos220)Ioe - (14) curves.
9 r For the low energy x-ray region, it is important

not to assume that the specular reflection occurs only
of angular width, t6 = V5-782 (X/R). for the small glancing angles as is usually assumed. [2,

The E & M boundary value solution was rigorously 3,21,28] In order to obtain a precise large angle
obtained in series form using Legendre polynomials by solution for the reflection of low energy x-rays, the
Mie [25]. This solution was expressed in closed form author [22] has specialized the rigorous and general
by Hart and Montroll [26] and by van de Hulst [27] for solutions of Mahan [29] for the reflection of a plane
"soft" spheres for which absorption was not completely electromagnetic wave from a semi-infinite homogeneous,
neglected. We have taken this dynamical model result absorbing medium. We have shown in that solution that
which may be appropriate for the lower energy x-ray for the x-ray region, the reflection equation can be
region and have shown that it reduces to Eq. (13) in expressed completely in terms of a complex dielectric
the low absorption limit by again replacing the optical constant given by
constants, 6 and a, by the equivalent functions in f1
and f2 given in Eqs. (3) and (4). [24] By integrating K =l - (1 - c) - 2_oo=l -I - iy (16)
over a sphere to obtain the total scattering through all V

angles we have obtained expressions for the total cross (using here onlyMahan's notation). e is the dielectric
sections. The total cross bection per particle, Spt constant, a the conductivity constant and v the radia-
and the total cross section per gram, sm, as derived tion frequency.
from Eq. (13), become This dielectric constant may be derived from the

dipole moment per unit volume within the medium through
S p = r 0 R (n?,)2 + (02 the usual relation

=3 RrN3 2 ((nf,) + (nf2 )2 ) (15) K I +

(p, is the mass density of the particle.) where E is the electric incident field. And this dipole
If the scattering ssdium consists of spherical moment per unit volume, M, can be expressed as a sum of

particles of an average atomic scattering factor per the atomic dipole moments which are proportional to the

unit volume, n' (7' + ? 2') imbedded in a material of atomic scattering factors. We can thus derive

that equal to n(f1 + if), it can be shown that the r
kinematical result, Eq. (13), will obtain if we simply a = (17nf)
replace nf, and nf2 by the difference parameters, = (17)
(nf - n'ft ) and (nf2 - n'f2'). For voids, Y = - f nf2
fl' = f2'= 0.

If the transmission sample is sufficiently thick which relations also follow from Eqs. (1) through (4)
so that multiple scattering is significant, the angular (deduced by comparing the E & M and atomic scattering
distribution of the intensity is broadened over that solutions).
predicted by Eq. (13). This effect is discussed in We may now write Mahan's reflection intensity as
Ref. [24]. specialized for large angle, low energy x-ray reflection

as a function of a convenient parameter, p, defined byD. SPECULAR REFLECTION BY X-RAY MIRRORS_________

As noted above, Smirnov [21) has expressed the - %( 0 a + /(sinze - a)z + y (18)

Darwin-Prins difference equations as differential Here B is the grazing incidence angle and a and y
equations descriptive of the reflection and transmission are given by f, and f through Eq. (17). (For small e,
for a continuous set of planes with spacing between the a and y, the parameter, p, becomes equal to the internal
atomic reflecting planes that is small as compared with angle that the refracted beam makes with the reflecting
the waVlength. (He describes this case as the zero- surface.)
order Bragg reflection.) After deriving the expression We define I and I as the ratios of the reflected
for total reflection from a perfectly smooth interface intensity to the incident intensity for the polarized
that reduced immediately to that predicted through the components with the E-vector perpendicular to and
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BERYLLIUM MIRR REFLECTIVITY NICKE MIRROR REFLECTIVITY

Fge( 9 Figure 10

Figur g0

parallel to the plane of reflection respectively. We be only slightly less than unity and thus we may define
may then write x here by

1o(e) = 4p2 (sine . , + ,((2 =(l"
4 ~,(4

4p2(slnO • p)2 + (9x=(-me (4

4and for the polarization ratio where m is the order of diffraction and

(25

I (e) = 4p2(a . cosecote)2 + x2n= T (o + ) (5
1(e) 4p200 + cosscote) 2 + 00 2 (20) and

2= d(sne - sine,) (26)

and finally for the total reflected intensity for anthag relat ma d ine

eEq. (25) we choose the plus or minus sign so that the
() = Io(l + I/ o). (21) real part of n will have the (physically significant)

positive value. It also follows as suggested in Fig.ll
S We have shown from Mahan's exact solution that the that the total wave amplitude at the Nth layer that isabsorption factor itn the Poyntng vector that describes proceeding upward in the Brag reflected direction

the energy flow of low energy x-rays into the meiu is (including all multiple interference contributions) may
equal to exp(-2w-yz/Ap) where z is the penetration depth be written as
as measured normally to the reflecting surface. iWe may SN - 0S(27
therefore define a l/e depth involved in x-ray reflec- S
tion by the relation The solution of the self-consistent difference

d fequations for the ratios of the total reflected to

uplrzdic dent e ( 6 inciden e lde the ggrelation surface n . Inth

Nth layer are given byn Ref. [ we have applied this description of the S -s SN
reflection of low energy x-rays from perfectly smooth n w + (l si n (28)
interfaces to establish detaied tables in photon energy a
and reflection angle for the mirrors beryllium, carbon,
aluminum oxide, aluminum, fused quartz, nickel, copper Finally, by taking the modulus squared of the
and gold. As examl es of such calculations we present amplitude ratio as a function of the angle, , here in
here In Figs. 9 and 10 the reflectivity curves for terms of the atomic scattering factors,
beryllium and for nickel. in a comtoanion paper of these -s

curves~eqaton for thos chaaceriti lof waelngh fora reflcte to-29

proceedings, we also present the reflecttvrty-vs-e ) sf an (tt )

which we could also include reported experimental points
for comparison. We would like now to apply this tansin-Prins

approach (difference equation solution for small values
D. BraGG REFLECTION FRO MULTILAYERS AND CRYSTALS of a and s) as outlined above in order to estimate the

effect of limiting the crystal or multilayer to a finite
Using the eenentar i nteraction as described n number of ayers, N. We suggest that the total

Fig. 7 for a plane wave reflecting and transmitting at a amplitude of reflection for this finite system should be
single layer of unit cell structures, Co fton and
Alison have followed a DarwIn-Prins approach to proceed N-EEND E- S MODL
to write equations forethe theotal transmitted and
reflected waves that obtain for any arbitrary,h f + r

successive set of planes within a crystal of an infinite TRANSMISSION/cRvSTL PLANE OF
number of planes and of spacolg elul to d. These a upl this R cTo D i n
difference equations were then solved with the following mallSvalue
important results. ofimtigherstl or f f init

edefine the Inciden t amplitudeof the plane wave o

as T and the total reflected wave ampltude leving the i-nish

sielayer fui thel otrutrns. ofmllpossible

suface as 0 It i s shown that the total transmitted andwave proceeding into the crystal that reaches the Nth rRTSMToN IS 'S No O
number ofpat nIfsaigeult d hs UdILRFETD6A

Wae defluin the icidntitun of the plsabe wav I,

multiple reflections) may be given simply by - x
TN - TOxN, (23)

where the attenuation factor per layer, x, is assumed to Figure 11
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that reflected for the infinite-layer system minus that EFFECTS OF INTERFACE DIFFUSION
total wave amplitude reflected from the multilayer
system from N+l to -. Because SWTo and SN/TN both UPON THE STRUCTURE FACTOR/UNIT VOLUME -- F, + iOF2
describe the amplitude ratios from a surface above an AND THE ATOMIC SCATTERING FACTOR/UNIT VOLUME. nf +inf
infinite number of layers, these must be equal. And A 2
Xbcause SN must also be attenuated by the same factor,

for its value at the surface, we then obtain (as - SHARPLY DEFINED INTERFACE-
presented in Fig. 11) the amplitude ratio for the first
N layers as follows: nfI nf 2

T n'f'f,-

-d/2 O d/2 -d/2 0 d/2
Finally we may write for a modified Darwin-Prins
expression for a finite number of layers, N- n f 2  -

1 N(e) = II(l - e 2NI))12 . (31) OF, fF2" 7

Because, for practical crystal systems, the inten- OF, = -
F2  0 0 FOR EVEN ORDERS ONLY

sities are significantly large only at angle, 0, near -SINUSOIDALLY DIFFUSED INTERFACE-
the diffraction peak, we may, with good approximation,
rewrite the expressions for the structure factor per
unit volume to be used in calculating these reflection:I f
intensities and as given in Eqs. (8) and (9) with 0 set
equal to the Bragg angle, 80 defined by m, = 2d sin0o.
These becomeS1 2W= ,z n'f ' n f2

OF, Z xpf1pCOS (32) -d/2 0 d/2 -d/2 0 d/2

Ad P

and OfF. - 4 F2  0-nf2 -
2Tz 4 4

1 2mnZp3)
*F2 = xpfzpCOS d IF, - F2- O FOR ALL HIGH ORDERS

For the sputtered/evaporated multilayer systems Figure 13
consisting of successive double layers of thickness, d,
with a "heavy" layer of thickness rd and scattering
factor per unit volume, n(fl + if2 ) and a "light" layer
of thickness 1 - rd and of scattering factor per unit 1
volume n'(ft' + if2') we obtain from an integral equiv- OF2 = - (nf2 - n'f2') sinrmff (35)
alent of Eqs. (32) and (33) for such a system of fs(

continuous layers the following for the structure factor Lee [30] has recently reported an E & N boundary value
per unit volume, solution for the periodic multilayer systerm as defined

I above using a characteristic matrix approach (CMA-Lee).
F (nf, - n'fi') sinrm (34) He has shown that this rigorous solution for the inten-sity distribution at a diffraction peak will reduce to

and the Darwin-Prins expression for N,,. and that another
relatively simple modified form of the Darwin-Prins
equation can be written with a correction term that
introduces a dependence upon a finite number of layers,

COMPARISON OF MULTILAYER MODEL CALCULATIONS N. These results have also been discussed in Ref. [1].
It is of interest to compare reflectivity curves

CHARACTERISTIC MATRIX APPROACH (EaM BOUNDARY VALUE)--LEE (1981) for multilayer systems as predicted by the modified
Darwin-Prins expression given in Eq. (31) (DP-Henke)

MODIFIED DARWIN-PRINS--LEE (1981) with the rigorous result (CHA-Lee) and its reduced
MODIFIED DARWIN-PRINS--HENKE (1981) version (DP-Lee). These comparisons are presented in

Fig. 12. These were calculated for the reflection of
-Iae (23.6 A/525 eV) radiation from a tungsten/carbon
multilayer of 2d = 40 A, r - 0.3 and for N equal to 30
and 100. It is interesting to note that the three
widtsi and the modified Darwin-Prins expressions give
wdctos yilesntal the mdfeDawnPisaedifration ie

DP--LEE somewhat higher peak values and consequently slightly

DP--HENKE higher integrated reflectivities.cMA-LEEtheAs noted earlier, Smtrnovet al. [28) have found
CMA--LEE the Darwin-Prins approach to be very effective in an

analysis for the effects of surface roughness in x-ray
reflection. They have shown that the same effects can
be produced by a suitably chosen graded density inter-
face as by a given surface roughness structure. It is

y 3' 37" 38' W 39 37. 8 suggested here that the sputtered/evaporated multilayer
systems such as tungsten/carbon may exhibit changes in

N.30 N.mOO their reflectivity characteristics which can be
TUNGSTEN/CARBON r • o.3 explained either by interface roughness or equivalently

MULTILAYER 2d . 40 A by a graded tungsten carbide interface. For examle.

FOR O-Ka (23.6 A) RADIATION some of the tungsten/carbon sultilayer systems which
we have characterized spectroscopically have yielded

Figure 12 essentially no high-order reflections for what wre
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COMPARIS E CALCULATED EXPERIMENTAL EF these intensities over the mosaic collection (assmlng
INTEGRATED REFLECTIVITy f. AN ENERGY RESOLUTION. Al. their amplitudes are in random phase) and finally

integrating over angles the Integrated reflectivity forTUNGSTEN/CARBON MULTILAYER, 2d.44.2 A. N-62. r.0.5 a mosaic crystal, Rm, is obtained [2,3J which my be
CALCULATED-- (I) SHARPLY DEFINED AND written as

(2) DIFFUSED INTERFACES

EXPERIMENTAL 0 HENKE. eol. (1980) r= r [(#l)2 [1 - exp(- -)]
2. 20 16wo sine,,)

I1 cos22 (36)

in2e
0

1- .where, for a finite mosaic crystal, v. p and t are the
mass photoionization cross section, the average density
and the thickness, respectively.

In Ref. [1] we have presented detailed tables and
o plots characterizing five examples each of the three

, E,: -important, practical analyzer systems that are effectiv
Figure 14 in low energy x-ray spectroscopy, viz., the sputtered/-

evaporated multilayers, the molecular multilayers
fabricated as r = 0.5 multilayers. As may be noted (Langmuit-Blodgett type) and the acid phthalate
from Eqs. (34) and (35), such multilayers should have crystals. Presented here in Figs. 16, 17 and 18 are
zero intensity even-order reflections only if the inter- examples of such calculations using the methods and the
faces are sharply defined. However, if we assume that atomic scattering factors as described here. The
the scattering factor per unit volume with the double calculated characteristics for the tungsten/carbon
layer varies sinusoidally, we calculate by integration multilayer, the lead myrlstate molecular multilayer and
a structure factor per unit volume that is of zero the thallium acid phthalate crystal plotted here are
value for all high order reflections. In Fig. 13 these the integrated reflectivities, Rm, in milliradians
structure factors per unit volume for the sharply (mosaic) and Rp (by integrating under the modified
defined multilayer and for the corresponding diffused Darwin-Prins rocking curve), the percent reflectivity,
multilayer are presented. In Fig. 14 we show the P(), at the diffraction peak, the full-width-at-half-
calculated integrated reflectivities (R) and thediffrac- maximum of the rocking curve in eV, and the resolving
tion line widths (AE) using the modified Darwin-Prins power E/AE.
expression with F values for the two types of Finally it is of considerable current interest in
interface and compare these with our experimental data x-ray optics development to determine the characteris-
for the same multilayer system. tics of Bragg reflection from multilayers and crystals

Many practical crystal and multilayer systems may at near normal incidence (for example, for possible
also have a mosaic structure (illustrated schematically applications in x-ray interferometers, for end "mirrors"
in Fig. 15) consisting of small crystal segments which, in x-ray laser cavities, or for reflective coatings for
however, are usually large as compared with the wave- normal incidence mirror optics for x-ray telescopes ind
lengths involved, and the normals to each crystal segment microscopes). At near-normal incidence, the width of
face have a random, small angle distribution about an the diffraction pattern for a given wavelength becomes
average normal to the macroscopic total cry-.tal surface. appreciably broadened and it is important not to
The width of the associated rocking curve, 11A), from approximate E as given exact in Eq. (26) in terms of the
such a mosaic crystal is thereby increaset 'y this difference angle, e - O, as is usually done in x-ray
angular distribution width which is usuall.,' not predict- Bragg reflection descriptions. [2,3] If the diffraction
able. Nevertheless, the total area under the rocking width is appreciably broadened, it may be important not
curve, i.e., the integrated reflectivity, is not to use the approximate expressions (32) and (33) for the
dependent upon the degree of mosaic alignment and can be structure factor components but rather the exact
simply calculated using a kinematical model. This is expressions (8) and (9). It may not be sufficiently
because one may usually assume that the crystal segment accurate to discard terms of higher order than C2 in
thickness is such that each atomic plane receives either the characteristic matrix approach [30] or in
essentially the same incident intensity (negligible the Darwin-Prins approach.
absorption within the crystallite). Summing over the As an example of a normal incidence calculation,
differential amplitudes for the small crystal to obtain we have calculated the rocking curve at about e = 90°
the amplitude of reflection and then squaring to obtain for a multilayer of tungsten/carbon of F = 0.4. The 2d
the intensity of reflection per crystal segment, adding values were obtained for each of five wavelengths in

the low energy x-ray region by maximizing the respec-
tive intensities for 90* incidence. We have used the
CMA model relation of Lee [30] for these calculations
and have plotted the diffraction curve for O-Ka
(23.6 A/525 eV) and have compared the wavelengths with
the optimized 2d-values in Fig. 19.

III. CONCLUSIONS--SOME COMPARISONS WITH EXPERIMENT

The predictions of the characteristics of Bragg
reflection from multilayers and crystals are usually
very sensitive to the appropriateness of the models
that are adopted and to the atomic scattering factor
data that is used. The experimental characterization
of these systems can thus be an important test of the
methods and of the atomic scattering factor data that
have been presented here.

At this time, it is not possible to define
accurately the detailed structure of the "synthetic
crystals" such as the sputtered/evaporated and the

Figure 15 molecular multilayers as we might crystallographically
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Figure 16

for the acid phthalate crystals, for example. Never-
theless, within the limits of experimental uncertainty,
we feel that the agreement of the present experimental
data with the calculations that have been described

LEAD MYRISTATE N 100 2d =80 A here has been generally very good.
In Fig. 14 we have presented a comparison of the

measured values for the integrated reflection
from a tungsten/carbon multilayer system. Here we have
addressed the question as to the effect of a possible
interface roughness or, equivalently, a graded tungsten
carbide diffused interface upon the integrated
reflectivity (for which the experimental values in-
variably fall somewhat below predicted values for the
sputtered/evaporated systems). In Figs. 20 and 21 we

o, present the integrated reflectivities vs photon energy
0 for the molecular multilayer, lead nmyristate, and for

[I the potassium acid phthalate crystal as calculated by
the mosaic model and by the modified Darwin-Prins model.
We compare these theoretical curves with our experiment-
al values.

l 1It is very important to note here, in Fig. 21, that
the measured integrated reflectivity curve near the oxy-
gen-K absorption edge (Blake et al. [31]) reveals a very

_ -1001 I100 - * Wll sharp "spike" in the reflection at about 532 eV. This
E~W - - E1W1 is a rather dramatic example of threshold structure

that cannot be predicted with the calculated scattering
Figure 17 factor data as has been discussed in Sec. 1. Such

effects may need to be explained on the basis of a
detailed consideration of the electronic states of the
crystal including excitonic. Presented elsewhere in
these proceedings by R. L. Blake will be a complete

THALLIUM ACID PHTHALATE 2d 25.90 A description of the excellent measurements of this
threshold resonance reflection effect.
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Theory of Sub-keY Photoionizatlon Cross Sections
Steven T. Manson

Department of Physics and Astronomy, Georgia State University
Atlanta, Georgia 30303

ABSTRACT
An overview of the calculation of photoionization cross sections for hv < 1 keY is presented with particular

emphasis on providing a guide for evaluating the accuracy of theoretical work. An attempt is made to focus upon
the various approximations made in each level of calculation and point out in which ranges they should be good.
Central-field, Hartree-Fock, and more sophisticated methods are reviewed, particularly as they apply to free atoms
and ions. In addition, the striking similarity of such calculated cross sections to core level photoemission in
solids is pointed out.

I. INTRODUCTION state i by an unpolarized photon beam of energy hv leav-
ing the system in a final state f consisting of a pho-

The photoelectric effect, which is the overwhelm- toelectron of energy c plus ions in state j is given by9
ingly predominant mechanism of absorption of hv 1 lkeV
electromagnetic radiation by matter, was one of the atj(E) = (4V,aJ/3gt)(e + Iij)lMifj2  (3)
earliest harbingers of the breakdown of classical phys-
ics. Its discovery, well back in the nineteenth cen- where a is the fine structure constant (1/137), a, is
tury, was followed by the explanation of the phenomenon the Bohr radius (5.29 x 10-gm). g1 is the statistical
in 1905 by Einstein.1 By the end of the 1920's, with weight of the initial discrete state, and the ioniza-
the Schrdinger and Dirac equations on firm ground, the tion energy Iij and the photoelectron energy c are ex-
basic theory of photolonization was worked out. An ex- pressed in Rydbergs (13.6 eV). The matrix element, ex-
cellent review which includes this theory was written
in 1933 by Bethe2; a slightly later one on photoioniza- pressed in Rydberg atomic units, is given by10

tion exclusively was written in 1936 by Hall. 3  IMifI2 = 4 1I<1 "exp(it ')Ii> 2 (4)
Once the theory was set down, the problem of cal- (Iij + E) if 1

culating photoionization cross sections became one of
obtaining wave functions for the initial discrete and with the summation over i,f being the sum over the de-
final continuum states of the system. FoWthe hydro- generate initial and final states respectively, 11 is
gen atom this can be done exactly, but for many elec- the position coordinate of the pth electron, t is the
tron systems, it cannot. The thrust of this paper, v
then, is to go through various of the methodologies propagation vector of the photon (it V I 2nv/c), and the
employed for obtaining photoionizatlon cross sections wave functions are normalized such that for the initial
theoretically with particular emphasis on the physical discrete state Ii>
approximations made at each level of calculation as
well as an estimate of the accuracy of each level along <i> = (5)
with the energy range in which is expected to be use-
ful. This is done in an effort to give experimental- and for the final continuum state If>( = Ij,>)
ists and "consumers" of such calculations the tools to
assess the accuracy of published results since theor- <j,Clj''> = 6a ( - s'). (6)
etical papers rarely, if ever, include error bars. ji,

The literature in this field is considerable and it Up to this point the theory is essentially exact.
would be a tremendous task to attempt to give refer- By "essentially" is meant that Eq. (3) is really a first-
ences to all of the relevent papers. Thus indicative 1
examples, rather than complete coverages, are aimed at. order perturbation theory. 1 It is to be noted, however,
In addition, references are made to other reviews, that the second-order perturbation result is a factor of-
where possible, in an attempt to give access to as much a (1/137) smaller than the first-order. Thus, it is an
of the extant literature as possible, excellent approximation to neglect it and all higher

In this paper we shall restrict out attention to order contributions.
the calculation of total and subshell cross sections In addition, for incident photon energies below
for free atoms and ions. Some comments shall be made several keV, the exp(it • . ) term in the matrix ele-
about the applicability of such results to solids, how- ment Eq. (4) can be approximated. This is done by not-ever. Eq.olcto (4)a canrbtin shae aprxmtdbes sdn yntever. Photoelectron angular distributions shall be ing that the major concentration of wave funition ampli-
omitted entirely; for reviews on that subject, see tude is around a distance from the nucleus, r , of the
Ref. 4-8L Torder of the Bohr r1dius, Thus, for photon energies

II. GENERAL THEORY OF PHOTOIONIZATION CROSS SECTIONS below several keV, * • r is small enough so that

In the photoionization process, a photon of energy exp(it • r) can be approximated very well by unity.
hv collides with a target in state i and gets absorbed, Actuall), the approximation for cross sections is much
its energy going to an electron which is ejected leav- better than is implied by the discussion. This is b-
ing the residual ion in state J, i.e., cause expanding the exponential out gives 1 + it, .

hv + A(i) - A(J)+ + e-. (1) and taking the absolute square yields I + (tv U)2 so

+ we really need have only (f . )2 very small compared
Usually i and j refer to the ground states of A and A

+  V r 1)
respectively, but they may, in principle, be excited to unity for the approximation to be valid. This approx-
states as well. The fundamental relationship for the imation simplifies the matrix element considerably and

is known as the "dipole approximation" or "neglect ofenergetics is a photolonization process as given byg  retardation." The matrix element Mij can then be

c - hv - Ij (2) written
10 1

where e is the kinetic energy of the photoelectron and Mtf + z < i> = l 1r
llj is the ionization energy. ij

The photolonization cross section for a system in and it is seen that the problem of calculation of photo-

0094-243X/81/750156-06$1.50 Copyright 1981 American Institute of Physics
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ionization cross sections reduces to one of finding subshell, and the matrix element
wave functions for initial and final states. The de-
tails of the transformation of the matrix element in R = (r)rP 1±1(r)dr, (11)

Eq. (7) are given elsewhere. 46,10 
= 0 n

The first expression in Eq. (7) is known as the where the continuum normalization, from Eq. (6) takes
dipole-velocity (or just "velocity") form of the matrix the form
element while the last is the dipole-length (often re-
ferred to as "length"). These two alternate forms of P -(r r -
the matrix element (actually there are others which are

used infrequently in practice4 ,6'10 ) are shown to be -2lIn 2 r + a ) + 61(0 )
equal when exact wave functions are used.

Of course, for atomic systems other than hydrogen, where oY(e) = Arg r(1 + 1 - ic" ) and 61 (E) is the
exact wave functions are not available. In the case of is the phase shift. It is thus seen that the central-
approximate wave functions, the results of using the field calculation reduces the problem to a one-electron
various expressions for the dipole matrix element can model of the photoionization process involving only the
differ considerably from each other and from the cor- wave function of the photoelectron before and after the
rect answer. On the other hand, it is possible that photoionization, and a sinqle-electron Hamiltonian
both expressions might give the same result with ap-
proximate wave functions, and that this result might h Z (p2/2m) + U(r) (13)
still be incorrect. This point will be discussed fur- o
ther in connection with central field wave functions to which each is a solution.
below. We thus see that equality among the results of
the alternative forms of the dipole matrix element is is that the various alternative forms of the dipole

a necessary but not sufficient condition for the cor-
rectness of that result. The question as to which form matrix element, discussed above, must be equal which
of the matrix element should be more accurate has been shows that equality of "length" a-d-wvelocity

' is no
12-15 guarantee of agreement with experiment. In the centraldiscussed, but no definitive conclusion has been field case the alternative forms of the dipole matrix

reached. element, then, give no information as to how close to

experiment the results of a central-field calculationIII. CENTRAL FIELD CALCULATIONS are. They do, however, provide a powerful check on the
numberical methods used in the computation. It is al-

The simplest type of wave functions which are use- most impossible, for example, to have an error in the
ful in calculating photolonization cross sections are calculation of the dipole matrix element and still re-
those based on a central-field approximation to the tain the equality of length and velocity.
exact Hamiltonian, i.e., one considers the solution tothe approximate Hamiltonian Up to this point, the detailed form of the central

potential has not been dealt with. A number of choices

Ho= [(P2/2m) + U(r )] (8) exist and discussion of them is treated elsewhere.4  ItH° must be pointed out, however, that a reasonable poten-

for the initial and final states of the atom or ion. tial must have the correct boundary conditions
Note that L'(r), the central potential seen by each UMr 2Zlr, U(r) - -2/r, (14)

electron, is . function of scalar r only. The solu-' r-o

tions to H.o  e antisymmetric products of one-electron in Rydbergs. A number of such potentials have been used

wave functions, rIp (r)Ym(e,,) [r'1P (r)Ym(e,¢) but the most common is the Hartree-Slater (HS) poten-
nof the one- tia1718 with which numerous calculations have been per-for continuum electrons]. The radial parts ofteoe4-7,19,02

electron functions are solutions to the one-body formed for both atoms4  1 20 and ions.21

Schr~dinger equation The strengths and weaknesses of such an approach

d2  1 can best be spotlighted by examples. In Fig. I, the
Ir U(r) + E]P(r) = 0 (9) calculated total photoionization cross section for

for both discrete and continuum functions. Eq. (9) has xenon from threshold to above I keV is shown, along
r in atomic units and energies in Rydbergs. In using with experimental results.22 -24 From this figure, very
central-field wave functions, then, only the one elec- good overall agreement in general shape is found. In
tron is permitted to change quantum numbers in the addition away from the 5p and 4d (N4 5) thresholds,
photolonization process or the matrix element vnishes.
Thus, multiple transitions are specifically excluded. quantitative agreement is pretty good as well. Near
Further, since the initial and final states are solu- those thresholds, however, there are discrepancies be-
tions to the Schrbdinger equation in the same central tween the central field calculation and experiment which
U(r), the orbitals not directly involved in the photo- are as large as a factor of two.
ionizing transition remain unchanged. The rearrange- Fig. 1 also exhibits some of the important features
ment of the remaining electrons after a transition is of phoioionization cross sections. 25 One is the fact
known as core relaxation, i.e., core relaxation effects that each subshell cross section does not necessarily
are excluded in the central-field model. Therefore, decrease monotonically from threshold. These maxima
the nonpart.cipating orbitals integrate out to unity in 19

the dipole matrix element and the photoionization cross above threshold are called delayed maxima and are
section for an nl electron can be written in dipole- caused by the angular momentum barriers in the nl4 cl+1

e f as16 phototonization channels. The effective potential, as
length form as seen by the continuum electron, has a repulsive centri-

Nnl(E - £nl) fugal term which keeps the 1+1 continuum wave function
on1(c) -2 --. 2 1 .-...- l(E) 2 + (1+1)R1+1 (C)

2l, very small in the core region near threshold. Thus the
n 21 + Ioverlap with the bound state wave function is small,

making the matrix element small and, thereby, the cross
(10) section small. With increasing energy, however, the

continuum wave function beatns to penetrate the barrier,
with hnl t electron (expltc- increasing the overlap and increasing the cross section

itly negative), Nnl the occupation number of the nl above the threshold value. As an example, the wave



158

10ooIII Ioz  _ just cancel the negative contributions, a zero occurs
01 Nx~y N1  in the 1 - I + I dipole matrix element. In general it
I I I I I II is not a zero minimum, even in the subshell cross sec-

1oo NZ.M M .X tion, because the degenerate 1 - I - 1 transition ma-
trix element does not vanish.

In any case, it is seen from Fig. 1 that the HS
0 0 calculation does a reasonable job of reproducing both

10 the delayed maxima and the Cooper minimum. In fact, it0 is quite qood in the region between about 150 eV and
700 eV where the dominant contribution to the total
cross section comes from the second maximum in the 4d
cross section.

The discrepancies between theory and experiment
; p., near the thresholds are due to the fact that correla-

3d tion is not included and that exchange is included only
approximately via a central field. Before proceeding
to a discussion of more exact treatments of photoion-

5.1 "izatlon, it is worthwhile to point out how the central
.0 field model applies to photoionization of ions.

For ions, there are only a very few photoionization

measurements for singly charged ions 21 (Li, Na*, and

oo F Ar+ ) and none at all for multicharged ions. Despite
this lack of experimental information, some general
idea of the accuracy of central field calculation can
be obtained by extrapolation from the neutrals. Look-
ing at the Hamiltonian for an atom or ion with nuclear0 oo 10oo charge Z,

PHOTON ENERGY (eV) Z.2_ Ze2 e2

Fig. 1. Photoionization cross section of xenon. The H = r (m
~ 
-j (15)

19I r)
total and subshell central field HS results are shown
in solid and dashed curves respectively, and the exper- we note that it is the last term, the interelectron
imental results are shown as circles,22 squares,24 and repulsion, that is a non-central force so it is just

s s a this term that is being approximated in a central field

triangles.2 3  model. Noting further that I/ri and I/rlj vary as Z,

roughly speaking, then the central nuclear attraction
goes as -Z2 while the non-central term goes as -Z.
Thus the ratio of the non-central to the central poten-

2.0 I I I I tial is -1/Z so that going along an isoelectronic se-
ef quence, i.e., increasing Z with a constant numer of

1.6 =0 RYDBERGS electrons, the non-central term becomes a smaller partof the total Hamiltonian. Since this is the very term

1.2 3d being approximated, the approximation gets better for
ions as opposed to atoms. 17 Thus we conclude that

.8 ef central field calculations will give about ±20% accur-
ez6RYD9ERGS acy for atoms away from threshold features such as de-

layed maxima and Cooper minima; in the vicinity of the
.4 features the accuracy will be only a factor of two.

For ions, the situation improves slowly as we go to
0 higher and higher charge states for reasons described

above as well as the fact that the various features
-.4 -move below threshold with increasing stage of ioniza-

tion. A tabulation of total cross sections for all
atoms and ions with Z 1 30 predicted by the HS central

_____________ field calculation has been published.2 1

0 2 4 6 a

r/ao IV. HARTREE-FOCK CALCULATIONS

Fig. 2. The normalized 3d and cf HS central field wave The simplicity of wave functions consisting of
functions for krypton.19 single Slater determinants28, ,.e., antisymmetric prod-ucts of one-electron functions, can be maintained while

still treating exchange correctly. This is the Hartree-

19 Fock (HF) method.29  For calculations of discrete statefunctions for the 3d -, cf transition in krypton are wave functions, the method has been- reviewed by
shown in Fig. 2 for two different continuum energies
where the "penetration" of the continuum wave function Hartree2g '3 and Slater28 among others. In addition,
with increasing energy is clearly seen. recent tabulations of extensive sets of HF discrete

Another feature shown in Fig. 1 Is a minimum in a state wave functions have been reported. 31 Basically
subshell cross section (and indeed in the total cross the method involves setting up a wave function # for
section) for the 4d subshell at hv z 140 eV. This min- the system in question, which is an antlsymmetrtc prod-
imum, known as a Cooper minimum,25 '26 is caused by the uct of one-electron functions, r_ Pl(r)l(,t(o), or,
complicated overlap between discrete and continuum wave
functions in the 1 b 1 + 1 transitions of outer and near more generally, a linear combination of such products
outer subshells whose wave functions are not nodeless, so as to correctly resent the angular m ntum coup-
i.e., not ls, 2p, 3d, or 4f. When the overlap is such lings of many-electron system. The Pnl(r) are treated
that the positive contributions to the matrix element as unknowns and the so-called energy functional
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CwHjy> is constructed; H is the exact nonrelativistic '
Hamiltonian. The variation principle is then applied
to this functional subject to the constraints of the %.
orthonomality of the one-electron functions. This
results in a set of self-consistent coupled integro-
differential equations for the P (r) which can then be

solved, yielding the HF wave functions for the given
state. Note that the HF wave function is the most ac-
curate independent-particle wave possible since it isobtained via the variation principle. \\UF

oDealing with the final continuum state resulting 
P

from the phototonization process is more difficultsince the HF problem is not defined for wave functions ,F-v\
containing continuum orbitals. This is because the HF
method solves for each orbital in the field generated
by the charge distribution of the other orbitals. The
charge distribution for a continuum orbital is not de-
fined since continuum orbitals are non-normalizable.
Thus, one proceeds as follows: first a HF calculation
for the residual ion core minus photoelectron is per- Is-"
formed. This can be done by ordinary discrete state HF 20

procedures as described above, although some extra care Pi.m, ,
must be taken when the photoelectron comes from an Fig. 4. Total photoionization cross section for Ne.
inner shell and the ion core is in an excited state The theoretical HF results in "length" and "velocity"

well above the ionization threshold.32  This done, the approximations are shown36 along with experimental
core orbitals are forzen and the above HF procedure can results as in Fig. 1.
be carried out for the total ion core plus photoelec-
tron final state with only the radial part of the con- ent agreement with experiment as well as excellent
tinuum orbital, Pcl(r), unknown. This procedure yields agreement between "length" and "velocity".
a single integrodifferential equation for Pcl(r) which

is known as the continuum HF equation. The details of V. SOPHISTICATED CALCULATIONS
this method for various cases are given elsewhere.33-36  To go beyond the HF approximation, correlation

As an example of the accuracy of the HF method, must be included. The way this is generally done is by
Fig. 3 shows the situation for the total cross section employing multiconfiguration wave functions for initial
in xenon,36 just as was shown in Fig. 1 for the central and final states of the system. There are a number of
field calculation. Here we see that the agreement with methodologies employed for these calculations which
experiment is considerably better than before, although strive for quantitative accuracy, notably many-body-
there still are discrepencies in the regions close to perturbation-theory (MBPT), the random phase approxima-
the various thresholds, but not longer a factor of two tion, (RPA), and R-matrix theory. ?BPT is, as the name
but only as bad as 40-50%. Further the difference be- implies, a form of perturbation theory, developed some
tween "length" and "velocity" results really do give an years ago. 37'38  It can in principle, be carried out to
indication of the accuracy of the calculated cross sec- arbitrarily high order for as much accuracy as one
tions. Thus HF represents a considerable improvement might wish. It does however, have infinite sums as do
over a central field calculation, showing the importance all perturbation theories and so, in practice, approx-
of the exchange interaction. The remaining discrepen- iations must be made, but it is still a very useful
cies are due to the neglect of correlation, which must 394 T
be included either explicitly or via multiconfiguration technique. The RPA calculation is, in some ways,
wave functions for quantitative accuracy near the outer closely related to MBPT, although it can be derived in
shell thresholds where delayed maxima and Cooper minima other ways also.41 '42  In essence RPA represents the
are exhibited. Where these features are not manifested, sum to infinite order of certain classes of perturba-

as in the case of neon36 shown in Fig. 4, we find excell- tion terms in MBPT, generally via the solution of

coupled inteqro-differential equations.43'44 Other
IN classes of perturbation terms are omitted entirely,
WE 'however. Thus, in a given situation, RPA may or may

NF L x, not be a useful technique, depending upon which pertur-
bation terms are of importance. A further advantage of

-t RPA is that the equality of "length" and "velocity" is
is .preserved but, at present, its applicability is limited

U to closed shell systems. 45
" The R-matrix method, as used, is essentially a

"scheme in which the exact wave function is expanded in
- th- large r region in a complete set (which is, of

, -se, infinite) and truncated. Certain of the terms
H.he wave function, those referring to the continuump,otoelectron, are left undetermined and they are ob-

tained using a variational principle.45'46 This might
be considered multiconfiguration Hartree-Fock. In

-I )Naddition, in the inner region, the photoelectron is
treated on the same footing as the bound electrons, and
a different expansion is used. The inner and outer
wave functions are joined at some intermediate value of

Fig. 3. Total phototonization cross section for Xe. r using the R-matrix. 45 '47 The treatment of the wave
The theoretical HF results in "length" and "velocity" function in the outer reoion is known as the close

shown§approximations are shown along with experimental coupling approximation.48  In this method the crucial
results as in Fig. 1. point is which terms are to be included in the truncat-
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ed summation. experimental cross section51 '52 has a Cooper minimum
As an example of the utility of these iethods, the about 10 eV above threshold and these results are quite

threshold region for the photoionization of argon is well represented by both R-matrix48 and RPA53 '54 but

not by the HF calculation36 which shows no minimum.
In a case like this, then, correlation must be included
to get even qualitative agreement with experiment.

40 Ar VI. APPLICATION TO SOLID PHOTOABSORPTION

Photoabsorption of core levels, i.e., inner shells
R-MATFAX in solids occurs on a distance scale small compared to

3& atomic dimensions and, therefore, to first approxima-
tion, the solid state environment should not affect the
photoionization very much. This idea has been scru-

20 HF-tinized in considerable detail 55 and found to be gen-
erally true. As an example, consider the case of solid
Au shown in Fig. 7. The atomic HS central field cross

section19 '56 is compared with the measured results 57 59

10 in the solid. It is seen, from this comparison, that
agreement is quantitatively excellent for hv Z 200 eV
and qualitatively quite good for 100 eV below that.

0 This shows that simple atomic calculations can serve
as useful first approximation to the photoionlzation of

0 1 2 inner shells of solids. Since, however, the outer
shell structure of an atom changes from its free state

PHOTOELECTRON ENERGY(Ry) to the solid, thus changing the exchange and correla-
tion interactions, the more sophisticated methods dis-
cussed above should not be applied unmodified to solids.

Fig. 5. Total photolonization cross section of argon.
The theoretical RPA,43 R-matrix,4 5 and HF

36 results are VII. ACKNOWLEDGEMENT

shown along with the experimental
49 .50 results. This work was supported by the U.S. Army Research

Office.

ed summation. I I

As an example of the utility of these methods, the
threshold region for the photolonlzatlon of argon is 10 Au
shown in Fig. 5 (note the linear scale) where it is -- E* XN

seen that the HF results36 are fair but both RPA
43 and TM- ACHSCALOJLAO

R-matrix give excellent a~reement with experiment950 N6

In other instances, however, correlation can play
a much larger role. This occurs particularly when the 5 5
photoionization of a subshell with a small cross sec- N N
tion is degenerate with one having a large cross sec-
tion, i.e., when a given photon can ionize from both
subshells, one with a much greater cross section. Such
a case occurs for Ar 3s since it is so close to Ar 3p
so that multiconfiguration effects are crucial. The
situation is shown in Fig. 6 where is is seen that the 0 0 0 2 30 100 200 300 400 500

1.0 h,(eV)

Fig. 7. Photoionizatlon coefficient (proportional to
0.8 the photolonization cross section) for gold. The dashed

curve is the free atom HS central field result19. 56 and
0.6 R-MATMX the solid curve is the experimental result 5 7-59 for

solid gold.
0.4 H-L
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Focusing, Filtering, and Scattering of Soft X-Rays by Mirrors

Victor Rehn

Michelson Laboratory, Physics Division
Naval Weapons Center, China Lake, California 93555

ABSTRACT

A review of grazing-incidence optical design fundamentals is presented with special emphasis on mirror
material and surface roughness considerations. Angle-resolved scattering results on polished and diamond-turned
soft x-ray mirrors are reviewed, along with the elements of optical scattering theory applied to soft x-rays.
Reflective filtering of higher-order radiation in monochromator output beams is presented, comparing the trans-
mission and rejection characteristics of one-, two-, and three-reflection filters.

1. INTRODUCTION The (real) energy-reflection coefficients are simply
the absolute squares:

The need for higher-order rejection or low-pass ,
filters in monochromatized soft x-ray (SXR) synchrotron R - r r (3a)
radiation beam lines has long been recognized. As much P P p
as 90% of the radiation emerging from the monochromator *a =r r (3b)
may be second- or third-order diffraction by the grat- a a a
ing. This poor higher-order rejection by grazing- If Z or a is known, the reflectance of a surface may be
incidence grating monochromators is due to the difficul- calculated for any frequency, polarization, or inci-
ties in utilizing grating blaze for higher-order rejec- dence angle, provided certain conditions are met.
tion as is done so effectively in visible and infrared
monochromators. The SIR gratings diffract radiation The first of these conditions concerns the surface
only a few degrees (1 to 5 degrees in the "grasshopper," curvature. Because the Fresnel equations are derived
for example) and are usually scanned over large spectral from a consideration of plane waves incident on a
ranges. The small diffraction angles between orders planar boundary, the results are only accurate when the
leave little margin for the groove shape or reflectance radius of curvature of the surface RC - a = c/v.
to effect significant shifts of energy among diffraction This condition is not a problem due to the smallness of
orders. External filters are needed to purify the
monochromatized radiation.

After tutorially reviewing the principles of The second condition is of considerably greater
glancing-incidence optics and the concepts of scatter- importance in the SXR spectrum. The dielectric func-

ing by surface microirregularities, both applied to tion assumed in Maxwell's equations, and therefore also

SiR mirrors, we present an analysis of reflective In F~eanel's equatons, iq k#sed on g conttnuuz model
filteringror hresnc rejecin in o refltines. for the reflecting medium. Anisotropy is accommodated
filtering for harmonic rejection in SiR bels lines, by using a second-rank tensor for c. This approach
Single-, double-, and triple-reflection filters are accounts for the anisotropic reflection of light from
considered specifically, and expected rejection ratios, single crystals of low symmetry. However, the atomic
spectral ranges, and filter transmission values are nature of the reflecting medium clearly becomes of
tabulated. Effective filtering can be accomplished greater importance as the wavelength of interest
without unreasonable transmlssion losses, but there becomes shorter. We may ask at what x-ray wavelength
appears to be no magic reflection filter with high does the dielectric model break down? This question
performance over wide spectral ranges, was treated both theoretically and experimentally by

Section 2 reviews the principles of glancing- A. H. Compton in 1922 (2) and by others more recently

incidence reflection optics, and Section 3 reviews the (3,4). Briefly, an extension of the dielectric model
sand data of SR scattering by mirror surfaces, to the x-ray spectrum can be made by considering Z toconceptsn da t r st mirror sres , be a function of the photon momentum, ht, and the

tncluding diamond-turned mirrors. Section 4 presents reciprocal lattice vectors, J(h,k,t), of the (atomic)
the filter analysis. reflecting crystal. The set of Miller indices for a

2. FRESNEL EQUATIONS AMD crystalline plane is designated (h,k,Z). The Bragg

"TOTAL EXTERNAL REFLECTANCE" diffraction directions,

The phenomenological laws for reflection, trans- + + (4)

mission, and absorption of light are the Fresnel w
equations (1). For application to x-ray wavelengths, where k and ' are any reciprocal-lattice points on the

these may be written in terms of the glancing-incidence Ewald sphere (5) and I is the reciprocal-lattice vector

angle, 0, and the complex dielectric constant, Z, or connectinp them, are represented in the dielectric

the complex refractive index, : function, .

6- 2 .2 2 Fresnel reflection, on the other hand, is repre-
(n) - n - k + 21nk (1) sented by I - 0, implying no diffraction by the crystal

lattice. Fresnel reflection is represented instead byThe complex reflection coefficients for p- or s-polar- the momentum change
ized radiation are, according to the gresnel equations,

r sin - (2a) (5)

P sins + V'c - _os7e where n is the unit surface normal. The strength of
the Fresnel reflection is determined in the normal way

sin - by the polarizability of the electrons (or at,..d) for
8 sine + (2b) given values of the incident photon momentum, ht the

frequency, v, and the surface normal direction, n,
These coefficients multiply the incident-wave amplitude relative to the crystalline lattice. It is now clear
to produce the reflected-wave amplitude, which is that coherent polarization which is responsible for
generally shifted in phase in the reflection process. Bragg scattering is included in Z and may influence the

0094-243X/81/750162-08$.50 1981 American Institute of Physics
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strength of the Fresnel reflection when I and k are phenomenon known as "total external reflectance."
appropriately chosen. The general question of the Although never quite "total," very high reflectanceI relative strengths of Fresnel and Bragg reflections is values are observed for small glancing-incidence angles
both complicated and important. Neither experimental for some materials in certain spectral regions of the
nor theoretical treatments currently available are x-ray spectrum. Figure 1 shows a series of curves of
adequate to describe the reflectance of x-ray mirrors reflectance vs incidence angle, as calculated from Eqs.
in detail, however. (2b) and (3b), in which the extinction coefficient, k

(the imaginary part of the refractive index), is allowed
tnThe dielectric function phenomenologically con- to vary. For very small k, the reflectance is high
rains the ability of the electrons to respond to an from grazing incidence to a certain critical angle c.,
electromagnetic field of frequency v. At optical beyond which it drops off sharply. On the other hand,
frequencies, the valence electrons respond most effec- for large k the reflectance decreases monotonically and
tively and their oscillation at frequency v radiates with positive curvature over the entire range of angles.
the reflected wave, which by interference modifies the If the "total reflectance" p enomenon is defined to
transmitted wave and accounts for surface absorption. occur only when there exists an inflection point in the
As the frequency is increased, the valence electrons R(6) curve, then the necessary conditions for "total
eventually cease to follow the field, and their "oscil- reflectance" are:
lator strength" is said to become exhausted. This may
be calculated using a "sum rule" (6). The value of the 6 = 1 - n > 0 (6)
dielectric function diminishes as hv increases beyond
the valence-band energy, producing a characteristic k < 0.636 (7)

decrease in the normal-incidence reflectance approxi-
mately proportional to X, as long as core-electron Wen these conditions are met, the critical angle is

responses remain negligible (7). When the photon e cos-n . (8)
energy is comparable to or greater than the binding c
energy of a core shell, additional oscillator strength
becomes available for the dielectric function. This Equation (8) is most easily derived by setting k = 0

results in shoulders or peaks in the reflectance spec- (or C2 = 0) in Eq. (2) and observing that R - r*r - 1

trum near the core-electron energies. The additional providu!g £ - (1 - 6)2 < cos 2 . Then cosec = n and

oscillator strength is not large, generally, and also ec 26 for smll values of ec. Figure 2 shos
becomes exhausted as the photon energy is increased spectral regions where Eqs. (6) and (7) are met for

still more. However, the core-electron response plays several materials, and Table I shows the critical

an important role in the behavior of x-ray mirrors and angles derived from published optical constants for

reflective filters, as we describe below. some of these regions.

A third condition for the validity of the Fresnel
equations is the assumption of a planar (e.g., smooth) c
reflecting surface. Real surfaces are rough micro-
scopically. We discuss some of the consequences of

surface hicroroughneas in Section 3. Mg

In the application of the Fresnel equations to x-
ray mirrors, it is the glanci, ,-incidence behavior
which is of importance. - lure I iliustrates the

Al
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/ 0.0 A_

./ /
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0.2 / PHOTON ENERGY *V

n O9 Fig. 2. Spectral regions displaying total reflectance
for several mater1ls. Using the optical constants ofSPECIFIED Ref. 27, the conditions of Eqs. 6 and 7 are satisfied

0.0 [ only within the shaded areas.
75 so 55 90

INCIDENCE ANGLE Although clearly useful, the total reflectance
phenomenon is usually not so dramatic as might be hoped

Fig. 1. Total external reflectance behavior. The due to the dirth of small k/6 ratios. From Fig. 1, it

reflectance vs incidence angle, a, is shown for several can be noted that unless k/6 4 0.1, the reflectance for
values of the extinction coefficient, k, as calculated 0 < 8 < ec drops considerably below unity. Neverthe-
from Zqs. 2(a) and 3(a). The refractive index n - 0.99, less, reflectance values above 0.5 for grazing-incidence
yielding a critical angle, ec - 8.1 degrees. SXR mirrors can be obtained. It becomes more difficult

when broad-spectrum, high-reflectance mirrors are
required, as Fig. 2 and Table I illustrate.
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TABLE I. Approximate Critical Angles for the theory (A << A) and the range of the measured auto-
Several Materials. covariance functions used in the calculation of scatter-

The upper range is the photon-energy range. and the ing. The all-order theory currently evolving (16)ove uovercomes the limitation on wavelength, and new measure-
lower range is the corresponding critical-angle range. ments of autocovariance functions using stereographic
Data of Ref. 27 was used. electron microscopy show prois of extending these

data into the range 10 to 1000 A, beyond the resolution
2348 - 2.50 3.60 - >10 limit for stylus measurements of the autocovariance23 - 2.6 3.6 - <.80 function.

Mg 9.8 - 41 170 - 1280 3000 For several high-quality polished and diamond-
86* - 1 7.7* - 0.5 ?turned mirrors, ARS measurements have been reported

Al 12.5 - 60 300 - 900 from 15 to 750 eV (17,18) in both s- and p-polarization.
86" - 7.3* ? Incidence angles between 70 and 85 degrees from the

mirror normal were used, and the ARS was measured both

A120 3  138 - >1000 within the plane of incidence and in the perpendicular

12* - <1.8* plane which passes through the specularly reflected
beam. These two scattering angles are called 8 and 4,

Cu 300 - -6000 respectively, as shown in Fig. 3. Quantitative compari-

8.9" - <2.6 °  son with theory has not been successful with the first-
order theory using autocovariance function data with

Ag 90 - 300 800 - 1600
32 - 5.1* 4.1 - 2.6* PLANE OF INCIDENCE1

161 MERIDIAN
Au87 - 195 800 - 300030

° 
- 11* 4.4* - 2.60

3. SCATTERING THEORY AND EXPERIMENT

Radiation incident on an interface between media
with dissimilar dielectric constants may be reflected, INCIDENT
absorbed, transmitted, or scattered. The fraction SEAM
scattered, S, is often a great problem because it
limits the dynamic range of the detector and produces SAMPLE
systematic errors in experiments. Neither the theory MIROR

nor the measurement of S has been adequately studied in
the x-ray spectrum, making compensation for the scat-
tered background difficult. We summarize here the
current underatanding of scattering by ParrorQ prepared SPHERE
either by diamond turning or conventional polishing. PERPENDICULAR

PLANE (01

Early work on optical scattering highlighted the MERIDIAN
dominance of suriace microirregularities over scratches
and digs as the source of scattering (8). Scratches Fig. 3. The geometry of AS. is the scattering
and digs represent a small surface area, while the angle along the plane of incidence meridian, measured
microroughness left on the surface by the polishing from the mirror normal. Perpendicular-plane scatter-

operation covers the entire surface. These irregular- ing was measured from the specular-beam direction by
ities have been modeled mathematically as a random the angle 0.
diffraction grating, producing scattering via diffrac- 0.1-m resolution. It can be concluded experimentally
tion by surface microirregularities (9). A surface that high-quality polished mirrors can be made with the
with Gaussian distributions of surface heights and of 104at ude-at2 po to e n of le th 10e
lateral spacings of topographic features is called a ARS magnitude at 25 eV photon energy of less than
"normal" surface. For normal surfaces, a scalar dif- outside the ±5-degree cone around the specular beam.

fraction theory of scattering predicts the total scat- As the photon energy rises, this value increases to

tering integrated over all scattering angles to be about 5 x 10-
3 at 400 eV (17). For state-of-the-art

independent of the lateral "peak" spacing (or autoco- diamond-turned electroless Ni surfaces, the ARS is

variance length) of the surface (8). Although the 10 to 100 times higher in this spectral range, with a

normal surface is not often achieved in polishing, this strong near-beam scattering (e.g., within ±5 degrees)

approximation has proven very useful in evaluating evident at 500 and 750 eV (18). Examples of these

mirror surfaces for visible (10), vacuum ultraviolet results are shown in Figs. 4 and 5.

(7), and x-ray application (11). The larger scattering of these diamond-turned

More recent theoretical research has pro~.aced a surfaces clearly has nothing to do with the undulationsofr recen surfacca lesftc hby the'e dimnaol hs irr

first-order vector theory of scattering (12-14) as well of the surface left by the diamond tool. These mirrors
as a facet model of scattering (15). Very recently, an were "fly cut" so that the tol grooves were nearly
all-order vector theory of scattering has been developed straight. Orienting the grooves parallel and perpen-

all-rde vetorthery f sattrin ha ben dvelped dicular to the plane of incidence made no measurableand is currently being adapted to facet-model scatter- change in the ABS. The rms surfac roughness height
ing as well (16). The first-order vector theory was measue by a 1-i'm-r s diamodsyushwas 59 h
the first to include the optical constants of the measured by a 1-um-radius diamond tylus was 59 X

surface, the actual surface topography (expressed as across the grooves and 35 X along them. The feed rate
either a Fourier transform or an autocovariance func- of the diamond tool was 2.5 i'm per turn, which suggeststion), and the polarzantion and incidence angle of the diffraction by the tool grooves to be most easily
incident light. Although still linted in applicabil- observed in the visible spectrum. This has been con-
ity by the perturAtion approximation, A l, where A firmed (14). In the SXR spectrum, A is some hundred
is the rms surface-height deviation, this theory facil- times smaller than the groove spacing; this fact limits
itted the first coperison of calculated and measured diffraction effects to within a couple degrees of the
ialred firscaterion of n ted nd aspr specular bean. We did not have the angular resolution
(1)e-reolved scattering (ARS) in the SXR spectrim necessary to look for these effects, but it ses clear(17). The early coparisons could not be made qtuanti- ththelrr Rofhedan-undmiossow

tative tests of theory because of inadequacies in both inthat igs.the 4argernd 5ABS couldf nothe dmnd-turnbuted tomrthe grooves.hw
in Fgs.4 ad 5 oul no be ttrbutd tothegroves
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0 0 implies a ratio of visible scattering of only 3.5. Yet

at hv - 125 eV, the ratio is larger by more than an

-1 - order of magnitude, an shown in Fig. 5. In the diffrac-
tive model of scattering, the ARS strength at a fixed
scattering angle depends on the surface Fourier-trans-

-2 -2 form amplitude for surface spatial frequencies propor-
tional to the photon energy. Thus, the fixed-angle
scattering at hv - 125 eV depends on the Fourier-

-3 -3 transform amplitude for a 60 times larger spatial
frequency (e.g., 60 times finer roughness spacing) than
for the visible (6471 A) radiation. We must conclude,

4 -therefore, that the Fourier-transform amplitude for
very large spatial fr&quencies risen much faster for
the diamond-turned metal mirrors than for the polished
A 203 mirror. This conclusion cannot be experimentally
verified at present because the lateral spacings

-s involved are smaller than the resolution of our best
diamond-stylus profilometer. Beyond this conclusion,
we may only speculate that the behavior of the metal

-7 250.0 .V -7 500.0 OV under the action of the diamond tool produces this very
high frequency roughness and that it may be more depend-

- _-_ ent on the material than on whether the mirror is8 744 polished or diamond turned.

ANGLE The polarization dependence of ARS is shown in

Fig. 4. ARS from a diamond-turned electroless N1 Fig. 6 for a diamond-turned Cu mirror (18). For large

mirror with a thin Au coat. The turning grooves in
this fly-cut mirror are oriented perpendicular to the 0
incidence plane, p-Polarized light was incident at
84 degrees. Note the logarithmic scale for the ARS.
The narrow peak marked with round dots represents a -1
scan through the incident beam.

-2

0

-1-3

Au/i/u -4
0

-2 p-POLARIZED

-35

S-3 -6

-4 -7 -POLARIZED

Au/A12 03 -a I I I I
-s - 0 so 30 -30 -60 -90

ANGLE

Fig. 6. Polarization dependence of ARS. The mir-
-8 - ror is diamond-turned Cu (uncoated), measured

with a - 84 degrees and hv = 125 eV.

-7 I I I I scattering angles, the scattering of p-polarized radia-
90 75 so 45 30 15 0 tion rises from a minimum' while that from s-polarized

ANGLE radiation monotonically diminishes, as expected from
the first-order vector theory (18,19). Scattered waves

Fig. 5. ARS from a diamond-turned Ni mirror compared generated by normal and tangential components of the
to that from a polished A1203 mirror. Both mirrors surface current interfere destructively for forward
were coated with Au and measured in p-polarized light, scattering and constructively for backward scattering.
The conditions were not identical: For the diamond- Because the normal component of the surface current is
turned Ni mirror, a - 84 degrees, hv - 125 eV; for zero for s-polarized incident radiation, the minimum in
the A1203 mirror, a - 85 degrees, hv - 120 eV. These the ARS caused by this interference occurs only for p-
differences should not invalidate the comparison, polarized incident radiation.

A more likely source for the increased scattering The pronounced shoulder on the ARS curve of Fig. 5
of diamond-turned mirrors lies in the mirror material results from the total reflectance behavior of Au at
itself. Neither Cu nor Ni mirrors have been polished hv - 125 eV. ARS curves at 250, 500, and 750 eV, where
smoother than about 15 X rma roughness, measured either k/6 values range from 0.6 to 0.94 (see Eq. (7)), show
by total scattering or stylus profiling. These diamond- no such shoulder. At a photon energy of 125 eV, the
turned mirrors scattered visible light (6471 X) as critical angle for Au is Oc ft 20 degrees and k/6 =
though they were random rough (or normal) surfaces of 0.24, which is a value small enough to provide signifi-
15 X rms roughness height, while the Au-coated A1203  cant total-reflectance behavior, as shown in Fig. 1.
mirror measured 8 A rms by the same technique. This This is a clear example of how the angle-dependent

reflectance influences the ARS (20).
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The facet model of scattering relies on a surface 1.0
topography consisting of nearly planar facets of linear
dimension greater than the wavelength (15). If the
normals to these facets are distributed statistically
about the mirror normal, it is evident that "specular"
reflection from individual facets will cause the inci.
dent radiation to be scattered out of the specular beam
determined by the mirror normal. Beyond this simple as DEG
picture, considerably more may be added, such as dif-
fraction due to the small size of the facets and dif-
fractive scattering from rough facets (15). The
primary effect of facets seems best suited to very z
short wavelength radiation where the coadition that 0.5
facet size should be larger than the wavelength is
better met.

Near-beam x-ray ARS has been measured at A - 1.54
by T. Matsushita (21) and at 8.3 X by de Korte and
Laing (22). Both of these measurements were made on
high-quality polished mirrors rather than on diamond- 84DE

turned mirrors. Matsushita successfully fitted his ARS
results to a facet model of scattering within a range
of a few degrees from the specular. The de Korte and 4 7

Laing measurements were fit to a first-order vector
diffractive scattering theory by Church (23) over the
range ±0.2 degree from the specular. It is not clear °0. 400 a0
at this point which scattering model is better for
these x-ray wavelengths. It is important to note that PHOTON ENERGY. .V

both models assume the same sharp-boundary, continuumdielectric model of the surface as is assumed in theGlancing-incidence reflectance vs photon
Fresnel equations. In other words, no failure of the energy for a Au mirror, as calculated from Eqs. 2(a)

continuum dielectric constant description of the elec- and 3(a). The optlcal constants are taken from Ref.
tromagnetic interaction with the surface has yet been 27, and the angles specified are the incidence angles,
detected in scattering even at X - 1.54 1. n, measured from the normal.

4. REFLECTIVE FILTER DESIGN 1.0

From the reflectance behavior predicted by the
Fresnel equations, Eqs. (2a) and (2b), it is evident
that the reflectance of x-ray radiation may be i stong 88 DEG
function of the incidence angle and that the critical
angle for total reflectance may be a strong function of
photon energy. These well-recognized facts have led to
the use of mirrrors with variable or adjustable inci- DEG
dence angle as low-pass filters for x-ray photon beams
(24,25). Such filters are especially well adapted to
synchrotron radiation use, where excellent collimation
of the beam ensures good filter performance provided Z 84 DEG
materials with prescribed optical constants are used 9 0.5
and scattering is sufficiently low. In this section,
we discuss the relative merits of one-, two-, or three-
mirror designs with the specific goal of reducing
higher harmonic radiation in a monochromatized synchro-
tron radiation beam. DEG

We discussed in Section 2 both the opportunities
and the problems offered by the total reflectance
phenomenon. The opportunities are evident in Fig. 1,
and the problems are most clearly evident in Fig. 2,
which illustrates the "disappearing critical angle"
syndrome. It is apparent that there is no substitute 0.0
for reliable optical constant data (26). We have 0 300 500
explored the glancing-incidence reflectance behavior of PHOTON ENERGY
several materials for which such data have been pub-
lished (27). Figures 7 and 8 show the results for Au Fig. 8. Like Fig. 7, except for an.A1203 Mirror.
and A1203, respectively. In all cases, we have plotted
the reflectauce of only s-polarized radiation since
there is little or no polarization dependence above ratio is not low enough for good filtering action above

50 eV. 1AO eV, where k/8 > 0.1. Similarly, the optical con-
stant data (27) shows that the next favorable spectral

Considering the reflectance of Au, Pig. 7 shows region for a Au reflectance filter is above 1500 eV.

considerable structure in the 50 to 90 eV range, which The conclusion is that deeper-lyine core levels inter-

results from excitations of 4f and 5p core electrons or fere significantly with the reflectance-filter applica-
the N6 , N7 , 02, and 03 shells. The next deeper shells tion, and we should look for materials in which no such
are the N4 and N5 shells (4d electrons) at 334 and core levels exist.
352 eV. For photon energies between 90 and 300 eV, the
situation appears favorable for total-reflectance Such a material is A1203, as shown in Fig. 8.

behavior. A tenfold second-order rejection is avail- Here we plot the reflectance vs the photon energy in

able from 95 to 140 eV at an incidence angle of 75 electron volts. The Al(L) core shell excitations cause

degrees As Fig. 7 clearly shows, however, the k/8 sharp structure between 75 and 100 eV. but the O(K)
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core shell at 532 eV and the Al(K) core at 1560 eV 0
contribute only weakly to the oscillator strength.
Hance, sbowe 100 OV A120 3 shows behevior quite close to_ * S-POL
the classical (hVy) -  pattern so desirable for
reflective filtering. The drawback lies in the small
values of the critical angle, which makes it necessary
to use large, expansive mirrors in the filter. Heavy -
metal mirrors such as Au or the Pt metals offer larger
critical angles, but very spotty performance due to the
many core shells destroying the total-reflectance
behavior over much of the spectral range. Low Z mater-
ials such as A1203 or SiO 2 offer excellent total- <D
reflectance behavior but very small critical angles. 8 DEG

Using a single mirror, one may realistically
expect to design a filter which passes at least 50% of 68
the incident light and rejects higher harmonics by at
least 10:1. A Au mirror will accomplish this between
95 and 140 eV at 75-degrees incidence. For A1203 at
84-degrees incidence, these specifications are met
between 200 and 230 eV, while at 86-degrees incidence -3 .
the range is 270 to 385 eV. These are high-throughput
filter designs with modest rejection and still rather
small ranges. 64

Another approach is to utilize the strong dip of 72
the reflectance below a core-shell excitation produced -4 L.
by the classical oscillator dispersion. Figures 9 and 0 30 60 0
10 show the behavior of Hg-mirror filters utilizing two
or three reflections, respectively. The tvo-reflection PHOTON ENERGY. eV
filter can be designed to provide a constant beam Fig. 10. Log (reflectance cubed) vs photon
offset without direction change and with variable egy for Mg freea ence as .
incidence angles (25). energy for Hg for several incidence angles.

0 TABLE II. Expected operating ranges for
two- and three-mirror filters of Mg or C.

A requirement for harmonic rejection > 100:1 and a
82 filter transmission of > 20% were assumed.

75 Mirrors 0, hvmin 9 T hvsax, T

-0 Kind I deg eV eV

Hg 2 64 15.5 .47 21.5 .20
u4 2 70 18.0 .45 27.8 .20

Hg 3 64 13.9 .40 17.4 .20
76-2 7

EG  
3 70 16.3 .40 24.0 .20
3 76 19.2 .44 30.6 .20

- C 2 80 78 .37 110 .209 2 82 94 .45 140 .20
2 84 115 .58 182 .20

70DEG C 3 80 68 .27 86 .20
-3 3 82 82 .34 125 .20

3 84 106 .45 167 .20
3 86 128 .60 209 .20

D40EG Figures 11 and 12 facilitate a similar analysis
-4, 1 . for two- and three-reflection carbon-mirror filters,

0 so 100 respectively. Using the same requirements, the two-
reflection design covers the range 78 to 182 eV, with

PNOTON4 ENERGY, *V incidence angles from 80 to 84 degrees. Filter trans-

Fig. 9. Log (reflectance squared) vs photon energy for mission varies from the chosen 20% minimum to 58ZM for several incidence angles, maximum. The three-reflection design, Fig. 12, coversthe range 68 to 208 eV, with incidence angles from 80

The Mg-reflection data are plotted on a samilog to 85.8 degrees and filter transmission values from 20
plot in order to facilitate analysis for high-rejection to 60%. Additional details are shown in Table 11.
operation. If we require at least 100:1 harmonic
rejection and at least 202 filter transmission, respec- 5. SUMMARY
tively, we find the overall range to be 15.5 to 28 eV,
with incidence angles from 64 to 70 degrees. Table 11 Reflective filtering of SXR radiation may be
shows more detail. Using the sam requirements with a accomplished utilizing either the total-reflectance
symmetric three-reflection design gives an overall behavior or the dispersion of reflectance below a core-
range of 14 to 31 eV, with incidence angles from 64 to shell excitation. Neither offer broad-range, high-
76 degrees. In both cases, the maximum filter trans- rejection filtering without changing mirrors. Proper
mission compatible with the 100:1 minimum harmonic choice of mirror material for a desired spectral range
rejection is in the neighborhood of 44%. is necessary for either type of filter. For the total-

reflectance filter, a large energy gap between core
excitations is desired in the energy range of the
filter, making low Z materials desirable. For the
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S-POL (because of smaller incidence angle) and the additional
mirror. The two-reflection filter provides nearly

. Wequal performance at lower cost but does not facilitate
8 DEeasy removal of the filter for use of the unfiltered

beam.°I

-1 I Finally, many practical considerations of filter
design and manufacture have been ignored. Two major
ones are the difficulty of producing high-quality, low-
scatter surfaces and difficulties with chemical reac-8 EG tivity or long-term surface stability. In sum, no

asimple solution has been found, and the filtering of

., . . ~higher harmonic radiation in monochromatized SXR beams
-2. remains a difficult and expensive requirement to meet.i I
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ABSTRACT

Recent developments in thin film technology have made it possible to construct multi-
layered thin film structures that act as efficient Bragg diffractors for x-rays and extreme
ultraviolet (EUV) radiation (see papers by Barbee and by Spiller, these proceedings). These
structures, analogous to multilayered interference filters for the visible region of the
spectrum, have important potential applications in many areas of x-ray/EUV instrumentation.
In this paper the theory of x-ray diffraction by multilayer structures is briefly outlined,
and approximate formulae for estimating their performance presented. A more complete compu-
tation scheme based on an "optical" model of multilayers is described, and it is shown how
this approach can be modified to take account of imperfections in the structure and to com-
pute the properties of nonperiodic structures. Finally, a comparison with some experimental
results is presented.

I. INTRODUCTION Barbee and Keith (10) have developed a sputtering
technique for making multilayered structures with layer

A layered structure in which the refractive in- thicknesses anywhere from about 5 X to several thousand
dex varies periodically with depth selectively reflects A. Studies of these synthetic layered microstructures
electromagnetic waves having particular wavelengths. (or LSMs) using x-rays of wavelength between 1.5 X and
The Bragg diffraction of x-rays by natural crystals is 44 X have shown them to be strong Bragg diffractors
an example of this principle. Shortly after the wave (11). Since the properties of LSMs (interplanar
nature of x-rays was established and x-ray diffraction spacing, integrated reflectivity, diffraction width,
theory developed, it was realized that if such struc- etc.) can, to a large extent, be "tailored" to a speci-
tures could be made artificially, with layer thick- fic application, they have potential for utilization
nesses of the order of A or tens of A, they would in many areas of x-ray research and technology (see,

function as Bragg diffractors and serve as valuable e.g., Barbee and Keith (10), Underwood, Barbee and
experimental tools. Keith (12)). In this paper the theory of LSMs is

The earliest attempts to make them, by the evapor- outlined and used to canpute the characteristics of a
ation or electrodeposition of metals, were reported by variety of LSM configurations. The experimental work,

Koeppe (1) and Deubner (2). However, these workers and comparison with theory, is discussed in the papers
were unable to observe diffraction of x-rays from the by Spiller and by Barbee (these proceedings).

artificial layer structure (or superlattice) but only
from the crystal structure of the component materials. II. REFLECTION OF X-RAYS BY SYNTHETIC MULTILAYERS

Du Mond and Youtz (3) reported the first positive
results. By evaporation, they made periodic structures For the interface between a dense material and
composed of alternate layers of copper and gold, with vacuum, or between two materials of different density,
an average interplanar distance of i00 A, and observed the Fresnel equations can be used to-calculate
diffraction of Ho K x-rays (A - 0.7 X) from the super- R(e) = i(e)/Io, the fraction of the incident x-ray in-
lattice. Stability was a problem, however; the dif- tensity reflected at glancing angle 0. In the x-ray
fracting power decayed to zero in about a month as the region, for glancing angles much greater than the cri-

two metals interdiffused and the refractive index con- tical angle e (i.e. outside the "total" reflection re-
trast between the layers was reduced. gion) R is typically of the order 10

-
4 to 10-6. Under

Further work was carried out by Dinklage and these conditions a single surface is useless as an
Frerichs (4) and Dinklage (5), who found that the dif- x-ray mirror. However, the corresponding coefficient
fracting power of lead-magnesium and gold-magnesium of =TZitude reflection E(,)/3 o is 10

-
2 to 10-3; this

layered structures decayed with a time scale similar implies that a reflectivity R(e) - 1 may be achieved
to that found by Du Hond and Youtz. On the other hand, if the reflections from -102 to -103 interfaces can be
Dinklage (5) found that iron-magnesium structures, with made to add in phase. Synthetic mltilayer reflectors
layer repetition periods of 30-50 X, lasted for more for x-rays operate on this principle.
than a year. During this time the peak diffracted in- A multilayer reflector consists of two evaporated
tensity for 0 Ka radiation (A - 23.6 A) remained com- or sputtered materials A and B, arranged alternately
parable with that from a lead stearate soap film multi- in layers of thickness dA and d. respectively (Fig. 1).
layer structure made by the Langmuir-Blodgett technique.

More recently Spiller (6,7,8) has made multilayer The structure is periodic in the direction z, perpen-

interference coatings for the vacuum ultraviolet region, dicular to the planes, with a period d - dA + dB.
again by an evaporation technique. These coatings are ultilayers having more than two layers per period can
not periodic structures in the usual sense; although be made, but since the theory is easily modified to
the combined thickness of the two component materials cover such cases, we treat only the simplest two-layer

remains constant, their relative thickness is graded case here. We assume that the structure consists of
to obtain maximum reflectivity with a given number of N such layer pairs, so that the total number of media
layers. Tests with synchrotron radiation (9) have involved, including vacuum and the substrate, is
shown that such coatings, made up of layers of carbon 2N + 2 - n.
and copper or carbon and gold, reflect radiation of
wavelength A - 190 X approximately seven times more ef-
ficiently than a single thick gold layer, when used at

normal or near-normal incidence.

0094-243X/81/750170-09$1.50 Copyright 1981 American Institute of Physics
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II. THEORY OF SYNTHETIC

S(VACUU) MULTILAYERS - ABSORPTION-FREE CASE1 (vacuuM) E

6 In treating the reflection of x-rays from a
natural crystal or a pseudo-crystalline structure such

2 (MATERIAL A) E2 R d, as a multilayer reflector either of two theoretical ap-(1 E proaches can be adopted. In the kinematical theory,
3 (MATERIAL B) da the scattering from each volume element is treated as

I being independent of that from the other volume ele-
iI ments. This theory neglects the details of the wave

LAYER PIR interactions within the structure, in particular the
N progressive reduction in amplitude of the forward

wave as it travels into the structure and is partially
-IEj 1  E!,wv ttae

reflected by successive planes (primary extinction).
E\ J Ej" In the dynamical theory all wave interactions are

taken into account. The dynamical theory is custom-j+1 arily used in the study of the x-ray diffraction from
large perfect crystals, while the kinematical theory is
more appropriate to the study of thin crystals, or
"mosaic" crystals which can be thought of as being coin-

I4 posed of large numbers of small thin crystallites whose
orientations vary slightly, in a random fashion, fromn-2 (A) LAYER FAIR the mean orientation.

n-1 (B) Multilayers made by, for example, sputtering, are
essentially "perfect" from a crystallographic point of

n (SUBSTRATE) view. Although the fabrication process may introduce
variation in layer thickness, these errors are not
equivalent to the mosaicity of a natural crystal. It

Fig. 1. Reflection of x-rays by a synthetic multi- is, therefore, more appropriate to used a dynamical
layer. The coordinate system used in the theory is theory to compute their properties, although a kine-
shown to the right. The y-coordinate extends out of matical approximation will suffice if a multilayer can
the plane of the figure. be considered sufficiently "thin." A quantitative de-

finition of "thin" and "thick" for multilayers is
given below.

X-rays of wavelength A , incident at a glancing Although incoherent absorption in the layer ma-
angle e on the planes, will be scattered by each layer terials may have a profound effect on the intensity and
of atoms. At the Bragg angles em given by the re- shape of the Bragg reflections, the neglect of absorp-
lation tion leads to a simpler theory, from which a number of

expressions may be derived in closed form. Since these
mX - 2dsin e (1) expressions may be used to estimate properties such as

m peak and integrated reflectivities, and Bragg peak width,
they are useful in choosing multilayer parameters when

the scattered waves will add in phase and the total designing for a particular application. The absorption-
scattered amplitude will reach a maximum. The positive free case is therefore treated first. The basic deri-integer m represents the order of the Bragg "reflec- vations are not repeated here; for these the reader is
tion". Thus a structure made up of layers of the order referred to the book by Zachariasen (13). Saxena and
of 10 1 thick will reflect -40 x-rays at sin 0 - 1 Schoenborn (14) have also treated this problem in con-
(near normal incidence) or shorter wavelength x-rays nection with the diffraction of neutrons by multilayer
at smaller values of sin 8. structures.

Computation of the intensity of x-ray reflection For x-rays of a particular wavelength X , an ele-
from an LSM at or near the Bragg angles, or for any mental material is characterized by its complex atomic
other angle of incidence requires the solution of Max- scattering factor
well's equations in a material having a periodically
varying dielectric constant. Either of two theoreti- f = fo + Af' + iAf" (2)
cal approaches to this problem can be adopted. Since
synthetic multilayers designed to reflect x-rays must Af' and Af" are the resonance and absorption corrections
be layered on an atomic scale (for example, a 10 X to the atomic scattering factor arising from anomalous
layer of tungsten is only 4 atomic layers thick), it dispersion (the HWnl corrections). Ftnce 2d > 10 X,
is possible to treat their x-ray properties in a man- for the multilayers we shall consider, (sin 6)/X < 0.1
ner analogous to that used to compute Bragg reflection A-i, and thus fo = Z (i.e. all the electrons in an atom
intensities from a natural or artificially grown crys- can be considered to scatter in phase). We define *,
tal. Alternatively, one may adapt the multilayer the scattering amplitude density for x-rays of a par-
theory used to design interference coatings for the ticular wavelength by:
visible spectral region, assuming each layer to be
plane parallel and assigning it a uniform (complex) re- -=AO[(Z + Af') 2 + Af"2] re  (3)
fractive index. It can be shown that these two ap-
proaches are equivalent. For illustrative purposes, a
simplified crystal diffraction theory that neglects where re is the classical electron radius e

2/mc2 -
absorption is described in section 3, and then used to 2.818 x 10-13 cm and J? the number density of atoms.
obtain approximate formulae for estimating the x-ray In the absorption-free case Af" - 0, and the term in
reflecting properties of synthetic multilayers. In square brackets reduces to Z + Af'.
section 4 it is shown how the "optical" multilayer If the crystalline structure of the individual
theory can be used to make exact calculations, layers is neglected, i.e., if only the superlattice

diffraction is considered, then the unit cell of a
multilayer can be taken to be unit area of a single
layer pair. The angle-dependent structure factor P(e)
of a unit cell can then be defined as

() d iQzdz
F(8) f 0 *(z)e dz(4)
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where Q = (4: sin'e)/A. For the case of diffraction of Finally,
x-rays by crystals, two solutions to the dynamical pro-
bies have been found. The first is known as the Dar- mA' - 2d sin 0'
win Solution and the second as the Ewald Solution (13). a
In the limiting case of an infinite number of layers
and zero absorption these two solutions give essenti- By elimination, we obtain (15):
ally the same results. For illustrative purposes, we

Let a plane parallel wave of wavelength X be inci- m- 2d ( 0 1 sin OP (13)
dent on a ultilayer reflector at glancing angle 0. s

~The ntensity of the intensity of the incident wave is

o and that of the reflected wave is I(0). Then from which, for small 6 , becomesthe Ewald theory hcfosml 0, eoe

I() ly + (y2_ o l2l)] (5) mX - 2d o sin ep  (14)(1 S 6o
0 cere

where 3.2. "Thick" case tA>.8). It is useful to con-

A 2NdK sF(S)1 (6) eider two limiting cases of the dynamical theory, de-
mA 'a' fined by A>>l and A<,l. The former is known as the

"thick" crystal case since it applies when, for example,and N is large. In this case tanh A 21 and we may write:
y wN [(8-8 ) sin 28m-260] (7) - 1 (15)

2A sin 2 
a Rt

The factor K is 1 for the o component of the wave RI Atan S1
polarization, )cos 28 1 for the w component, and m MN
(1 + Icos 28 1)/2 formunpolarized radiation. 80 isthe average Yefractive index decrement for the struc- The reflection is thus total for IyI <1, and the
ture, i.e. primary beam suffers complete extinction in passing

through the structure. One may also derive an expres-
reX2.t- sion for AS, the full width at half xI-% of the re-

o0 (Z + Af')j (8) flection prdfile (15), viz:

23 a8 . = ( 7
where is the number density of atoms of type J. Is _ 2. AX 2.3 A- ir mE Al- 2.3 A (17)
averaged over the structure.

It should be noted that (5) is valid for both 3.3. "Thin" case (A<0.4). A<<l defines the
y2 < 1 and y2 > 1, since coth2 x = -cot2 (ix). Peak "thin" approximation. In this case (5) can be written
reflectivity RP for the rth Bragg reflection is defined
as the maximum value of I(8)IIo . It is evident that /
this maximum occurs when y = 0, and has the value I() sin A 2  

(18)

RP_- tanh2 A (9)
Is and:

The integrated reflectivity RI is defined bymRp A2  
(19)

R' S) (O - ( A tan e
a 10 Is m

R (20)and it zan be shown (13) that m mN

tan 0 and tan (iR; - M R (A t n h A ) ( 1 1 ) #0 X N ( 2 1maS m l . (21)

3.1. Correcti of the Braze equation for Refrac-
tion. From (5) and (7) we see that in the absorption- this approximation corresponds to the kine datical
free cast diffraction pattern is symetrical, not about theory, which is thus the "thin" limit of the dynamical- m' Or, t about a slightly larger glancing angle P, theory.where ' 3.4. Evaluation of JF()1 and A. iF(e)j may beevaluated analytically for simple cases. For example,

if layers A and B are homogeneous with constant scat-
Pm - em . 26el/in 20 a 6o see 0 cosec I (12) tering amplitude densities $A and #E. and if the tran-

Thus the Bragg equation must be corrected for refraction. sition from the value #A to the value + takes place

From the definition of refractive index over a vanishingly small interval, i.e., the interfaces
are perfectly sharp, then

[ -F()Lcos QdA) + ,2(1-cos QdB)
where ,v is the velocity of light, ' the wavelength, (22)
and S0 the glancing angle in the medium. Also, by + # (cos Qd + cos QdB-cos Qd-1)]
Snell s law: A B A

I - 60 " cos OP/cos 0'
5 5"
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which for the special case of equal layer thicknesses We characterize the material by its complex re-
dA d, reduces to: fractive index

- - 6 -iB (27)
F(o)- sin (Rd-)[#'+ *2 + 2* cos (23)

Q 4 A B A B 2 ~ where

At the Bragg angle e Q - Wm and (22) becomes: t -f
am d a 2 (Z + AfV) (28)

.F(Om)I in -- !Lai (24) e (Af(29
2w 4w

We see that for equal layer thicknesses only the oddorders m = 1,3,5... are permitted reflections. ii is the linear absorption coefficient. Referring
ordes m- 13,5.. ae prmited eflctins.again to Fig. 1, let Ej be the amplitude of the elec-

If the layer thicknesses are equal, but the scat-
tering amplitude density makes a smooth, sinusoidal tric vector of the wave incident on the interface be-
transition from the value fA to the value B' then it tween the jth and the (j + 1)th layers, and ER the

may be shown (14) that amplitude reflected from this interface. TheJFresnel

coefficients O °j,+l, wl ji+ l for reflection of the

IF(em)I - 1( A-*B) for m - 1 a and w components of polarization from this inter-
(25) face can be written

. 0 for m 1

By way of illustration, let us compute Neff, the 15R.) . gj (30)
effective number of layer pairs contributing to the ji g j+
peak reflectivity of a particular Bragg. reflection, and
hence the maximum number needed in a multilayer reflec-
tor designed to operate at a particular wavelength. g g/a -g /a2
Since tanh 2 = 0.96, most of the maximum possible peak jj+l -j g +1 / + l  (31)
reflectivity will be obtained if A - 2. For the case j A + g A
in which the interfaces are sharp, eqs. (6) and (24) to-

gether yield

Neff = m2/[Kd 2 sin(mwdA/d)(*A-4B)] (26) whereg ( - cos2  ) (32)

To consider some specific examples, at the wave- For small 0, 0, 6, (32) becomes
length of Al Ia (X 8.34 A), W 9.76 x 1011 cm-2 and

#C - 1.69 x 1011 cm-2 . Hence, for the first order re- W =( 2 - 26 - 21eB) (33)
flection from an LSM built up of layers of tungsten
and carbon, each 10 A thick, Neff - 100. A similar We define R

stack made from layers of aluminum and beryllium A J +l , aj (Ej/Ej)

(&AL = 2.22 x 1011 cm
- 2, Be = 1.36 x 1011 cm

-2 
at

8.34 A) would have Neff 900. A sinusoidal variation where
of * would increase these numbers by 4/w, or about aX = exJ(-i g d

30%. Absorption in the material will, of course, re-
duce N eff, so that the figures should be treated as is the amplitude factor for half the perpendicular dis-

upper limits. In general, the results of the absorp- tance d. Using the boundary condition that the tan-

tion-free theories should be used only as a guide, and gential-components of E and H be continuous at the
interface, a recursion relation for f4  1 may be de-

the more rigorous theory, outlined below, should be ere, vIJJ+
used for detailed computations. veloped, viz:

IV. DYNAMICAL THEORY INCLUDING ABSORPTION 4 a +1.J+2 +  .j+l
0, ~j~ , j +1.+2 V4j~ + 1 (34)

If incoherent absorption in the layer materials J+l,J+2 JJ+l +
cannot be neglected (i.e., if Af" 4 0) then both f and
the structure factor F(e) become complex. For the case The computational scheme starts at the substrate,
of x-ray diffraction by crystals, this situation is medium n, with * n,n+l - 0 (since the substrate is
treated using Prins' modification of the Darwin theorynnl
(17). However, the Darwin-Prins theory is analytically considered infinitely thick). By using (34) and

cumbersome, and is best suited for treating an infinite working backward to the first surface, where a I1  I

number of strictly periodic scattering layers. In ad- and e sine the value of * ER/E may be
dition, the theory does not take into account reflec- 1 12 11

emultilayer-vacuum and multilayer-substrate found. This is related to the intensity I(e) reflec-tions at the mutlyrvcu n atlyrsbtae ted from the structure by

interfaces. For computations involving a finite nun-

ber of layers, or for situations in which the layer
strucures are not strictly periodic (for example, I(e) 9 12)2  (35)
Spiller's (6,7,8) multilayer structures optimized for 0
EUV reflection) it is more convenient to adopt a compu-

tational approach. Our computational approach is an- This computation scheme is quite general and can
alogous to that used in the design of multilayer inter- be used to compute the x-ray reflectance of any multi-
ference filters for the visible region of the spectrum, layer structure at any angle of glancing incidence. As
and is based on the Fresnel equations. an example, we have computed the reflectance as a func-

tion of angle for four LSMs, otherwise identical,
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Fig. 2. Reflectivity versus glancing angle computed for a series of tungsten-carbon layered synthetic micro-

structures at a wavelength A - 2.2631 A. (a) 5 layer pairs (b) 10 layer pairs (c) 30 layer pairs (d) 100 layer
pairs. Layer thicknesses and optical constants used are given in the text.

having 5, 10, 30 and 100 layer pairs (Fig. 2). These of d is relatively simple. This leaves *A' *B' N and

computations are for a tungsten-carbon LSM with dW = 
A/ Bb

12.4 1, dc . 20.0 X, at a wavelength X - 2.2631 A. The of the LSM d ay be "tailored."

optical constants used were: tungsten; 6 - 9.09 x l0-5 Combining (6), (11), and (24) we find that:

B = 2.08 x 10-
5
, carbon; 6 - 1.38 x 10-

5, 8 - 1.64 x 104.
In addition to the total reflection region and the first 

I  22K s md A
order Bragg reflection, these curves show well the sub- Rm 3 sin d N - tB) tan e tanh A (36)

sidiary interference maxima that occur for a "thin" m am3

structure (eq. 18) and their disappearance for a "thick"

structure. These calculations are for unpolarized If the crystal is "thick" (N 1 N eff  tanh A = 1)

radiation; however, at these small values of 0 the re- it is evident that the highest integrated reflectivity
flectivity for the a and w states of polarization are is achieved by making the contrast (*A - t ) as large
virtually identical.

as possible, and d A/d = 0.5. When absorption is im-
v. CHOICE OF MATERIALS AID LAYER ThICKNESS FOR LS~s

portant, the optimum value of the division parameter

Since, in a particular application, the principal 
dA/d may be different. Vinogradov and Zeldovich (18)

design concerns will be the wavelength range in which have examined this problem and have derived the fol-

the device must operate, and the range of glancing lowing transcendental equation for the optimum value

angles over which it must function, the specification of d A/d;

; " ' " -. . .... . ... ... 2 t.. . . ....... 'A
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tan Ar( p t = p t + (37) R(0) 0.7 R = 0.5

This equation was originally derived for normal inci-
dence and for a sinusoidal variation of n. However, it 0.5
evidently holds for any angle of incidence and, to a

*good approximation, for the case where the interfaces X 1.*54 A X = 8.34 A1
are sharp.

We may also obtain a rough estimate of the opti- 91 0
mum parameters for highest resolution A/AX, using the 0 , . - ,

absorption-free theory. From (16) and (17) we obtain: 2.0 2.1 2.2 2.3 2.4 2.5 11.0 12.0 13.0

S20(deg) 0(deg)

m IT m

and again assuming that the structure is "thick," we
see from (36) that for highest resolution, both 1M) =0.3 0.13

4A - B
) 
and dA/d should be made 

as small as possible. 
R3

VI. PREDICTIONS OF THE THEORY 0.5 X
= 
13.36A 27.4A

FOR REALISTIC LSM CONFIGURATIONS

One of the important factors in choosing two or 0 01 01
more materials for an LSM is their compatibility: they 19.0 20.0 42.0 44.0 46.0
must not react chemically or interdiffuse, or at least
such reaction/diffusion must be limited. This places 6(deg) 0(deg)
a considerable restriction on the choice of materials,
and thus on attainable values of *A - B" Fig. 4. Reflectivity curves computed for a LSM con-

Tungsten and carbon represent a pair of materials sisting of 101 layer pairs of tungsten and carbon, at

that meets these requirements. In reality, there is four wavelengths and for unpolarized radiation. 81
some reaction between these elements, and the resulting indicates the position of the first-order peak predic-
LSMs are composed of a mixed tungsten-tungsten car- ted from the Bragg equation using 2d = 40.0 X. The
bides (W2C and WC) layer and a carbon layer, rather angular difference between e1 and the peak in R is the
than pure tungsten and carbon. However, the structures refraction correction.
are stable (10), and since the density of tungsten car-
bide (16.3 g.cm

- 3
) is only slightly less than that of

tungsten (19.3 g.cm
- 3

) a strong density contrast be- tivity is approximately linear in A
2
, the two approxi-

tween the carbide and carbon layers (p - 2.0 g.cm
- 3

) is mations giving the same value within 7%. Also plotted
maintained. It is useful, therefore, to present some in this figure is the.first order peak reflectivity
sample calculations concerning the "tungsten-carbon" computed, using the fell theory of section 3, for a
system. W/C LSM with 2d - 40 A (dw - dc - l0 X) at the wave-

lengths of Cu Ka (1.54 X) and Al Ka (8.34 X). The
1.0 , r value of A was varied by changing N, the total number

SD -- ---- of layer pairs in the LSN stack. It can be seen that
! 4while when the absorption is small, the simpler, ab-
-

2  
sorption-free dynamical theory gives values within 20%

0 N=1O
4  

of those predicted by the full theory, it begins to
M deviate markedly for values of absorption which are
7 W/C (1.544) only moderately high.

N N2= 103  Figure 4 is a series of reflectivity versus 6
10 curves for the same W/C structure, computed at a vari-

-----W/C (8.34A) ety of x-ray wavelengths; 100 layer pairs were assumed.
The curves shown are for unpolarized radiation; curves
for the a and 7 states can be obtained by applying the

N 2.I0 2 appropriate value of K. The value of e1 calculated
- from the Bragg equation (1) is indicated on these

-2 THIN" "THICK" curves, so that the relatively large correction for re-
10

-  
,. ... I 1 fraction can be seen. Note that, because of absorp-

10-2 10-1 1.0 10 tion, the diffraction curves are not symmetrical about

2 the angle eJ defined in Eq. (12).

The integrated reflectivity is plotted as a func-
3 tion of A in Fig. 5. For comparison, the predicted

Fig. 3.Peak reflectivity of an LSM as a function of and measured integrated reflectivities of some other

A
2
. Curve K: kinematical approximation. Curve D:

dynamical approximation (no absorption). These solid Bragg crystal analysers and artificial multilayers
curves apply to any LSH structure. The lower curves (Langmuir-Blodgett pseudo-crystals) have also been
are computed, using the full theory of section 3, for plotted. In Fig. 6 a similar comparison is made for
aaricmpular, sing ahe tungsthero sctith 3,for the wavelength resolution X/AX.
a particular SM; a tungsten-carbon structure with It is evident that a W/C LSM is a powerful dif-dw d d - 10 k. A was varied by changing N. fractor over the whole wavelength range considered,

with an integrated reflectivity >10-
3 
radians, an order

In Fig. 3 the peak reflectivity RP/K2, as calcu- of magnitude greater than that of presently available
m analysers (acid phthalate crystals or soap film multi-

lated from the kinematical and the dynamical (no ab- layers). Its wavelength resolution is, as expected,
sorption) approximations are plotted as a function of low, but still comparable with, or slightly better thai%
A
2
. It is seen that in the "thin" region the reflec- that measured for soap film multilayers.
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1, , 10
Rp, 0 70 p, -0.44

WC LSM Rp I /0 44

0.5 X 13.36A
Xo X8.34 A

~TIAPlO01)

PC SOAP

I0- 12.0 12.1 12.2 19.5 19.6 19.7
(0 oo) 0(dog) 0 (deg)

R(O) I le1I01 _ I I I I I I R| C

5 10 15 20 25 30 35 40 45 X 1= 31.,0

0.5 X= 17.6A
rig. 5. First order integrated reflectivities of typi-
cal multilayer structures and crystals in the soft x- 81
ray region. The solid curves are calculations based on 

81

dynamical theory. The LSMs are those referred to in
the text and in Figures 3 and 7. "Pb Soap" is a "thick" 0

lead stearate multilayer (Henke and Tester (19)). The 26.0 26.5 51.5 52.0 52.5
curves for thallium acid phthalate (TIAP) and potassium 6(deg) 0(d"g)
acid phthalate (KAP) are Darwin-Prins calculations of
Burek (20). The experimental points for KAP (circles) Fig. 7. Reflectivity curves computed at four wave-
were taken from Burek (20), for T1AP (triangles) from lengths for an aluminum-beryllium LSX of 1000 layer
McKenzie et al. (21), and for the optimized lead par;ths urve arerulize radiotion. asteaatemultlayr (suars) fom harls (2).pairs; these curves are for unpolarized radiation. e 1
atearate multilayer (squares) from Charles (22). is the first order Bragg angle computed using

2d = 40.00

XAt any particular wavelength, the performance (in

AX -terms of R'. Rp or )/AA) could be improved by optimi-
KAP(01 )m m

zing dA/d according to (37). However, the attainment
10

3  TIAP(001) B
of wavelength resolutions equal to or better than that

--- -- sLSM of, say, potassium acid phthalate (KAP) requires values
of contrast *A - *B lower than those given by the Al/Be

combination. While possible material pairs exist (B/Be,
Be/fg, B/LiH) their stability as thin layer stacks
needs to be established. In general, it will be more
difficult to fabricate LSMs of high resolution than
those of high integrated reflectivity, simply because

of the much larger number of layers required over which
LSM it is necessary to maintain uniformity.

5 10 Is 20 25 30 35 40 45 VII. EFFECT OF LAYER IMPERFECTIONSX(A)
There are a number of ways in which the structure

Fig. 6. First order resolving power of crystals and ef an LSM can differ from the "ideal" structure upon

multilayers. The experimental points for lead stearate which the theory is based. Such deviations or imper-

(squares) were taken from Charles (22). The curves for fections will affect the Bragg diffraction intensities,

KAP and TiAP were computed by Burek (20) using the adotis imrat toe abl to e tensctieu-

Darwin-Prins theory. and so it is important to be able to model then compu-
tationally. The principal imperfections are described
below.

In order to build LS~s with better wavelength re- 7.1 Imperfectly sharp interfaces. In reality,

solution, pairs of materials having low absorption and the transition from index "A to index nB takes place

a low value of #A - B must be chosen. A possible can- over a finite distance, so that the interfaces are not

didate pair for the soft x-ray region is represented by infinitely sharp, as has been assumed so far. The dis-

aluminum and beryllium. Although the materials science tance over which this transition takes place, and its

aspects involved in constructing LSMs from these two profile, will have a strong effect on the reflected
materials remain to be fully investigated, the combi- intensities, and in particular on the relative inten-
mateina s psitie of the various orders.
nation appears promising, and we have computed the x The problem of computing reflection coefficients
ray diffracting properties of a 100 layer pair Al/Be for electromagnetic waves for an interface at which
structure (dAl - dBe - 10 A) at a number of soft x-ray there is a refractive index gradient has been treated

wavelegths (Fig. 7). The integrated reflectivity and in other contexts. In studying the reflection of radar
wavelength resolution of this LSN are also plotted in signals from the lunar surface, for example, Simpson
Figs. 5 and 6; these properties are both close to those (23) coacluded that the least cumbersome computational
of thallium acid phthalate (TlAP), and its potential approach was to treat the transition zone as a large
value perhaps lies in the extension of these properties number of thin, homogeneous laminae whose index and

to longer wavelengths, thickness could be adjusted so as to approximate the

I II II . .. i,.. .. ili i . . . .. .... . . .
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smooth transition by a number of finite steps. It may We used this method to examine the effect of a
be shown that this approach is accurate, provided that finite density gradient at the interfaces. It was as-
the lamina thickness is much less than a wavelength of sumed that the transition between the indices took
the radiation being reflected. place over a distance dtr and that the variation fol-

lowed a cosine function, as shown in Fig. 8. This
transition distance was then divided into a number of

dA de sublayers of equal thickness. The value for the index
of a sublayer was then set equal to its value at the

STEPAPPRXIMAIONcenter of the layer.
CTUALT PO TNIn pig. 9, the peak intensities of the first

through third order reflections from a W/C LSM with
-- - 24.3 1, d k - 33.4 A are plotted as a function of

IDA B / A7.2. Variations in layer thickness. Another
kind of LSM imperfection arises if the layers vary in
thickness through the structure, i.e. if a particular

Filayer A has thickness dA + dA instead of the intended
Fig. 8. Variation of refractive index through several thickness dA, with d varying randomly or continuously

LSH layers. The bold line indicates the "ideal" vari-

ation, with infinitely sharp gradients at the inter- through the stack. This kind of imperfection is easy

faces. The dashed line shows the model in which the to model computationally.

index varies according to a cosine function over a In some cases, it may be advantageous to intro-
transition distance d . In the center of the figure, duce a specific variation of layer thickness through

trthe stack, in order to increase the reflectivity for
this smooth function has been approximated by ten thin a fixed number of layers (see e.g. Spiller (6,7,8)) to
sublayers of constant refractive index, increase the reflected bandwidth, or for some other

reason. At present the design of multilayer reflec-

tors for x-rays and EUV is in a relatively simple
1.0 [ stage, and there would appear to be some potential for

m=I the development of more sophisticated designs, analo-

gous to those used for multilayer interference filters
designed for use at longer wavelengths.

7.3. Layer roughness. Real layers will have a
RP relatively rough, rather than a perfectly plane, sur-

face and this will lead to scattering of the x-rays.
This roughness will result from a) the intrinsic rough-
ness of the substrate and b) roughness introduced
during the layer-building process. It is conventional
to quote roughness of surfaces as an rms figure in 1,
for example a "smooth" surface may have 3 X rms rough-

0.1 hness. However, in order to predict how a surface will
scatter electromagnetic radiation this figure is in-
sufficient; it is necessary to know the power spectrum

2 of the surface height variations.
It can be shown that scattering of x-rays by

rough LSMs is analogous to the thermal diffuse scat-
tering of x-rays by crystals and can be described by an
analog of the Debye-Wa-ler formula. This will be dis-
cussed in more detail elsewhere.

VIII. COMPARISON OF EXPERIMENTAL

RESULTS WITH THEORY

Techniques for making multilayer reflectors, both
by evaporation and by sputtering are at present being
perfected and much experimental data has been amassed.

3 The experimental work is treated in the papers by
Spiller and by Barbee (these proceedings), and need
not be discussed in detail here. Suffice it to say
that for periods above about 30 X (for evaporated
structures) or 15 X (for sputtered structures) the per-
formance of well made synthetic multilayers is close
to that predicted theoretically. As an example, we
show in Fig. 10 the reflectivity versus angle curve
for a W/C LSM obtained at a wavelength of 2.2631 A

0.001 , using synchrotron radiation at the Stanford Synchro-
0 10 20 tron Radiation Laboratory. The structure consisted of

dtr) 30 layer pairs with dW - 12.4 X, dc = 20 X, so this

curve can be compared directly with Fig. 2(c). (The
Fig. 9. Peak reflectivity Rp plotted as a function of deviation at angles close to zero is, of course, due

m to radiation spilling past the LSN at small glancing
dtr for the first 3 orders of reflection of Al Ka ra- angles). The agreement is remarkably good, indicating
diation (X - 8.34 X) from a W/C LSM (dW - 24.3 1, an almost perfect layer structure in this particular
dc - 33.4 X). LSM.
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1.0 1 [ [ 10. T. W. Barbee and D. C. Keith, in Workshop on In-
9 -W/C 066 strAntation for Synchrotron Radiation Research,* 9 W/ 6 (Eds: H. Winick and G. Brown) Stanford Synchro-

E=5478.2eV tron Radiation Laboratory Report No. 78/04, p. III-
.8 36 (May 1978).

11. T. W. Barbee, These proceedings.
7 12. J. H. Underwood, T. W. Barbee and D. C. Keith, in

Imaging X-ray Optics Workshop, Proc. Soc. Photo.
Opt. Inst. Eng. 184, 123 (1979).

.6 13. W. H. Zachariasen,Theory of X-ray Diffraction in

R CrystaZs, John Wiley and Sons, New York (1945)
Chapter III.

14. A. M. Saxena and B. P. Schoenborn, Acta. Cryst.

4 A33, 805 (1977).
15. A. H. Compton and S. K. Allison, X-ray in Theory

and Experiment, 1st ed. Van Nostrand, New York
3 -(1935) p. 375 ff.

16. Based on a "mean" diffraction pattern (Reference
.2 13, p. 126 ff.).

17. J. A. Prins, Zeitschr. f. Phys. 63, 477 (1930)
- 18. A. V. Vinogradov and'B. Ya. Zeldovich, Appl Opt.

16, 89 (1977).
.0 19. B. L. Henke and M. A. Tester, in Advances in X-ray

.0 1 .0 2.0 3.0 4.0 5.0 Analysis (Eds.: W. L. Pickles, C. S. Barrett,

2*THETA J. B. Newkirk, and C. 0. Ruud), Plenum Press, New
York and London, Vol. 18, p. 76 (1975).

20. A. J. Burek, Space Sci. Inst. 3, 53 (1976).
Fig. 10. Experimentally determined reflectivity versus 21. D. L. McKenzie, P. B. Landecker and J. H. Under-
glancing angle for a 30 layer pair W/C LSM. For wood, Space Sci. Inst. 2, 125 (1976).
layer parameters see text. These results were obtained 22. M. W. Charles, J. Appl. Phys. 42, 3329 (1971).
using a Huber diffractometer at the Stanford Synchro- 23. R. A. Simpson, IEEE Transactions on Antennas and
tron Radiation Laboratory. The synchrotron radiation Propagation, AP-24, 17 (1976).
was rendered monochromatic with a channel-cut silicon
crystal.

IX. CONCLUSIONS

In this paper the formalism fot computing the in-
tensity of Bragg reflection from structures layered on
an atomic scale (LSMs) has been developed. It has
been shown that, providing the material constraints can
be overcome, it is possible to build structures whose
properties complement those of presently existing x-ray
analysers and reflectors. By varying such parameters
as the as the refractive indices, layer thicknesses
and total number of layers, these properties can be
"tailored" for specific x-ray applications. In par-
ticular, structures with high integrated reflectivity
and/or large 2d spacing can be constructed. Such struc-
tures offer great potential in many areas of soft x-ray
and extreme ultraviolet research and instrumentation.
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The Metrology of X-ray Optical Components
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ABSTRACT

The differences in form and specifications of optical components used in the visible and
X-ray spectral regions have stimulated the development of different approaches to the measure-
ment of the latter. In general, the grazing incidence configuration is less conducive to
the employment of the traditional interferometric methods of measurement than the automated
probe methods which are nov being developed. Optical methods become increasingly more
valuable and more easily interpretable, the closer the optic approaches perfection.

INTRODUCTION TYPES OF MEASUREMENT REQUIRED

Measurement and evaluation go hand in hand with I. THE MIRROR SURFACE
the production of optical components, and over the
years a range of measurement techniques has been In order to predict the performance of a mirror,
devised which are in common use in the optical the coordinates of all points on the surface are
industry. Some X-ray optical components, such as plane required to be kncwn and they should be referred to
or concave mirrors or diffraction grating blanks, are fiducial datum surfaces on the mirror. For measurement,
geometrically similar to their visible optical predictive and fabrication purposes, it is convenient
equivalents so that similar measurement techniques can to consider that the surface perturbations (the
be employed for them. However, many X-ray mirrors are departures from the theoretically specified form) give
very different in form and this does call for the rise to two broad categories of surface topography:
consideration of different measuring approaches. With
very few exceptions, X-ray mirrors ar~e used in the Wi Macrotopography
grazing incidence configuration and typical
characteristic features are that they have the form of The perturbations associated with the
elongated conicoids, and, often, the datum or reference macrotopography of the surface have wavelengths ranging
surfaces are not the mirror surfaces themselves but the from the size of the mirror down to a few millimetres,
mounting flanges which are nearly normal to these with amplitudes down to about 0. 1 lim; some
surfaces. In the case of Wolter microscopes, problems perturbations may be non-periodic. In order to obtain a
of accessibility arise because of the small bore of the Useful semi-quantitative appreciation of the quality of
mirrors. The complex aspheric forms of the mirrors the mirror, it often suffices to make independent
require that precise measurements be made even in the measurements of, say, diameter, circularity and axial
early stages of manufacture, when the mirror May still joie
be in a non-reflecting or poorly reflecting state after
grinding or diamond turning. The surface finish (ii) Microtopography
requirements of X-ray optics are also very demanding
and have stimulated the development of specialized This refers to surface perturbations of
measuring techniques. wavelengths of a few millimetres dcwn to the finest

The measurement or evaluation of complete systems that can be measured. This would normally be down to
is normally undertaken with X-rays or with light, but 0.25 pma in wavelength, but could with substantially
this is a topic which is not dealt with in this paper, greater difficulty, be as small as 1 nm, and with

amplitudes down to less than 0.5 nm.
PURPOSE OF THE MEASUREMENTS

II. REFERENCE SURFACES
An important function of the measurement

instrumentation is to establish whether the dimensions In the case of Wolter telescopes, the relationship
and form of the optical component lie within the between the mirror axis and mounting flange requires to
manufacturing tolerances which were specified at the be known laterally and angularly. In sector telescopes,
design stage. A whole series of measurements may be a reference surface normal to the mirror axis may be
required, of increasing accuracy, as the component required, in addition to the mounting flange, to assist
proceeds through its successive manufacturing stages, in optical alignment. Measurement of the departure of
to enable the mirror to be corrected where necessary. flatness of the mounting flange is also required. It is

In practice, the situation is often complex in sometimes possible to orient mating flanges with
that parts of the mirror may be outside the Specified respect to each other to minimize the distortions
tolerance, while other parts may be well within the produced on clamping as a result of their lack of
tolerance. The important question then arises whether flatness.
or not the overall performance of the mirror will meet
the required specification. This information must be SPECIFICATIONS FOR X-RAY OPTICAL COMPONENTS
known in order to reduce to a minimum the costly and
time-consuming work expended on figuring and finishing. X-ray optical components form part of a system,

AA second important function of the Measurement the performance of which is usually specified in terms
instrumentation is thus to yield data, rapidly and in of factors such a. linear or angular resolution,
computer compatible form, which will enable the X-ray optical aperture or throughput, field of view and depth
prformance of the mirror to be predicted. The of focus. The combined effects of manufacturing and
measurement strategy must therefore be able to cater assembly errors, materials instabilities and conditions
for the demands of the computer programs used for under service (such as thermal or mechanical
interpreting the measurement data.
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fluctuations) must be such that the performance of the Different manufacturing procedures require to be
instrument stays within the given specification. It is employed to correct the longer and shorter wavelength
normal practice to produce an error budget in which the errors. The parameters associated with roundness errors
theoretically determined effects of the various errors translate to sub-micrometre deviations for the possible
may be traded-off against each other, within the limits spatial frequencies which may be present. This Is by no
imposed by the specification. means a comprehensive description of the fabrication

The optics of X-ray telescopes have probably tolerances but suffices to give an insight into some of
received most attention in the literature. A good the macrotopographic manufacturing tolerances. It is
example of a study of the effects of misalignment and instructive to note that the diameter of the telescope
surface deformations is given by Korsch et al. (1). In is 1.2 m, so that in general, errors of 1 in 107 may be
their approach, which is the one most commonly quite significant, and to compare this with the thermal
employed, the sr,'ace deformations are simulated by expansion coefficient of silica which is 5 x 10- 7 

K
1

ellipsoidal (ra.dial) and sinusoidal (axial) deviations and the long term stability of high quality optical
from the ideal surface. The image quality is defined by materials which amounts to 1 in 107-108 linear change
the axial rms spot size. The NPL approach (2) is more per annum (4).
generalized in that the surface figure errors are The effects of the micrctopographic structure is
described as the superposition of two uncorrelated to degrade resolution by scattering the X-ray beam over
perturbations: one being the normal displacement, and an angular range around the central beam. The
the other, the misorientation of small segments of the proportion of energy which falls within a one arc
tangent plane relative to the ideal surface. second diameter aperture for an on-axis point source
Alternatively, if the perturbations are known to be has been calculated for the AXAF telescope (3), for
slowly varying, they may be described by using Fourier different surface roughnesses and a 0.05 am correlation
or polynomial expansions. Non-periodic perturbations length over a wavelength range of 0. 15 nm to 1.25 nm,
are described by a spline series. The images are and is shown in fig. 1. This demonstrates clearly the
evaluated by calculating the first and second moments high level of surface finish which is required in order
of the intensity distribution on an appropriate image to achieve an adequate resolution.
plane, which can be referred back to the object plane.
The first moment is a simple measure of position, 1100

namely the centre of gravity, and the second moment . - Surtce

(the radius of gyration, R, often called the blur U roughness
circle radius) is a simple measure of image size and, a 80 (nrn)
hence, of resolution. The degradation of the image as a 1
result of other perturbations, such as the misalignment .g
of the component mirrors and surface roughness, where

diffraction becomes dominant, may also be found in U 60

terms of R and may readily be combined, when expressed
in this form. This general approach shares some common
features with the converse calculation of the 40-
prediction of X-ray performance from the measured c
perturbations. 0/ 2

It is not possible to make generalized statements 0 20
about the specifications for optical components, except a4

C
to state that the trend is towards arc second or better w
resolution in telescopes and to sub-micrometre a_______________
resolution in microscopes, which translates to sub-arc 0•4 0 8 1!0 1
second resolution in angular terms. Some of the Wavelength (nm)
manufacturing tolerances for the AXAF (Advanced X-ray
Astrophysics Facility) telescope have been documented Fig. 1 Calculated proportion of energy falling within
(3). This is the most prestigious telescope now in the a 1 arc sec diameter aperture for an on-axis point

early stages of development and can serve as an example source as a function of wavelength and surface
on which to base the accuracy requirements of the roughness for the AXAF mirror assembly. (After (3)).
measurement instrumentation. The nominal resolution of
the AXAF is 0.5 arc second, so that some, but not all, The manufacturing tolerances of high resolution,
of the manufacturing tolerances for the somewhat less grazing incidence X-ray microscopes (5) are not
demanding telescopes currently under development may be dissimilar to those of telescopes. For a microscope of
relaxed by, say, a factor of 5 to 10. 40 mm diameter, a tolerance on surface form of 1 In 107

The most demanding tolerances are those associated corresponds to a deviation of 4 nm. This is a demanding

with the axial slope and parameters associated with fabrication requirement and also presents a
deviations from roundness, and surface roughness. The considerable challenge to the metrologist, but even so
axial slope tolerance for the AXAF mirrors is 0.05 arc provides no more than an intermediate staging post to
sec, and for fabrication purposes, it is more the challenges of the future. The successes achieved so
convenient to state this in terms of the permitted far in enhancing reflectivities at large grazing angles
amplitude variations of the surface for the spatial by the use of multilayer interference coatings (6,7)
frequencies which may arise 9a a result of the raises the prospect of fully exploiting these
manufacturing process. The tolerance is derived from components to achieve their potential resolution.
geometric optical considerations, and the relevant Considerations similar to those in the visible optics
spatial frequencies may cover a range of values region should apply, so that the surface figure should,
starting at the length of the mirror down to the at worst, not exceed a quarter of the wavelength
* icrometre region. The scatter effects produced by the employed. Both figure and surface finish requirements
higher spatial frequencies, and usually referred to as are thus approaching levels comparable to atomic
roughness, will be discussed below. The tolerances on dimensions.
surface amplitude deviations corresponding to a A similar requirement for surface perfection has
0.05 arc sec slope tolerance are 0.12 Um, 0.025 p, been discussed by Franks et al. (8), who showed that
0.012 tm, 6 nm, 2.5 nm for spatial frequencies of roughness, even at atomic levels, limited the
500 an, 100 mn, 50 -., 25 mm and 10 am respectively, diffraction efficiencies or X-ray gratings to les than

1% at wavelengths below 1 no.

iV
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MEASUREMENT TECHNIQUES then processed to provide an output both in analogue

and digital form, the latter permitting rapid data

Measuring methods fall into two distinct classes: processing. Readings can be taken at up to 100 data
probe methods where the surface is measured points per minute and thus a very detailed scan can be

sequentially, point by point, and surface measurements made in a few minutes, virtually eliminating drift
by interferometry where substantial areas, or the problems due to temperature and other environmental

complete mirror, are measured simultaneously; although changes.

some interferograms may require to be evaluated
sequentially.

I. PROBE METHODS

Mechanical probes may be employed which are
maintained in contact with the surface to be measured.

The displacement of the probe, or stylus, is measured
by optical or electromechanical methods. The probe may

also be in the form of a beam of light in which case
there is no physical contact with the surface being
measured. An important advantage of the mechanical

probe methods is that their use need not be restricted
to reflecting surfaces and can thus be employed, for

example, to measure the figure of a ground glass
surface prior to polishing. Probe methods are also

conveniently and conventionally employed to measure
mirror datum faces or flanges and the correlation of
the datum face with the mirror surface is facilitated
if one instrument can be used for both these
measurements.

1. MACROTOPOGRAPHY

1.1 Independent measurements of axial profile
circularity and diameter

In this section, methods of measurement are
described using different machines for the measurement Fig. 2 Measurement of the profile of a paraboloidal
of each of these three important parameters. It is by telescope mirror.
no means a trivial problem to correlate these
independent measurements to obtain a comprehensive The machine is shown in fig. 2 in the process of
knowledge of the form of the component. Correlation is measuring a paraboloidal telescope mirror having a

facilitated if well-characterized datum faces are built maximum internal diameter of 0.7 m. The main design

into the component. concepts are shown in fig. 3. The reference straight
Measuring machines for circularity and diameter edge (S) consists of a fused silica bar which has been

are widely available commercially, because these are polished optically flat and calibrated at the
common place measurements in engineering and optics. Laboratory to 5 nm. The bar mountings allow movement in
The measurement of axial profile is a much more the Y direction and permit the bar to be referenced
specialized requirement and has stimulated the directly to the work (W) being measured, through the
development of a small number of machines, mainly for stand-off posts (P). The separation of the work and the

the measurement of X-ray telescope mirrors, but more straight edge is measured by the interferometer mounted

recently also for X-ray microscopes, on the carriage C. The main interferometer block (I) is
suspended on the carriage so as to refer directly to

1.2 Axial profile the straight edge, independently of the carriage
motion. The moving arm carries a cube-corner reflector

(i) Mechanical probe mounted behind the stylus which follows the work
surface. The detectors (D) feed quadrature signals to

At least three machines for the measurement of an up-down counter registering the sagittal position.
X-ray telescopes have been described in the literature.

The first NPL profile measuring machine (9) has been C I D S
extensively used since it became operational in 1976,
not only for X-ray telescopes but also for concave and
toroidal grating blanks and synchrotron mirrors (10),

and has also been specially adapted to measure the
small diameter (40 mm) bores of X-ray microscopes (5).
Its original configuration permitted the internal
measgrement of cylinders down to diameters of 200 mm. X
It has axial and transverse travels of 250 mm and 15 mm 

4 1 - -- 4
respectively and positions on the curve are measured P y
with resolutions of 1 m and 40 nm in the respective
directions. The axial position is measured by a Moire

fringe grating system and the sagittal position byan
He-Ne laser interferometer. The interferometer monitors
the separation of the stylus head from a non-load W
bearing reference straight edge, which is referred
directly to the work being measured, and a tight Fig. 3 Principle of the profile measuring machine.
metrological loop confers high immunity from the
effects of environmental vibration. Measurements from
the two axes are transferred into buffer stores and are

Vn
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The digital record can be processed by a computer The requirements of X-ray microscopy stimulated
and the output usually consists of an error curve the development of the NPL method (15) in which a laser
showing the deviation of the measured profile from that beam parallel to a generator of the microscope surface
of a specified curve. is directed onto the surface after reflection by a

The second NPL profile measuring machine (11), pentaprism. Light which traverses a pentapriam is
which is still under development, was designed rotated through a right angle, so that the beam
specifically for the measurement of X-ray microscopes reflected from the surface will, after transmission
where sagittal measurements have to be made to an through the pentaprism, return at an angle between it
accuracy of a few nanometres, instead of the and the incident beam equal to twice the slope. This
sub-micrometre accuracies required for the moat of the angle is measured by focusing the beam onto a position
current telescopes. This machine is more compact than sensitive detector, and nulling it with an optical
the earlier one and this assists in further reducing micrometer. In its present state of development, the
the effects of environmental disturbances. Both the machine is capable of measuring slope changes to
longitudinal and sagittal measurements are made 0.2 arc sec; the overall uncertainty in profile
interferometrically and the sagittal interferometer measurement does not exceed 5 nm. The spatial
will, in its final form, be referred optically, rather resolution is slightly less than 0.9 mm, so that the
than mechanically, to the reference surface, so that it measurements are averaged over this distance.
is not subjected to any varying stresses. A A proprietary laser scanning technique has also
Hewlett-Packard interferometer system'is employed with been developed by Random Devices (16) for the
a specially developed lOX resolution extender. The measurement of X-ray microscopes. The beam is scanned
system has a theoretical maximum sagittal resolution of over the surface to be measured and the local slopes
0.8 nm. The optical reference surface can be calibrated are determined from the displacements of the reflected
against the standard NPL liquid surface flatness beam using a position-sensitive detector. The system
measuring interferometer (12) which has a measurement also has a sensitivity of 0.2 arc sec.
sensitivity of 1/1000 fringe or 0.27 nm. The
measurement uncertainty expressed as the arithmetic sum (iii) Relative merits of mechanical and optical probes
of the individual uncertainties is + 1.2 nm or

0.97 nm, if they are summed in quadrature. Ultimately both systems may well be capable of
An advantage of using interferometric, as opposed measuring profiles to about 1 nm. This is of such

to analogue, measurement of the displacement of the unprecedented accuracy that it is desirable to have two
probe is that the accuracy of the measurement (i.e. a entirely independent methods of measurement available,
fixed fraction of a fringe) is independent of the range and this is the motivation to pursue the development of
of motion. For shallow curves, simple electromechanical both techniques at NPL.
transducers can also be employed, provided the The optical probe has the two advantages of
resolution, which is a fixed fraction of the total mechanical simplicity and that it is non-contacting. At
displacement of the transducer, is adequate for the worst, however, the mechanical stylus could produce
purposes. Lain et al. (13) employ a linear air bearing damage along the line of contact, but the area damaged
(straight to 0.1 jim and which can be calibrated to would be relatively small, so that its effect can be
0.01 lim) as their straight line reference and use an discounted. In practice, no damage has been detected
electrical gauge micrometer (having a resolution of with styli of radii 0.5 mm and 1 mm and loadings of a
0.01 pm) to measure the deviations from straightness of few grams. The spatial resolution of the stylus method
an X-ray telescope. The X and Y outputs are digitized is superior to that of the optical probe: with a 1 mm
to give an error curve. Some commercially produced diameter stylus and a peak to valley surface roughness
instruments, such -s the Rank Taylor Hobson Ltd of 0.1 pm and 0.01 pm, the spatial resolutions are
"Talytron 3200" employ similar principles to measure 20 Wo and 6 um respectively.
departure from straightness, the magnification of the The mechanical stylus method is not dependent on
system being set by the maximum displacement to be the surface finish of the component under test while
measured. The sensitivity of an induction probe with the optical method the surface must be reflecting.
displacement measuring transducer has been used to The results must also be treated with some caution if
maximum advantage in a telescope profile measuring the surface exhibits a marked topographic structure. In
machine (14) by employing a spherical instead of a the case of the diamond turned surface shown in fig. 4
linear reference surface. The circular section was a at least two of several periodicities are clearly
reasonably close fit to the conicoidal section so that visible: one of about 18 Um equal to the turning pitch
the maximum departure did not exceed 20 pm. The and one about 10 times greater which arises from
resolution of the probe was 0.05% of the full scale periodicites within the machine. The diffraction
deviation, so that a measured accuracy to + 0.01 pm was spectra produced by these spacings fall within a few
achieved. minutes to a few degrees from the reflected beam and

may affect the output of the position-sensitive
(ii) Optical probe detector to give an erroneous result. As the quality of

the surface improves these effects should become
In the optical probe methods, the angular or negligibly small.

linear displacements of a light beam reflected from the
mirror surface provide a direct measure of changes in *. ......

surface slope as the probe tracks along. The slope - -

changes are easily converted into profile changes on
the assumption that there are no discontinuities, such -0.
as steps, in the surface, to which the technique is .. .
insensitive. (Steps are not uncommon in surfaces
machined by digital numerical control.) The techniques
employed are closely related to the classical, and very Fig. 4 Nanosurf trace of a diamond-turned bore. The
sensitive, method of profile measurement in which 18 pm and 180 ps periodicities are clearly visible.
changes in slope may be measured to sub-arc second
accuracy by means of an autocollimator trained on a
mirror, mounted perpendicular to the surface to be
measured, and along which it is translated in known
increments.
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1.3 Circularity

The basis of circularity measurements is a precise
axis of revolution. The departure from circularity is
measured with a linear transducer in contact with the

work. There are two options: either the work is placed
on a precision rotary table and the transducer is kept
stationary, or the transducer is attached to a rotating
spindle, the work piece being stationary. The latter is
convenient for in situ measurements. Many commercial
systems are available with computer outputs to provide,
for example, the best fit (least squares) circle, the
maximum inscribed, the minimum cicumscribed circles and
an harmonic analysis of the amplitudes and phase
relationships of the measured form. Spindles with
radial accuracies of between 0.01 Pm and 0.1 pm are
readily available. Fig. 5 shows a circularity
measurement being made with a stationary telescope
mirror and using the Rank Taylor Hobson Talytron R300
portable spindle which incorporates centering and tilt
adjustments. The instrument can conveniently be used to
measure the flatness of the reference flanges and also
squareness of the mirror axis by determining the centre Fig. 5 Measurement of circularity with a portable
of rotation at different levels, spindle.

1.4 Diameter

The standard procedure in measuring diameters is
to adjust the position of a probe until the maximum
reading is obtained when the probe contacts opposite
faces. This slightly arbitrary and statistically
questionable procedure may be dispensed with by using a
two-axis measuring machine. The microscope profile
measuring machine, previously referred to, has been
adapted to measure diameters and fig. 6 shows it being
used to measure a silica ellipsoidal microscope mirror,
made by Astron Developments Ltd (Unit 1, Aerodrome Way,
Heston, UK). A number of measurements, made close to a
diameter, say four on each side, are enough to
establish the diameter of a circle using a least
squares fitting procedure, to derive the best circle to
fit the eight measurements. The measurement sensitivity

is 5 nm. Absolute measurements are derived from
secondary standards which are normally calibrated to
0.1 pm.

A portable gauge has been devised by Mr S.P. Poole
at NPL for the measurement of large diameters and is
shown in fig. 7. It consists of a length bar (a
secondary standard of length), one end of which is
fitted with a sensitive electronic displacement gauge. Fig. 6 Diameter measurement with a 2-axis measuring
The length bar and gauge are selected to suit a machine.
particular mirror diameter and can be mounted at
different heights to enable measurements of diameter
and taper to be made in different diametral planes. The
length bar/gauge assembly is calibrated
interferometrically on the NPL length bar measuring
machine (17) and can give measurements to an
uncertainty of I part in 106.

1.5 Dimensional measurements using a 3-axis
measuring machine

The use of a 3-axis measuring machine would enable
a self-consistent set of mirror surface coordinates to
be obtained and relate these to the mirror datum faes,
as well as yielding profile, circularity and diamstral
data. No suitable commercially made machine appears to

be available so that NPL is now engaged in studying

various design options prior to developing a suitable
machine. The cylindrical symmetry of X-ray optical
mirrors suggests that the machine should measure in

cylindrical coordinates. Fig. 7 Diameter measurement with a portable gauge.
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2. MICROTOPOGRAPHY polarization, the azimuth of which depends on the
optical path difference between the consituent beams

1. Mechanical probe and hence on the surface profile. The length
sensitivity is 0.1 n and the lateral resolution is

Under suitable environmental conditions, 0.8 pm.
measurements of microtopographic structure with An alternative approach (21) is somewhat more
amplitudes of 0.5 na or less can be made with the complex mechanically. Two orthogonally polarized beams
Talyatep (Rank Taylor Hobson Ltd). The NPL machine is of slightly different frequencies are focused with a
housed underground in a temperature controlled microscope objective onto the surface to be measured.
environment. With a suitable stylus, a lateral Both focused beams have a diameter of 2 pm and are
resolution of 0.2 Pm is achievable. An NPL study (18) separated by 100 pm. After reflection from the surface
has shown that Talystep measurements agree with optical and recombination In the optical system, the phase of
methods to within 1 nm and that the lightly loaded the beat frequency of the interfering return beams is
stylus (maximum load 2 mg) produces undetectable or directly proportional to their optical path difference
negligibly little damage in a range of commonly used and this is related to the surface topography. The
optical materials, specimen to be measured is mounted on a precision

The form of the commercial version of the machine rotary air bearing table, and one beam, centred on the
is not suitable for measurement inside bores and an axis of rotation acts as the reference for the other
instrument has been developed at the Laboratory beam which scans over the surface. The height
specifically for the measurement of the surface sensitivity is also 0.1 nm, but the spatial resolution
roughness of X-ray microscopes. The Jnstrument, now is thus somewhat worse at 2 pm.
called the Nanosurf (19), is shown in fig 8.; its Some caution must be observed in applying these
construction is based on the transducer system of the techniques generally. Firstly, the optical path
Talystep, and its sensitivity is the same as that of differences cannot be equated unequivocally with
the standard instrument. The outputs from both topographic differences, because phase changes may
instruments have been digitized to enable the occur on reflection which are dependent on the local
measurements to be processed by computer. It is now microstructure of the surface or on the structure of
possible to obtain, quite rapidly, amplitude any thin films deposited on the surface. Secondly, it
distributions and other statistical functions of the is well-known (22) that, as a result of obliquity
surface topography. effects, a microscope objective will introduce a phase

shift which may average about 10% over a numerical
aperture of 0.6 and which increases with increasing

aperture. Hence if the light scattered from a feature
on the surface does not fill the aperture uniformly,
then a variable phase shift will be introduced which
will produce erroneous topographic information.

(ii) Nomarski microscopy

The Nomarski polarization interference microscope
(23) is not strictly a metrological tool because the
results obtained are semi-quantitative only. It is
sensitive to topographic changes in the sub-nanometre
region and has a lateral resolution of 0.2 pm. It is an
extremely useful instrument for undertaking inspections

during and subsequent to polishing. A special bore
inspecting Nomarski microscope has been constructed and
found invaluable for examining X-ray telescopes.

(iii) Other optical methods

Some other optical methods have been discussed by
Lindsey and Penfold (24) and Bennett (25). The greatest
attention has been paid to FECO interferometry and
optical scatter methods. In the FECO method, the
specimen and reference surface must be thickly
metallized to achieve the required reflectivity, so
that the measurements are made of the roughness of the
coated surface. Ample electron microscope evidence

Fig. 8 Measurement of the surface roughness of the exists (26) to demonstrate that, even when great care

bore of an X-ray microscope with the Nanosurf is taken, coated surfaces may be rough and that the

instrument, roughness depends on factors which are not necessarily
related to the roughness of the substrate. The FECO

2. Optical probe technique is most useful when the specimen and
metallized coating structures are dissimilar. The

(i) Optical heterodyne profilometry technique is sensitive to height changes of 0.2 nm, but
the lateral resolution is about 2 tm; this relatively

In an NPL version of this technique (20), the key poor resolution tends to give low values for the slopes
component is a double focus microscope objective of defects (27). It should also be noted that unless
containing a birefringent element. The objective great care is taken, the accuracy of measurements with
produces two orthogonally polarized beams; one focused FECO fringes may be considerably poorer than that
as a fine spot on the surface being measured and the obtained more simply and quickly using the less
other covering a much larger area, and acting as a expensive equipment for Fizeau multiple beam
reference beam. After reflection from the surface, the interferometry (18). In the scatter methods, the
two beams are recombined and converted to a linear surface topography is deduced from the scatter
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measurements and requires that a hypothetical model of transmitting film, is placed at the image plane of the
the surface be postulated. The technique becomes optic within the central maximum of the point spread
suspect if regular periodicities exist, resulting, for function of the focused beam. The spherical wave
example, from diamond turning (28), or where scratches propogated from this pinhole will Interfere with the
or other macroscopic defects are present which are not diverging wave from the optic transmitted through the
amenable to statistical manipulation or in the case of semi-transparnt film. The fringes produced can be
certain coated surfaces (29). related to the form of the optic.

In a grazing incidence system, the sensitivity of
(iv) Relative merits of mechanical and optical probes the intarferometer is reduced a factor sin e, but the

sensitivity can be enhanced by reducing the wavelength.
The mechanical probe setkhd has a vertical and The authors describe a novel variation of the technique

lateral resolution equal to the best of the optical which should allow the interferometer to be used at
methods. In general, the optical methods are less least down to the hydrogen Lyman-a line of wavelength
direct and the results require interpretation: they 121.6 an and, in principle, at X-ray wavelength. A
become less suspect, the more perfect the surface, grazing Incidence mirror and a point scatterer (a

diamond or an aluminized spot) may be substituted for
3. Electron microscopy the pinhole and its surrounding metallized film.

The methods of surface roughness measurement 3. Twyan-Oreen and related interferometers
discussed so far have at best a lateral resolution of
about 0.2 ,m and a vertical resolution of 0.1-0.5 na. A A simple interferometer employed by Dr K G Birch
very much enhanced lateral resolution of 1 na has been at NPL for testing optical systems having one conjugate
achieved by Butler (26) using transmission at infinity is shown in fig. 9, with a parabolic sector
stereo-electron microscopy. The vertical resolution is X-ray mirror under test. The alignment facet

also about I nm. The technique is tedious and requires facilitates the resetting of the optic, when it is used
that a replica be made of the surface to be examined. in service.

Az~gnl t

II. SURFACE EVALUATION BY INTERFEROMETRY

The advantages of interferoetric examination of L 121 , -: -i
the optical surface is that in some types of
interferometer the whole or a large part of the surface o
may be inspected at a time. The disadvantages are that,in most instances, the light path must follow the X-ray

path in order to take advantage of the focusing pa,o'o,o.d°
properties of the component, and at a grazing angle
of e, the interferometric measurements are desensitized
by a factor of sine which is about a factor of 60 at 10 ""'"Z"""

and 15 at 4
0

. One fringe would therefore correspond to
a change in contour of 36 M or 9 pm respectively,
using an He-Ne 633 nm laser. The sensitivity can be rf
enhanced by employing shorter wavelengths or by using 

a

multi-pass interferometer, where the light emerging
from the system is reflected back in, one or more Fig. 9 Interferometric measurement of a parabolic
times. However, with an imperfect mirror the resultant sector mirror.
interferogram becomes so complex that detailed
interpretation becomes difficult. In comparison with System A is used to align the laser to the mirror
the probe methods, most Interferometric methods are and to set the alignment pinhole. The mirror 3s
less sensitive, less amenable to in situ measurements, adjusted so that the light reflected by the alignment
cannot be used when the surface is non-reflecting and facet returns to the entrance pinhole. The alignment
the measurements are also less amenable to rai.d pinhole is set to coincide with the point image formed
computer processing. by the X-ray mirror, and a microscope may be employed

to examine the quality of the image and to optimize the
1. Normal incidence interferometry setting. In order to examine the mirror

This is a direct method of measurement and is akin interferometrically, the relative positions of the
toths proabe t method ouy desuse d Te apn mirror and the alignment pinhole are kept fixed and a

to the probe methods previously discussed. The gap beam bending system is interposed to direct the light
between the optic and a reference optical surface is to a second beam expander and to illuminate the

determined by measurement of the "Newton" fringe alignment pinhole as shown in System B. The
pattern. If the reference surface is flat then the interferometric components consist of a beam splitting
fringes may be too finely spaced to yield useful cube, a concave spherical reference mirror and a plane
Information. For the Einstein mirrors, the reference mirror positioned as shown. For a perfect mirror, the
surface was a toroidal test plate (30). The positions interferogram will consist of straight fringes, and
of the fringes were observed with the aid of a since this is a double-pass interferometer, the fringe
travelling microscope and were noted manually by spacing corresponds to a difference in contour of
pushing a control button; the information being
recorded on paper tape for subsequent processing. x/4 sine.

2. The Linnik interferometer SOME EXAMPLES

Spear st al. (31) have exploited the principle of Three examples are given to illustrate the range

the ocmon-path Linnlk interferometer (32, 33) to the and relative merits of the measuring techniques which

testing of grazing incidence optics. In the system are employed.

described by Linnl, a pinhole, In a partially
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I. An X-ray telescope mirror Diametral measurements (rig. 7) were made in
orthogonal directions at 5 axial posItIons and showed

The parabolic mirror of the LCXT (Large Cosmic that the diameters departed by about 3 Pa from their
X-ray Telescope) (344), is shown in Ifig. 2. Its maximum specified values, over the central region. These
diameter is Just under 0.7 a and it is nearly 0.6 a measurements also yielded the cone angle error (the
long. Fig. 10 is a representation of the mirror as it error in the mean slope of the mirror) and this
might be seen by a metrologist, with an emphasis on the amounted to less than 1 arc sec.
defects, and which presents him with the challenge of A series of profile measurements were made which
devising methods of measurement which will enable the indicated that in general, the prc.ile departed by no
mirror to be adequately characterized, more than 2 ton from the theoretical form over the

The mirror was diamond-turned at Oak Ridge central region, although the departures near the
National Laboratory and was given a detailed flanges amounted to 20 wm.
metrological examination on receipt. Circularity These measurements taken together afforded an
measurements were made with the Talytron (fig. 5), the adequate basis for characterizing the form of the
output of which is a chart showing departures from mirror and for planning the lapping and Polishing
circularity. Because of the complex form of the mirror strategy. It should be noted that some of the features
section revealed by the circularity measurements, forty described (as well as some other distortions) cannot be
such measurements were made at 25 mm intervals along atrbedtthcaatriisofhe igquly
the axis. Such a detailed exploration also revealed the diamond turning machine which was Used to fabricate the
existence and location of discrete features (B) such as mirror. Service conditions require the mirror to be
bulges or depressions in the surface. Some of these thin-walled (7.6 mm thick), so that it had to be
features extended 200 mm axially and 200 azimuthally supported in a stiff retaining shell during machining.
and the maximum radial deviation was 40o Pm. One set of A rubber interlayer was also extruded between the
14 depressions was disposed symmetrically about the mirror and stiffening shell to assist in damping
axis. Apart from these special features, the local vibrations induced by the machining process. The four
departures from circularity were about 3 PM in the depressions previously referred to, correspond in
central region. Position to the four injection sites for the rubber

Another feature of the Talytron, and many other potting material, and moat of the other distortions can
circularity measuring instruments, is that it yields also be directly attributed to the stiffening system.
the Position of the mean centre (C) of the circular The problem of mounting thin-walled components without
section relative to the axis of the spindle. Hence the distortion is by no means trivial.
direction of the axis of the mirror relative to a datum As well as figure measurements, surface finish
flange can be found by making a series of circularity measurements were also made and a Talysurf trace of
measurements at different heights, while keeping the part of the mirror is shown in fig. 11. The surface
mirror and spindle axis fixed in position. These finish varied considerably over the length of the
measurements showed that the mirror axis was straight mirror and differed also from that of the mating
to better than 1 pm and made an angle of 2 arc sec with hyperboloid, so that quite different finishing
the mounting flange. procedures had to be adopted for the two mirrors.

The departure from flatness of the mounting flange . ,.,

was measured by adjusting the indicator to measure
vertical translations. This showed that the flange was-
saddle shaped, as indicated in fig. 10, with a maximum ~/."~
departure from flatness of 4 pm. A similar measurement ~
made on the flange of the mating mirror would indicate zm
the optimum relative orientation of the mirrors to .,'

minimize distortion when they are clamped together.
Fig. 11 Talysurf trace of the LCXT paraboloid.

Measurements of the type described were taken at
successive manufacturing stages and the data were used
to predict X-ray performance. The telescope was
predicted to have a resolution of 140 arc sec and
subsequent measurements made at the X-ray test facility
at the Marshall Space Flight Center indicate that the
FWHN of the mirror point spread function was less than
30 arc sec. Fig. 12 is a Nomarski photograph of the
paraboloidal surface and is typical of the whole
mirror. The image is virtually structureless, which

I . indicates that any residual roughness was beyond the
/ 1 nm resolution limit of the microscope.

Fig. 10 An X-ray mirror showing axial and azimuthal-
perturbations, axial misalignment and flange
distortion. Fig. 12 Nomarski micrograph of the LCXT paraboloid.
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2. A parabolic sector

This was the focusing optic used in the X-ray T i
spectrograph spectrometer telescope (XSST) system (35). - 4 .........
It is a 600 sector of an extreme off-axis paraboloid ."
and the reflecting surface is approximately rectangular " <
with dimensions of 210 x 104 mm and is made of ,
'Spectrosil', a vitreous synthetic silica. 1- -

After initial grinding of the blank at Astron
Developments Ltd, the deviations of the profile from
the theoretical form were about 1 M, as measured on
the profile measuring machine. The deviations were of Fig. 15 Nanosurf traces of surface roughness of
such a nature that differential lapping techniques had microscope ellipsoid (a) after diamond turning,
to be employed to correct the figure and this was done (b) after 10 hours of lapping and polishing.
by iterative lapping and measurement cycles. To
maintain a high production efficiency, the measurement -, .-
cycle is kept as short as possible: the blank can be Before lopping
cleaned adequately enough for measurements in the ZOF " /.. - ./
intermediate stages in 15 minutes, and the profile _. - -

measurements of three generators and interpretation of 0 -

results occupy less than a hour. The final measurement o - /
is shown in the form of an error curve in fig. 13 which C
indicates that the surface deviations did not exceed 0 4 - - 10- -
0.1 pm over the active length of the mirror. Distonce along surface (mm)

Fig. 16 Departure of the ellipsoidal mirror from
its specified form before and after 10 hours of lapping.

is shown in fig. 16, which was obtained with the NPL
optical probe profile measuring machine. It is

. ,am' interesting to note how remarkably accurate the LLNL
diamond turning machine is, in that the deviations from

Fig. 13 Departure of the axial profile of the XSST the specified surface figure do not exceed 50 na peak
mirror from its specified form. to valley and that they are comparable to the roughness

amplitudes produced by turning.
An interferometric examination was also made using DISCUSSION

the interferometer shown in fig. 9, and an
interferogram obtained at an intermediate stage of the
figuring process is shown in fig. 14. The deviations The development of mechanical and optical
from a straight line fringe pattern are a measure of techniques for measuring X-ray components is now
the surface fringe errors and each fringe corresponds reaching the stage where some confidence can be
to a contour differential of A/4sine 3.5upm. expressed in their reliability and accuracy. In the

next development phase, effort should be devoted to
undertaking detailed theoretical and experimental
studies to correlate these measurements with the
measured X-ray performance in order to be able to
predict the latter more precisely. It is not usually
possible to use X-ray tests diagnostically to localize
any particular source of error because X-ray evaluation
is more frequently carried out on a complete assembly

Fig. 14 Interferogram of the XSST mirror, rather than a discrete component. Two X-ray techniques
(37) have been developed to examine surface quality. In
one, short wavelength X-rays (say 0.15 nm) are incident

3. An X-ray microscope at the nominal critical angle. Deviations in surface
slope of less than I arc sec will be revealed as

The Wolter I microscope consists of complete intensity variations in the reflected beam and this
hyperboloidal and ellipsoidal cylinders of revolution diagnostic technique has been employed to upgrade the
and was machined in one piece. The maximum diameter is quality of surface finishing of X-ray mirrors. In the
about 40 mm and the total length is 36 mm. The other technique, used with focusing optics, the X-ray
substrate is steel and it is coated with approximately image is explored in the region of the focus where
100 L of electroless nickel. The microscope was subsidiary foci may often be observed. The focal
diamond-turned at the Lawrence Livermore National lengths of these subsidiary foci can be related to the
Laboratory and is described in greater detail by Price magnitude of the surface ripples which act as miniature
(36). The metrology of the microscope was undertaken as focusing elements.
part of a development program to improve its figure and The selection of the material of the X-ray optic
surface finish. has a bearing on the metrology. Some measurements must

The surface finish of the mirrors were measured be made, for example, with uncertainties of 1 part in
with the Nanosurf machine (fig. 8) and the profile of 106 or less. Fewer precautions need be taken with
part of the ellipsoidal mirror is shown in fig. 15. A materials of low thermal expansion such as the optical
variety of closely spaced larger scale undulations are glass ceramics (e.g. Zerodur, CerVit), ULE silica and
clearly visible. The peak to valley amplitude of the silica havinf expansion coefficients of 5 x 10-

8  K-1 ,
surface irregularities does not exceed about 60 nm and 3 x 10-8 K- and 5 x 10- 7 K-lrespectively). Materials
is generally In the range of 10-40 nm. The dramatic with higher expansion coefficients such as optical
improvement obtained after 10 hours of lapping and glass, steel and aluminium alloy (Bx 10-6 K- 1, 11 x
polishing is shown in the figure, the residual 10-6 K-1 and 23 x 10-6 r-1 respectively) may need to be
roughness being about 1 nm peak to valley. The kept at constant* temperature for many hours prior to
improvement in surface form after 10 hours of lapping

I.
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measurement, before they reach thermal equilibrium at a 6. E.Spiller, Proc. this conference.
known or desired temperature; the higher the thermal 7. T.W.Barbee, Proc. this conference.
conductivity the more rapid is the attainment of 8. A.Franks, K.Lindsey, J.M.Bennett, R.J.Speer,
equilibrium. Specific heat and density are also D.Turner and D.J.Hunt, Phil. Trans. Roy. Soc.,
important factors which determine thermal behaviour 277, 503 (1975).
under conditions of slow temperature changes or thermal 9. M.Stedman and V.W.Stanley, Proc. SPIE., 163, 99
spikes, and for a metal, beryllium has quite favourable (1979).
characteristics (38), although ULE silica and the glass 10. A.Franks, Proc. Workshop on X-ray Instrumentation
ceramics are better still. for Synchrotron Research, Ed. H.Winnick and

The measurement of thin-walled aluminium alloy G.Brown, SSRL Rep. No. 78/04, 1978, p.VII 101-116.
shells such as the LCXT mirror also requires that other 11. M.Stedman, (to be publ.: ,ied).
special precautions be taken. The mirrors could be 12. M.Debenham and G.D.Dew, Prec. Eng., 2, 93 (1980).
distorted by many micrometres as a result of frictional 13. R.Laine R.Oivalt, R.Zobl, P.A.J.de Korte and
forces when placing the mirror on surface table, and J.A.M.Bleeker, Proc. SPIE., 184, 181 (1979).
special techniques had to be devised to lower the 14. E.Heynacher and D.Reinhardt, Proc. SPIE., 184, 167
mirror without inducing any sideways forces. Similar (1979).
problems were encountered with the silica mirrors of 15. A.F.Ennos and M.S.Virdee (to be published).
tne Einstein telescope (30). The use of materials with 16. J.K.Silk, Ann. N.Y. Acad. Sci., 342, 116 (1980).
high stiffness to weight ratios, such as beryllium, is 17. S.J.Bennett, Phys. Bull., 22, 397 (1971).
desirable to minimize this problem and to minimize 18. R.J.King, M.J.Downs, P.B.Clapham, K.W.Raine and
distort~ns which may arise in assembling the S.P.Talim, Jnl. Phys. E., 5, 445 (1972).
components and in service. 19. K.Lindsey (to be published).

The macro- and micro-stabilities of the materials 20. M.J.Downs, British Patent No..8037689 (1980).
are also important. A year or more may elapse between 21. G.E.Sommargren, App. Opt., 20, 61 (1981).
the manufacture of a telescope and its launch and the 22. C.F.Bruce and B.S.Thornton, Jnl. Sci. Inst., 34,
telescope may be in service for many years thereafter. 203 (1957).
Whether the metrology is meaningful in terms of 23. G.Nomarski and A.R.Weill, Rev. de Metall., 52, 121
performance is thus very dependent on the stability of (1955).
the material. The relative merits of glasses and metals 24. K.Lindsey and A.B.Penfold, Opt. Eng., 15, 220
for X-ray optics have been discussed by Lindsey and (1976).
Franks (39), and although the siliceous materials are 25. H.E.Bennett, Opt. Eng., 19, 610 (1980).
generally preferable, good optical components can be 26. D.W.Butler, Micron, 4, 410 (1973).
made of hot isostatically pressed beryllium or the 27. I.J.Hodgkinson, Jnl. Phys. E, 3, 300 (1970).
non-age hardening aluminium alloy such as 5083, which 28. D.L.Decker, J.M.Bennett, M.J.Soileau, J.O.Porteus
was used for the LCXT mirrors, and H.E.Bennett, Opt. Eng., 17, 160 (1978).

CONCLUSIONS 29. H.E.Bennett, Opt. Eng., 17, 480 (1978).
30. P.S.Young, Proc. SPIE., 184, 131 (1979).

No single method of measurement has adequate 31. R.J.Speer, M.Chrisp, D.Turner, S.Mrowka and
sensitivity to characterize all the defects met with in K.Tregidgo, 18, 2003 (1979).
the manufacture of X-ray optical components. In 32. W.P.Linnik, C. R. Acad. Sci. URSS., 5, 210 (1933).
general, mechanical probe methods have the advantage 33. R.N.Smartt and W.H.Steel, Jpn. Jnl. App. Phys.,
over interferogram methods in that the surface does not 14, Suppl. 14-1, 351 (1975).
have to be reflective, the sensitivity and spatial 34. R.C.Catura, L.W.Acton, R.Berthelsdorf,
resolution are higher, measurements may be made rapidly J.L.Culhane, P.W.Sanford and A.Franks, Proc.
and in a computer compatible form. Probe methods are SPIE., 184, 23 (1979).
also more convenient for making absolute dimensional 35. W.A.Brown, E.C.Bruner, L.W.Acton, A.Franks,
measurements and for relating the mirror surface to M.Stedman and R.J.Speer, Proc. SPIE., 184, 278
fiducial datum faces. On the other hand, interferograms (1979).
provide an overall view of the surface. The optical 36. R.H.Price, Proc. this conference.
methods become increasingly reliable and more easily 37. K.Lindsey, Proc. X-ray Optics Symp at Mullard
interpretable, the closer the optic approaches Space Science Lab., Science Research Council,
perfection. London, 1974, 101-121.

38. A.Franks, Proc. SPIE., 184, 110 (1979).
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X-Ray Microscopy Using Grazing Incidence Reflection Optics*

Robert H. Price
Lawrence Livermore National Laboratory

University of California, Livermore, California

The history of x-ray optics using grazing mirrors can also be used without serious degradation
incidence reflection now dates back more than 50 of performance. Optical fabrication technology has
years. One of the earliest works in thi field was advanced to the point that a nearly perfect surface
that of Ehrenberg and Jentzsch in 1929.' Jentzsch can be produced over the tiny portion of the mirror
was probably the first to suggest focusing x-rays actually used ig image formation. Surface finishes
with a curved mirror by means of total external better than 10 A RMS are routinely produced on
reflection. He discussed many of the problems of selected materials (fused silica, vitrious carbon,
grazing incidence reflection, including surface electroless nickel, silicon crystal, etc.). Absolute
roughness requirements and the acute astigmatism of aggital profiles with accuracies on the order of 100
spherical surfaces at grazing incidence. Jentzsch A/cm are frequently produced.
also carried out experiments with grazing incidence
x-ray optics. To avoid the astigmatism problem he
used an axisymmetric optic, consisting of a glass
tube with an internal diameter of 2.7 mm. There is,
however, no record of the successful formation of
images with this device. In later years, Ehrenberg
went on to study grazing incidence reflection from
flat and from bent glass surfaces. 2,3 He 41so
noted the effects of surface imperfections4 which
resulted in broad wings on the line focus produced by
the bent glass mirrors.

It was not until 1948 that the first two
dimensional focused x-ray images were produced by
Kirkpatrick and Baez5 using grazing incidence
reflection. They avoided the problem of astigmatism
at grazing incidence by crossing two cylindrical
mirrors, each of which is focused in one of two
orthoginal planes containing the optical axis. The
effect is much the same as producing a 2-D image by
crossing two cylindrical lenses.

The Kirkpatrick-Baez x-ray microscope has been an
extremely successful imaging device, and is still
used in many laboratories around the world. This
success is largely due to the relative ease with
which the required x-ray reflecting surfaces can be
fabricated and to the high quality of the images
produced. Figure 2 Kirkpatrick-Baez x-ray micrograph of a

Single, -- ball-in-plate target taken during the
-* first full power (26 TW) target shot at

the Shiva laser facility.

s- . Many of the Kirkpatrick-Baez x-ray microscopes
I FEW now in use are diffraction limited in the x ray

- /portion of the spectrum. In fact, as Prince
6

noted, a Kirkpatrick-Baez microscope with cylindrical
mirrors can be optimized by adjusting the mirror
length such that the geometrical aberrations of the

4[--W mirror system are balanced by diffraction. This type
I A, v of optimization typically produces resolutions on the

order of one micron. In certain instances,
00 4 resolutions of one half micron have been achieved.

7

0 McGee has shown8 that by using surfaces with a
X" cubic term, rather than purely cylindrical surfaces,
fl, ,,, geometrical aberrations can be reduced, mirrors

lengthened, and resolution improved. Though useful
Lame - for specialized applications, notably biological,

Figure 1 Each channel of a four channel -yefold

Kirkpatrick-Baez x-ray microscope
produces a focused double reflection Ip
image, two single reflection line foci
and an unfocused spot from unreflected baffle
x rays. All four channels together,
produce a pattern with four fold

syimetry. so -ym.

The cylindrical mirrors are nearly flat (-l m. .J,.
saggital depth) and can be easily fabricated using ON°e'"l)
conventional optical techniques. Shallow spherical Figure 3 Ray dlagram of a Wclter

Hyperboloidal-Ellipsoidal Axisymmetric
Work performed under the auspices of the U. S. x-ray microscope.
Department of Energy by the Lawrence Livermore
National Laboratory under contract number
W-7405-ENG48.

0094-243X/81/750189-11$1.50 Copyright 1981 American Institute of Physics

m Il I f .... ' - .. .. . . .. .. ..
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The Kirkpatrick-Baez x-ray microscope has become
one of the work horse diagnostics of the Laser Fusion
program at the Lawrence Livermore National
Laboratory.9 ,10 K-B x-ray microscopes have been[* fielded and have provided useful information on the
majority of shots since 1975. They have been used on
four major laser systems: Cyclops, Janus, Argus, and
Shiva, are also planned for use on the Nova laser
system, where they will be coupled with CCD arrays to

Figure 4 bdlter Axisymmetric x-ray microscope Figure 6 This streaked x-ray image of a laser
fabricated from Diamond turned irradiated gold disk (self emission at
electroless Nickel on a steel substrate. 270 eV) shows a constant velocity for

the x-ray emission region while thethis increased resolution results in decreased field laser intensity increases and decreasesof view. For this reason, as well as increased cost during the pulse. The FWIiM of theand difficulty of fabrication, "cubic" surfaces have x-ray emissiott region is only 15 plmnot been useful for laser fusion applications, during most of the pulse.

SHIV

tLAM UGMNG &Y T

rtnA c m s c

xcon_d" .~~mi

T-M., O..;

k;, _' - ,

riqure 5 The Shiva x-ray backlighting system uses a W'dlter Axisymmetric x-ray microscope coupled to a soft
x-ray streak camera and an optical alignment system.
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As shown in figure 1, the 900 intersection
produced by the crossed cylindrical mirrors lends
itself to a square configuration. This forms an
image from the x rays reflected at each corner. By
choosing the grazing angles, reflecting materials,
and filters carefully, an x-ray microscope can be

300 made which produces images at four different x-ray
energies along nearly the same line of sight. A
factor of four or more can be spanned in x-ray

200 energies passed by the various channels. This
feature, together with the good definition of the
energy channels (E/AE - 4 to 5), makes these
instruments extremely useful for laser fusion

100 diagnostics. Kirkpatrick-Baez x-ray microscopes used
to date in laser fusion applications have object

0distances of 25 to 40 cm and resolution in the 1 to

0 3 jm range. Magnifications have ranged from 3 to 8.
a One of the major advantages of the Kirkpatrick-
C Baez x-ray microscope is that it produces a true

focused image on film which can be developed and
0 qualitatively evaluated in less than half an hour

after a target shot. This capability often provides
crucial information on target performance needed to

2.5 2.0 1.5 1.0 0.5 0 -0.5 properly set up the next target experiment. The
Tim (no) relatively long object distances are dictated by the

problem of bldst damage during target irradiation:
filters can be ruptured and mirrors damaged.

Figure 7 A 17 im thick Aluminum slab was However, as presently used, the Kirkpatrick-Baez
accelerated to 8 4 106 5m/sec by a x-ray microscopes can take pictures for months at a
647 ps, 5.8 x 101 4 W/cm laser time without attention, except for changing film.
pulse and was observed using a Tantalum The Kirkpatrick-Baez x-ray microscopes have been
backlighter irradiated for 2.8 ns at fielded with channels ranging from 200 eV to 4.5
3.9 x 1014 W/cm 2 . Self emission keV. Figure 2 is an x-ray photo of a ball-in-plate
from the Aluminum sample slab is target irradiated at 26 TW during the first full
visible below the original disk power target shot on the Shiva laser facility.
location. While Kirkpatrick-Baez x-ray microscopes combine

many of the features desired of a diagnostic, for
provide data immediately following each shot. Figure some applications more solid angle is required than
1 shows the x-ray optical configuration of one can be provided by an ordinary Kirkpatrick-Baez x-ray
channel of the four channel Kirkpatrick-Baez x-ray microscope. (Kirkpatrick-Baez x-ray microscopes
microscope configuration commonly used at UNLI. typically have 102 to 10- 7 steradian acceptance

angles for laser fusion applications.) This need is
now being filled by the Wolter axisymmetric x-ray
microscope.

1 pm - .....
S........ 

Moore measuring machine

(Absolute)
1000A-

m i "" IAspheric diamond turning

C L Clew fe I "...
.2 aveoifoontI Stedman measuring machine2 ravefront----,: e -... ._ : i e  . ....

10OA averaging

. Polishing compound I o eces ron

>Supr poishig Nanosurf (talysurf) - -

__0____iLap phYscs - Lap control
-- Heterdyne ^, The promised

II interferometer o l land
1 pm 10 pm 100 Pm 1 mm 10 mm

Horizontal scale length
Figure 8 Vertical and horizontal scale lengths associated with various metrology devices and fabrication

technologies are shown together with I arc second and 0.1 arc second tolerances required for
advanced x-ray optics. The regiog with horizontal scale lengths between 100 Pm and 10 mm, with
vertical scale lengths of 5 - 50 A, is particularly difficult for optical fabrication work.
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rbearings Rotary Woltar x-ray microscope
air 50 micron dia. image

bearing on optical surface

/~e pivots_
.. . . . . M3 Opia

Best fit slope structure MI
circlestutrC circle Cam-driven :

winow- L3/
Deter L5 -A3

To center amp A2
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Figure 9 Random Device's slop scanner operates on the principle of the optical lever. It is cipable of
measuring slope errors of a few tenths of an arc second and displacements of 10 - 20 A. It shows
potential for improvement in sensitivity by an additional order of magnitude.

WUlter developed the idea of using axisymmetric are similar to the tolerances of a Kirkpatrick-Baez
mirrors mde up of conic sections of revolution in x-ray microscope; however, the area over which these
1952.11,1 His work was stimulated not only by tolerances must be met is 10's of square centimeters,
Kirkpatrick and Baez, but also by Trurnit,

1 
who in rather than a few square millimeters. Furthermore,

1946 had successfully formed images using a these tolerances must be met on a complex internal
paraboloid coated with a Barium Stearate crystal. aspheric surface. Deviations in saggital profile
WIlSter also refers to Nahring's 1930 work

14 
on must be under 100 and the RMS surface roughness

grazing incidence reflectivity and Schwarzschild's must be under 10 A. Axisymmetric roundness of the
1905 work on the conditions for aplanatic imaging mirror must be maintained to better than 0.5 pm.
systems. Interestingly, though Wdlter apparently did
not know about the work of Jentzsch, he came to the

same conclusion, that is, to use an axisymmetric
grazing incidence reflector to avoid astigmatism in
the imaging system. He also came to similar
conclusions regarding surface roughness.

Figure 3 shows the geometry of a WUlter type I
x-ray microscope. In this microscope a hyperboloid
and an ellipsoid of revolution are combined such that
they have a common focus (FIH and FIE). An object
placed at the second focus of the hyperboloid (F2H)
will then form a magnified virtual image of the
object at the common focus of the hyperboloid and
ellipsoid (FlH and FIE). The virtual image will then
be refocused at the secondary focus of the ellipsoid
(M), forming a magnified image of the object. In a
practical Welter microscope mirror, the ellipsoid may
have a minor radius of 1 or 2 cm, while the major
radius may be several meters or more. Only very
small segments of the hyperboloid and ellipsoid are
used, not more than a few centimeters in length along
the optical axis. Figure 10 The Clevite Profilometer is an

Figure 4 is a photo of a recently fabricated inductive pickup diamond stylus device

Wlter x-ray microscope. The saggita of these conic hich is linear and reproducible to 70
segments differ from straight cones by less than aA
micron. The requirements on the surface tolerances
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Azmuthal slope errors must be held to a few mlcroinches (250 to 500 A). This is carried out by
arcseconds while longitudinal slope errors must be machining the mirror, then measuring the deviation of
well under 1 arcsecond. the mirror from the ideal contour and feeding the

correction back into the diamond turning machine for
-P GOMs e the next cut. It was found necessary to polish the

esteel substrate to a 1000 A finish in the region of
the x-ray reflecting surface before electroless
nickel plating and diamond turning. This avoids
print through of the machining marks on the steel,
onto the optical surface of the x-ray mirror during

. Mpolishing. The diamond turned substrates were then
turned over to the three different groups (LLNL, NPL,

0.5 1.0 .and Random Devices) for polishing.
X-as (am). allim

Figure 11 Comparison of Clevite profilometer and 0.2
Random Device's slope scanner /
measurements of a bftilter axisyimmetric 0.1-
x-ray microscope mirror surface shows
agreement at the + 30 A level for 2 0
surface scale lengths greater than the
50 pm spot size of the slope scanner.

Wlter realized that such tolerances might be m -0.2 i
difficult or impossible to meet on such a complex 0 5 10
surface, and for many years no attempts to fabricate Circumferential distance (cm)
such mirrors were reported. Subsequently, interest Figure 13 The deviation of the new Random Devices
in x-ray astronomy stimulated the modification and fabricated Wfilter mirror from
development of Wtlter's design for astronomical circularit, shows some periodic
purposes. In 1975, Palmeri and Seward 16 suggested structure remaining from diamond
that a Wlter type I x-ray microscope might be turning.
applicable to the observation of high density laser
fusion target implosions. Work was begun on a 9X and Two 22X magnification WUlter mirrors of an early
a 22X WlIlter type I x-ray microscope design with design were finished at LLNL several years ago and
fabrication bling undertaken at LLNL and Random have been fielded at the Shiva laser facility during
Devices, Inc. 7 Later, a contract was let to the the past year in the streaked microscope system shown
National Physical Laboratory in England through the in figure 5. This system provides a spatial
Atomic Weapons Research Establishment, beginning a resolution of 4 to 5 jim over a field of view of up to
third parallel development effort. Los Alamos also 800 m and a temporal resolution of 15 ps. The
began development work on a small W?1lter x-ray 120 I I I I

microscope at Random Devices, Inc. 18  At the time 0
these contracts were let, the technology did not to?
exist to fabricate the desired surface. Initially, 0 P(a)If0e-
two approaches were attempted: 9ObatuetA

1. Traditional grinding and polishing of s 0 ao et
electroless nickel on separate hyperboloidal 0
and ellipsoidal aluminum substrates, and

2. diamond turning of the entire mirror in 60
electroless nickel on steel substrates. 00 0

+1000A -140

+500A - i aNew fi1 0
Now

mirror -OA ~ - 0-IM -- ___0_ __ _

- h00% O I I I I I2
0 5 10 15 j-120 " P()U a (70Y)

Axial surface displacement (mm) 0 a) = setA -"+1000A -  10-0oast

Old 0 '-0-a-ij-at8
mirror 0 so S

-E O OA s o -
0 5 10 15 0

Axial surface displacement (mm)
Figure 12 The deviation from desired surface 40 - 0

profile of the W lter mirror recently
finished by Random Devices compares
favorably with the surface profile 2 -
deviation of an early mirror finished o 0 a
at the Lawrence Livermore National 1 10

Laboratory. 0 5 10 1"a5,fl 25 30 3
Figure 14 The longitudinal slope errors on the

Later, the traditional grinding and polishing ellipsoid and hyperboloid of the older
approach was dropped. Passive feedback was developed WUlter mirror are random in nature with
for the numerically controlled diamond turning standard deviations of 16 and 13.2 arc
machine to allow it to attain accuracies of 1 to 2 seconds respectively.
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spatial resolution is limited by the 100 pm Figure 6 shows the time resolved x-ray self
resolution of the streak camera and the 22X emis ion from a gold disk irradiated at 1 x 1014
magnification of the x-ray mirror. The 2 lim W/cm with a 6.4 ns laser pulse. This image is
resolution of the WUlter x-ray mirror does not striking because the emitting plasma moves back
contribute significantly to the overall spatial toward the laser from the disk surface at nearly
resolution of the system. The streaked x-ray constant velocity, while the laser intensity
microscope is also equipped with a collinear optical increases and decreases during the pulse. It is also
alignment system which allows alignment of the x-ray striking because the emitting region has a FWHM of
imaging device onto the target with an absolute only 15 pm. By the peak of the laser pulse, a cold
accuracy of 5 to 10 lim. This is accomplished through region has developed between the emission region and
the use of an optical lens with the same optical the disk which is quite dark when viewed in the 270
conjugates as the WUlter x-ray mirror. The lens and eV photons with which this image was recorded.
mirror are coaligned so the focal points overlap. A 0.5
visible image of the target can then be viewed
through a visible light alignment camera coupled to 0
the x-ray streak camera. 0.4 002

1.5 0 P () 40.3
0 0.3- 0

1.0 P (a)l 1.41 0

0

1.0- 0.2

0 '4

CL .0.5
o. 2o0

I0 1.0 2.0 3.0 4.0 5.0 6.0
0 (arcc)

Figure 17 The azmuthal slope error distribution
of the Random Devices mirror shows

1.0 2.0 3.0 considerable contribution from periodic
surface structures with peaks in the(arcmc)distribution at 0.75 and 1.7 arc

Figure 15 The longitudinal slope errors of the seconds. To analytically model the

ellipsoid of the Random Devices mirror distribution a gaussian with a standard
are primarily random in nature with a deviation of 2.8 arc seconds was used.
standard deviation of 0.82 arc seconds.

Figure 7 shows a backlit image of an aluminum
The streaked WIlter x-ray microscope has been slab which was accelerated by ablation resulting from

used to observe targets both in self emission and in direct laser irradiation. It attained a velocity of
*i transmission together with a laser driven x-ray 8 x 106 cm/sec. The backlighter in this case was a

backlighting source. This allows time resolved Tantalum slab mounted at 45 , 1 mm away from the
radiography of the dynamical behavior of the targets. aluminum slab on the x-ray microscope line of sight.

1.5 The Tantalum slab was irradiated with 10 of Shiva's
beams temporally stacked to produce a 3 ns pulse.
Both the self emission from the 600 ps laser drive
pulse striking the aluminum sample and the 3 ns

P (a) 1.33 emission from the Tantalum backlighter are visible in
the streaked image. The shadow of the moving slab is

1.0 also visible sloping up to the left in the image.
The WUlter x-ray microscope now in use has

adequate resolution but has substantial large angle
scattering. Only about five percent of the energy
incident on the x-ray microscope is contained in the

0.80 central 50 pm (diameter) of the point spread
function. To improve the throughput of the new

0.5- - Wtlter mirror, the suriace had to be substantially
improved over the 250 A peak to valley surface of the

0 old mirror. This in turn required an improved
understanding of the relation between fabrication

0 techniques, metrology, surface profile, and the point
0 10 0 spread function of the WUlter mirror.

0 1.0 2.0 3.0 Figure 8 shows the various vertical and
horizontal scale sizes associated with the various

a(arcsec) fabrication, metrology, and physics processes related
Figure 16 The longitudinal slope errors of the to x-ray mirror production and function. To produce

hyperboloid of the Random Devices a mirror one must first measure the deviation from
mirror are also primarily random in the desired contour. Then, one must be able to
nature with a standard deviation of control the machining and lapping processes to the
0.65 arc seconds. However, some accuracy required to produce the desired surface.
periodic structure is evident from the This requires at least the accuracy in each of these
peak at 1.2 arc seconds. steps which one wishes to ultimately obtain. A

perfect x-ray surface would be one which had an
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Longitudinal

Witer X-ray microscope slope perturbation

2ot

Perturbation in
plane including

Hyperboloidoptical axis
Ellipsoid-/ /

Md o
0

Cylindrical
singularity-00

Radius
Fioure IS A WI Iter mirror, perfect except for longitudinal ripples on one surface, will produce fans of

radiation in planes including the optical axis. The fans of radiation cross on the optical axis
producing a cylindrical (I/r) singularity.

accuracy of 3 - 10 A over the entire surface. This improve its resolution by as much as an order of
is clearly unattainable at present. A more realistic magnitude, as well as greatly improving its
goal is a surface with 3 - 10 A accuracy at stability. The Taly-Round appears to be able to make
horizontal scale lengths less than 0.5 mm, and a reproducible roundness measurements down to 25 A for
maximum slope error of 0.5 arcseconds for horizontal scale lengths longer than 0.5 mm. The Clevite
scale lengths of 0.5 mm or longer. Prof lometer can make measurements between 70 A and

As one can see from figure 8, a number of 250 A accuracy over a range of horizontal scale
problems must be faced in obtaining a surface with lengths of 2.5 lm up to several inches. Another
these snecifications. Aspheric Diamond Turning, machine which shows a great deal of promise is the
which is usually thought of as being a very accurate Stedman measuring machine at the National Physical
process, does not even come close to obtaining these Laboratory in England, which presently can measure to
tolerances. Thus, lapping must be used to improve an accuracy of 160 A down to horizontal scale lengths
the diamond turned surface. At short horizontal less than 50 pm. In the future, this machine may be
scale lengths, lapping and super-polishinq appear to improved to yield accuracies as good as 16 X.
be able to meet these surface tolerances. At Although a number of machines can make
horizontal scale lengths longer than 1 mm, operator measurements of the vertical scale lengths required,
manipulation of the lap with rapid feedback from only a few, and at the limits of their resolution,
metroloqy, should be able to meet the surface can reach the 0.5 arcsecond or better requirement in
specifications providing the required surface the range from 0.5 to 10 mm horizontal scale length.
metrology is available. However, in the region One of these devices is the Random Devices Slope
between 0.1 and 3 mm, the physics of the lapping Scanner, shown in figure 9. This machine operates on
process still seems to present some uncertainties, the principle of the optical lever. A carefully
This appears to be one of the more crutial horizontal prepared beam of light is focused to a 50 lim diameter
scale length regions in the fabrication of grazing spot on the optical surface to be measured. The
incidence x-ray reflectinq surfaces. deflection of the reflected beam is then twice the

As may be seen from figure 8, it is also quite angular deviation of the surface. The mirror to be
difficult to obtain the required metrological measured is mounted on a structure supported by air
accuracy to fabricate these surfaces. A few bearings. This allows the mirror to be moved in an
instruments, such as the Hetrodyne Interferometer, arc very nearly matching the required curvature of
the Talysurf, and the Nanosurf are capable of the optical surface. The optical surface to be
measuring to accuracies of 10 A or better over scale measured can also be rotated on an air bearing to
lengths less than I mm. The Random Devices SloRe make azmuthal scans of the surface. The deviation of
Scanner can measure to an accuracy of 20 to 30 A over the beam reflected from the surface is measured
scale lengths less than I mm and 60 A over scale differentially by a set of PIN Diode Detectors. The
lengths less than 1 cm. The Random Devices slope difference of the two signals is divided by the sum
scanner presently suffers from a number of technical to null out any fluctuations in the laser intensity,
difficulties, which appear to be correctable, and may then integrated and recorded.
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Wilter X-ray microscope

2 Azmuth slope perturbation

Ellipsoid 1 Plaes of perturbation perpendicular
to optical ais

o singularity

P (r) tpc Mds of tu

Radius
Fiqure 19 A WUlter mirror, perfect except for azmuthal ripples on one surface, will produce conical fans of

radiation intersectinq on the optical axis. This also results in a cylindrical (1/r) singularity.

A typical scan of the surface of one of the Figures 15 and 16 show the longitudinal slope

Wtilter mirrors takes about 20 seconds. It may be error distributions from the new Random Devices
repeated quickly and easily to determine the WUlter mirror. These have standard deviations of
stability and reproducibility of the system. One 0.82 and 0.65 arc seconds respectively.
benefit of measuring the slope of the surface and Figure 17 is the azmuthal slope error
integrating to obtain the profile, is that the system distribution for the new mirror and has a standard
is insensitive to mechanical vibration. The optical deviation of 2.8 arc seconds. The measured
scanner head itself is easily removable and polishing distribution is, however, not completely random, and
is carried out on the mechanical portion of the has correlation peaks at 0.75 and 1.7 arc seconds.
scanner by simply installing a small lapping The peak at 1.7 arc seconds corresponds to the
mechanism. This is done without ever removing the ripples in figure 13, which have an approximate
mirror from the mechanical portion of the scanner, period of 4-5 mm.
This whole process can be repeated as often as every
half hour, if need be.

Figure 10 shows the Clevite Profilometer, which
measures the surface with a diamond stylus, using an
inductive pick up. The Clevite Profilometer has been
calibrated in the Metrology Lab at LLNL, and appears
to be accurate and reproducible to 70 A.

Figure 11 shows a comparison of traces made on X
the same WUlter mirror surface with the Clevite
Profilometer and the Random Devices Slope Scanner. r
They appear to agree to 70 A, when averaged over a
50 pm horizontal scale length.

Figure 12 compares the longitudinal surface
profile of the older WISlter mirror, with the surface
profile of the new Wdlter mirror, fabricated at
Random Devices. The new mirror has a 30 A RMS
deviation from the idea, surface profile. The
deviation from circularity of the hyperboloid of the
new Wtlter mirror is illustrated in figure 13.

Traces from the Random Devices Slope Scanner were
digitized and reduced to slope error distributions. Figure 20 The combined disrlacement, r, of a ray
The older mirror had longitudinal slope distributions due to a displacement, x, caused by a
with standard deviations of 16 arc seconds for the longitudinal slope error, and a
ellipsoid and 13 arc seconds for the hyperbolold, as displacement, y, caused by an azmuthal
may be seen from figure 14. slope error can be determined using the

above geometry.
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Figure 21 Comparisons of measured and theoretical point spread functions of the older W11lter Axisymmetric

x-ray microscope show good agreement for both full and partial aperture operation.

One would like to be able to assemble this Using the geometry shown in figure 20, a simple
information into a theory which would predict the statistical calculation can be used to determine the
point spread function of the x-ray microscope. Such probability, P(r), of a given ray falling a distance
a theory can be developed from simple geometrical and r from the optical axis.
statistical calculations. Figure 18 shows that a
Wolter microscope which is perfect, except for fP(r)rdr =fP(x)P(yjx)dxdy (1)
longitudinal slope perturbations, will produce fans
of radiation contained in planes, including the P(x) is related to the longitudinal slope error
optical axis. These planes intersect on the optical distribution. P(ylx) is the probability of finding a
axis and produce a cylindrical singularity, which is ray at y, conditional on it having the coordinate x.
infinite on the axis. We now define a few auxillary formulae:

On the other hand, if, as shown in figure 19, the
mirror was perfect except for azmuthal slope y = (d (tane.)-x)tan0T (2)
perturbations, conical fans of radiation, which 0 g
intersect on the optical axis, would be produced. x = dotano T  (3)
This would again result in a cylindrical singularity,
which would be infinite on the axis. However, when
these types of perturbations are combined, the oT = 2 V 1  2  (Longitudinal) (4)
deaenerate symmetry which allows the cylindrical
sinularities to be produced, is broken. This broken
symmetry results in a finite value for the aT = 2 12+a (Azmuthal) (5)
distribution on the optical axis. 1 2

a = r0. , a'.a (6)

Where do is the object distance, 8g is the grazing
angle, *T is the total azmuthal deflection of the
ray, and a r is the total longitudinal deflection of
the ray. OT is the standard deviation of the
longitudinal total deflection distribution. OT is

.I the standard deviation of the azumuthal total
k- -- g i-.- ,W deflection distribution. 01 and 02 are the

standard deviations of the hyperboloid and ellipsoid
longitudinal slope error distributions, respectively.
01 and a2 are the standard deviations of the
hyperboloid and ellipsoid azmuthal slope error
distributions, respectively, a is a dimensionless
variable. Using these formulae, it can be shown that:

I" 4_. r

Figure 22 The resolution of the W~lter x-ray P(r)rdr 2 f(a) (7)
mirror is measured with a 20 by 20 G tang + a
array of 2 pm diameter pinholes, spaced
50 pn apart. where

a2
f~a) l +1 + 0.58 a2 + 1.63 a4 8
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X-ray
images
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array
of 2 jm
diameter
pinholes
taken with
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mirrors
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Deviation +500A -+500A
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Axial surface displacement (mm) Axial surface displacement (mm)

Figure 23 A comparison of images of the pinhole array taken with the old and new Wlter mirrors shows the
new mirror produces smaller images with less scattering than the older mirror, but that the wings
of the point spread function are less symmetrical for the new mirror.

Using formulae 7 and 8, the FWHM can be shown to be: length perturbations. Both regimes occur in x-ray
FWHM - 7.5 aldotanog, where we have assumed optics, and both effects must be included for a
that al and a2 are approximately equal. The Half completely correct calculation. In the range where
Power Circle Diameter can be shown to be: dl/2- both effects are comparable, the results can be
2.7 ldo, where again we have assumed that 01 approximated by either. This change in the
is approximately equal to 02. Thus we find that distribution of x-rays, caused by the longitudinal
the FWHM is related only to the azmuthal slope perturbations, will change the details of the wings
distribution, while the Half Power Circle Diameter is of the point spread function. However, the central
related only to the longitudinal slope error portion will be largely unaffected.
distribution. Figure 21 shows the measured and theoretical

point spread functions for both full and partial
aperture for the older Wt~lter microscope, whose

• .. " distribution functions were given in figure 14. The
agreement in these cases appears to be excellent.
The point spread function was measured with an array

uof 2 pm diameter pinholes.
An electron micrograph of the array of two micron

diameter pinholes is shown in figure 22. This
.. 'pinhole array was backlit by a tungsten anode x-ray

source for the point spread function measurements.
Figure 23 shows images of the pinhole array taken

with both the old and the new mirror. Two
interesting points will be noted here. The much

zo, -greater scattering of the older mirror is obvious as
FPlm a fuzzy background in the photograph taken with it.

The new mirror shows much less scattering, but the
Figure 24 We are currently building a image points are much less symmetrical. The greater

Kirkpatrlck-Baez x-ray microscope with symmetry of the image points of the old mirror are
multilayer (Barbee) x-ray mirrors, the result of statistical averaging. On the other

hand, in the new mirror, the coherent defects, in
At present, this theory is limited in that it particular, the azmuthal defects, have become

relies only on geometrical optics. However, it can comparable to the random defects, leading to the
be shown that for the azmuthal perturbations, the unsymmetrical image points.
conditions for geometrical optics are well I believe that this type of theory is
satisfied. For the longitudinal perturbations, on particularly successful in calculating the central
the other hand, geometrical optics is only valid for shape of the point spread function. With the
long scale length perturbations and diffraction inclusion of diffraction effects, it may be able to
optics,^uh ( described by Bennett 1 g,20 and by provide a good fit to the entire point spread
Church,21,, j2, must be used for shorter scale function.

¥w
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ABSTRACT

In slightly less than twenty years, from its birth in 1962, X-ray astronomy has developed
into a major branch of astronomy, equalling in importance the more established disciplines for
the study of astrophysical problems. This has resulted from two major technological advances:
1) the capability of placing into space, above the Earth's attenuating atmosphere, large and
sophisticated scientific payloads, and 2) the development of high resolution X-ray imaging
optics and associated detectors. This paper illustrates the rapid development of X-ray
imaging optics and discusses their application to astrophysical observations, both solar and
non-solar. In conjunction with various spectroscopic techniques, X-ray telescopes are being
used for astrophysical plasma diagnostics, obtaining elemental abundances, temperatures, and
densities. Several examples are given. Further advances in X-ray imaging optics will require
the development of new metrology techniques in order to determine and control mirror figure
and scattering. Future programs are discussed.

I. INTRODUCTION For the purposes of this paper, X-ray astronomy
will refer to observations of cosmic (galactic and

In slightly less than twenty years, from its birth extragalactic) sources apart from the Sun. This is not
in 1962, non-solar X-ray astronomy has developed into a an attempt to diminish the importance of solar X-ray
major branch of astronomy, equalling in importance the astronomy. On the contrary, as will be shown below,
more established disciplines for the study of astro- this field has played a key role, both technologically
physical phenomena. This rapid development has and in some cases theoretically, in the rapid rise to
resulted from two major technological advances: 1) the maturity of X-ray astronomy.
capability of placing into space, above the Earth's Also, in this paper high resolution imaging will
attenuating atmosphere, large and sophisticated refer to the imaging of X-ray sources with an angular
scientific payloads, and 2) the development of high resolution of a few arcseconds or less. The photon
resolution X-ray imaging optics and associated imaging energy range considered is that of present and planned
detectors (Figures 1 and 2). high resolution X-ray telescopes and is between 0.1 and

10 keV; the lower limit often being set arbitrarily or
by the low transmission of detector windows and the
upper limit set by the physics of grazing incidence

reflection.

II. THE IMPORTANCE OF IMAGING

Optical astronomy, from its very beginning, was an
imaging science due to the capabilities of the human
eye, viz., 3 arcminute spatial resolution and sensitiv-
ity to 6th magnitude stars (visual flux densities of
1 x 10

- 7 
erg cm

- 2 
s- ). Thus, naked eye observations

alone yielded thousands of celestial objects and led
to a fairly sophisticated view of the nature of the
universe. From the introduction of the optical
telescope by Galileo in 1610 to the future launch of
the Space Telescope (ST) in 1985 there has been a
steady progression in the improvement of optical obser-

vations. The ST will have an angular resolution of 0.1
arcsecond and a limiting sensitivity to point objects
of 27th magnitude. (This is the magnitude that the Sun

Figure 1 - Artist's conception of the HEAO-2 (Einstein would have at a distance of 106 light years.)
Oiuevator,t's conction reoteio telEsein X-ray astronomy developed in a different way (1-3).Observatory), the first high resolution telescope for The first observation of a celestial X-ray source
non-solar X-ray astronomy. occurred in 1962 (4). The detector was an uncollimated

Geiger counter on-board a sounding rocket; the angular
X-ray Luinosities resolution of the detector was about 100*! For the

.5 x 1027 eraq-' - sn-lik. stars next 16 years, until the launch of the Einstein
-S x 103

9 er 2-1 - nor.al spiral galaxle (Milky Way) Observatory, X-ray astronomy made considerable progress
1041 - 1047 erg -- _ qsr. without the use of imaging optics. A progression of

rocket and satellite eAperiments employing large
mechanically collimated X-ray detectors led to the

x-rv ouso Di t discovery of over a thousand X-ray sources and to the
(.ecleq Sun) 4 . 10-7 erg M'2"1 _ 2 x 10- 14 er "-2.-l determination of the nature of many of them. This is
solar x-ray flx densitles, in contrast to the rapid introduction of imaging optics
_erg M-28-1 (large flare) - -10- 4 

erq e,2.'2 (solar min) in solar X-ray astronomy.
The scientific usefulness of imaging optics for

DiStMCe. X-ray astronomy was recognized in the 1960's (5,6);
proposals for large satellite-borne telescopes were

4.3 light year. (Prowl" Centaur)l - 12 billio liqht year. ( - 2.6 qoa &) submitted to NASA as early as 1963, but withcut
Figure 2 - Present range of X-ray observations, acceptance. It was not until 1978 that the first and

only telescope for X-ray astronomy was placed in orbit.

0094-243X/81/750200-10$1.50 1981 American Institute of Physics
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This circumstance was probably due to the early
succesces in the field with collimation techniques and
a desire by many members of the scientific community
to continue in this way in order to perform all-sky
surveys. Also, some technical problems had to be
solved; the polishing of mirror surface- iad to be
substantially improved in order to reduce scatter and
high resolution two-dimensional imaging X-ray detectors
had to be developed, However, these problems could
have been solved early-on given adequate support for
laboratory development programs.

The advantages of imaging in X-ray astronomy are
clear, especially when one considers the limitations
of mechanically collimated detectors. The resolution
of these devices are seldom better than several arc-
minutes, which makes source identification difficult
or at times impossible, and as fainter sources are
detected by using larger detectors source contusion
arises. The necessarily large detector areas employed
also lead to high internal noise and high diffuse X-ray
background rates. The detection of faint sources thus
requires long observation times. In contrast, imaging
leads to:
1) a high signal-to-noise ratio because of the reduction
in the linear and angular dimensions of a detection
cell;
2) ease of source identification by reducing the number
of possible optical counterparts;
3) the elimination or reduction of source confusion;
4) the determination of the structure of extended
objects;
5) the simultaneous observation of many sources in the
field of view.

imaging optics can also be used to feed
spectrometers and polarimeters, thereby increasing the
signal-to-noise ratio for these instruments. Experience
with two recent X-ray observatories illustrates these
points. The Large Area Sky Survey instrument on the
first High Energy Astronomy observatory (HEAO-l) (7)
consisted of several thousand square centimeters of
collimated gas proportional counters. This is theA
largest array of proportional counters launched so far
(1977-1979). This instrument's ability to locate the Figure 3 the optical identification of Scorpius X-1,
position of faint sources was no batter than about one- the first celestial X-ray source detected. The upper
half degree, making source identification, in most photograph is the visible star field containing
cases, impossible. The second High Energy Astronomy Sco X-1. The first detection in 1962 placed Sco X-1
Observatory (HEAO-2), called the Einstein observatory somewhere in a field 4X larger. Two years later the
(8), employe the first high resolution telescope for source was restricted to the circle; a year later it
X-ray astronomy. Although the collecting area was only was thought to be in one of the two large rectangles;
a few hundred square centimeters, the telescope's in 1966 it was placed in the square. Later in 1966,
limiting sensitivity was a few hundred times greater using a new detection technique, it was placed in
than that of HEAO-l, and it was capable of determining either of two tiny rectangles ^- 1/20 from the square.
source locations to a couple of arcseconds. Finally, a few weeks later, it was~identified as t-he

Figure 3 illustrates the difficulties of source 13th magnitude star in the upper right hand corner of
identification when source positions are inaccurately the upper rectanqie (the lower photograph is an 8.5X
known. The identification of optical and/or radio enlargement). (Courtesy of J. McClintock, MIT).
counterparts of X-ray sources is extremely im 'ortant
to further o~ur understanding of these objects. This
figure is a visible light photograph of the star field observatory had been observed as a single source of
surrounding Scorpius X-1, the brightest and first X-rays (Figure 4). Figure 5 shows the galaxy as
cosmic X-ray source discovered. Sco X-1 was first observed with the Einstein observatory's imaging
located to be somewhere in a region about 4 times larger proportional counter at the focal plane of the tele-
than the upper photograph. Then, two years later, in scope. This detector has a resolution of about 1 arc-
1964, it was placed in the yellow circle; the next year minute. Approximately 30 sources in addition to a large.1it was thought to be in one of the two blue rectangles; confused region near the center can be identified. This
then in the orange box. Finally, in 1966, by employing latter region is resolved into about 45 individual
a modulation collimator with a resolution of about one sources (Figure 6) when observed with the observatory's
arcminute, the source was placed in one of the two pink high resolution imager. These three figures alone
rectangles, one-half degree sway from the previous dramatically illustrate the qualitative leap that has
location. Then, within a matter of weeks, it was been made by introducing imaging to the field of X-ray
ioentified as the 13th magnitude object in the right astronomy.
hand corner of the upper pink rectangle. In contrast, A further example of the importance of imaging is
telescopic observations of the faintest X-ray sources illustrated in Figure 7. The Alpha Centauri visual
will immediately yield the position to an accuracy of binary system is near enough (4.4 light years) to
a few arcseconds leading to the unambiguous identifi- permit detection of solar-level X-ray emission by the

cation of an optical or radio counterpart, or the Einstein Observatory in just a few seconds and the
absence of one. resolution of the telescope is sufficient to provide

M31, or Andromeda, is a nearby spiral galaxy (two distinct images of the two stars, Alpha Centauri A
million light years away) and prior to the Einstein (G2V star) and Alpha Centauri B (1ClV star). The upper
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Figure 5 -Einstein Observatory imaging proportional
counter exposure of Andromeda (M3l). About 30 sources
in addition to a large unresolved central reqion can
be identified. (Courtesy of L. Van Speybroeck, CA).

Figure 4 - A visible light photograph of the Andromeda
qalaxy (M31). The Uhuru satellite X-ray source
location error box is shown.

image was made with the Observatory's imaging propor-
tional counter. Alpha Centauri had been previously
detected (9) with the HEAO-I, but was unresolved. It
was assumed at the time that the solar-like Cen A was
responsible for the X-ray emission, since current theory
predicted very low emission for Cen B. The lower image
taken with the high resolution imager shows the two Figure 6 - Einstein Observatory high resolution imager
stars clearly resolved. Contrary to expectations, the eXposure of the central relion of Mil. This region is
K-star Cen B is brighter than the G-star Cen A. This resolved into 45 individual sources. (Courtesy of I..
observation, along with similar observations of stars Van Spoybroeck, CFA .
of all spectral types, are causing a revision of our
understanding of stellar coronae. When one realizes
that a large fraction of the stars in our Galaxy are in
binary systems (about 30% with separations less than
i0 arcseconds), one again can appreciate the value of
imag i ng.

I1. A SUMMARY OF THE PRINCIPLES OF'
HIGH RESOLUTION IMAGING OF X-RAYS

The highest resolution imaging instruments used in
X-ray astronomy consist of grazing incidence reflection
oltics. Pinhole cameras and Fresnel zone plates have
been proposed for X-ray astronomy and have been used to
image the Sun. At the present time, however, these
techniques are of limited use because of small collect-
ing areas and moderate -esolution capahiiities.

In 1922 Compton (10) demonstrated and investigated
the "total" reflection o- X-ray- irici+,nt or, joli:}lod
surfaces at grazing angles, i.e., high angles of
incidence (Figure 8). At X-raj energies the real part
of a material's complex index of refraction is less
than unity. X-rays impinging upon the surface from a
media of higher index of refraction, air or vacuum, for
example, are reflected provided the grazing angle is Figure 7 - Combined Einst-in Observatory imaging pro-
below a "critical angle" given by Snell's law. Since nrrtional counter (I1'(') and high remolution imager (11RT)
there is some absorption in the material the reflection e×;,osures of CPn A and ,(Con l. Both exposures are to
is not actually "total", the reflectivity is less than the same scalo. Contrary to theoretical expectations,
unity, and some reflection occurs beyond the critical the Y'IV star is briqhter in X-rays than the (;2V star.
angle (Figure 9). (rourt sy of 1. (;olulb, (I'A).



203

THEORETICAL REFLECTION EFFICIENCY
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Figure 8 - Principles of th& reflection of X-rays

The teuations for a paraboloid and hypenboloid which are concentricIn 1952. W':ter (11) studied the imaging properties and confocal can be written as:
of grazing incidence optical systems employing figures
of revolution generated by conic sections. He was r

2 
= + 2PZ . [4n2Pd/(e

2
_ I (paraboloidl

interested in systems for X-ray microscopy but also p 22 e{)2 Z
2  

hprlod
ray-traced systems for which the object was at infinity, rh -e - hp)2

the situation in astronomy. One system, referred to as
Wolter type I, consists of two concentric surfaces The origin is at the focus for axial rays, I is the coordinate along
generated by a parabola and hyperbola having a common the axis of symtry, and r is the radius of the surface at Z.

focus (Figure 10). The highest resolution mirrors PJS blur circle radius:
currently used and being developed (12-18) for future r. o)
X-ray astronomy programs are of this type. Mirrors a - K t+ 1 to 4 tan 0n2a radian
have been fabricated with arcsecond spatial resolution
over a several arcminute field of view. Because of -a;/ h (apand ae grazingangesbetweenU

geometric abertations, the resolution degrades with two surfaces nd the path of an aial ray that strikes at an infinitesial
field angle, but useful fields of view of a degree or distance from the intersection). For most telescope designs. E - 1.
more have been obtained. In order to increase the
collecting area of a telescope, several mirrors are 0- tan (r/Z o) - .(o oh)
often nested together. 0 " angle beten incident rays and optical axis.

Geometrical collecting area:

A - 2 v t o L tc

Effective collecting area:

A. (0.9) . AR2IE) 0 a V 2.oLp NIr) 0

where i is the Fresnel reflectivity at energy E and mean grazing angle 0.

Figure 10 - Wolter type I mirror system.

111MI
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IV. THE DEVELOPMENT 01' X-RAY TELESCOPES

In the early 1960's Wolter type I mirror systems a
for solar observations were developed at American
Science and Engineering under the leadership of Riccardo
Giacconi. A representative sample of early mirrors are
shown in Figure 11. These were made of conventionally
machined aluminum or were epoxy castings. The angular
resolution was limited to several arcminutes and the
effective collecting area was very low. The next
generation mirrors were made of nickel electroformed on
an optically polished stainless steel mandrel (Figure
12). These mirrors had a collecting area of about 112 b
,m t I.', kV oihd a r stiutioi of Ahout 303 arcseconds.
By tile late 1960's considerable progress had been made
in fabricating X-ray mirrors using conventional optical
figuring and polishing techniques that would produce
astronomical quality images (Figure 13). These
technical developments culminated in the design and
development of an X-ray telescope for the Solar Obser-
vatory on the Skylab, launched in 1973 (Figure 14).

Figure 11 - Three X-ray mirrors produced by epoxy cast- Figure 13 - a The first image of the Sun made with a
ing and conventional machining methods. The angular grazing incidence telescope (10/15/63). The limb cannot

resolution was several arcminutes and the efficiency be discerned. The telescope was similar to those in Fia.
less than 1%. -1. b An image obtained on 3/17/65 with an electrofcrmed

nickel telescope similar to th ,t of Fji. 12. - An ima-:
obtained on 6/8/68 with a telescope produced by conven-
tional optical polishing and fiquring techniques. The
telescope has a collecting area of 34 cm'. The resolution
is 2-3 arcseconds. The reflectina surfaces of this tele-
scope are thin layers of Kanigen, a nickel alloy,
deposited on a Be support structure. d - a A series of
images obtained with this telescoie on 4/8/69, ]1 4/69,
3/7/70 and 11/24/70. h An imaqe obtained on 1/8/73 with.
a fused silica mirror.

Figure 14 - The X-ray mirror assembly of the S-Oh4 X-ray
telescope for Skylab. The reflecting surfaces are kaniqen

Figure 12 - ElectroformeJ nickel X-ray mirror. The which is coated on a beryllium support structure. In
geometric collecting area was 2 cm

2
; the diameter 7.5 order to increase the total collecting area, the separate

cm; the focal length 84 cm. The resolution was % 30 X-ray mirrors were nested together. The collecting area
arcseconds. The efficiency at 1.5 keV was n, 20% when is 42 cm

2
; focal length 2.1 m; resolution 2-3 arcseconds.

all of the photons within several arcminutes of the Over 35,000 images of the Sun were obtained on photo-
image were included. graphic film during the 9 month operational period of

Skylab.
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This telescope produced arcsecond images of the
solar corona and was able to observe temporal varia-
tions of coronal features with time scales ranging from
seconds to months. A photographic film camera was used
as the imaging detector. Figure 15 shows a full disk
X-ray photograph of the Sun taken during the occurence
of a flare. This photograph illustrates both the high
resolution achieved and the scattering resulting from
the microroughness of the mirror surfaces. The radially
symmetric pattern that extends almost to the solar limb
is a result of shadowing of the scattered X-rays by the
support structures of the mirror assembly and both
delineates the extent of the scattering and demonstrates
that scattering on the mirror surface occurs preferen-
tially in the plane of incidence.

t Figure 16 - Einstein Observatory high resolution
mirror assembly. The assembly consists of 4 nested
X-ray mirrors, giving a total geometric collecting

SOLAi FLIE area of 500 cm2 .

Figure 15 - An X-ray image of the Sun obtained during
the occurence of a flare. The insert shows the actual

-,,,. size of the flare as obtained with an exposure 1000 X
less than that of the full disk exposure. The scatter-
ing of X-rays by the mirror surfaces is evident.

The point spread function (PSF) of this telescope
was determined in the laboratory. The PSF was found to
have a FWHM of 3 arcseconds which meant that local
slope errors of the mirror surfaces were well
controlled. However, at 1.7 keV for example, 50% of 1.0
the imaged photons were outside a circle of radius 48

arcseconds. For a high flux situation, this loss of
photons can be tolerated and high resolution can still 0 .49keV CALIBRATION DATA
be achieved, although faint features adjacent to bright 0.9 3C273 FLIGHT DATA
ones are obscured. For extrasolar observations of weak 0
sources, this loss of photons from a resolution element
will result in a significant loss of sensitivity. 0.8

In order to fabricate mirrors useful for X-ray
astronomy, surface roughness had to be reduced from the
50-100 A rms surface heights achieved previously to (A 0.7 0
below 30 A. This reduction in surface roughness was z
the single most important improvement to be made in the I-
development of X-ray optics and was achieved for the 0 6

Einstein Observatory mirror assembly (Figure 16) (19). r
The PSF of the mirror assembly was determined at the
Marshall Space Flight Center X-ray Calibration Facility WU 0
and was found to have a FWHM of 3.5 arcseconds and at - 0.5
1.5 keV, for example, 50% of the imaged photons were
within a circle of radius 5.5 arcseconds. In-flight U)
observations confirmed these measurements (Figure 17). w 0.4 0

In order to make use of the imaging performance of

the Einstein mirror assembly, focal plane detectors had
to be developed. Both a moderate resolution, high
quantum efficiency imaging proportional counter (20)
and a high resolution microchannel plate X-ray imaging
detector (21) were developed for the Observatory. Also,
a focal plane solid state spectrometer and a Bragg 0.2
crystal spectrometer were developed so as to provide
high efficiency, moderate resolution spectroscopy
and high resolution spectroscopy. Figure 18 shows a 0.1
schematic diagram of the Einstein Observatory. The
X-ray image of the supernova remnant Cas A (Figure 19)
demonstrates the capability of the Observatory for 0.0 L ! I p• i
imaging extended objects. During the slightly more than 0 5 10 15
two years of operation (the Observatory ceased opera- RADIUS, ovcsecs
tions in April 1981 after its supply of gas for
maneuvering was used up), 4000 target fields were
observed and 8000 individual sources were detected. Figure 17 - Point spread function of the Einstein
Supernova remnants, globular clusters, galaxies, Observatory telescope as measured on the ground and
clusters of galaxies, almost every class of star in our in orbit.
Galaxy, and very distant quasars have been observed.
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Figure 19 - High resolution X-ray image of the supernova

. remnant Cassiopeia A. Interesting is the absence of a
- central object which places an upper limit of "U 1.5 x

106 
0
K on the temperature for a collapsed stellar remnant,

Figure 18 - Schematic diagram of the Einstein below that for normal neutron stars created in supernova
Observatory. explosions. (Einstein Observatory photograph).

The curved crystal Bragg spectrometer (23), devel-
V. THE DIAGNOSIS OF ASTROPHYSICAL PLASMAS oped by M.I.T. for the Einstein Observatory is shown

schematically in Figure 21. X-rays from a celestial
X-ray astronomy is just beginning to bring to bear source are focused on one of four selectable apertures,

on astrophysical problems the powerful observational and and then impinge on one of six curved crystals. The
theoretical diagnostic techniques developed for investi- various crystals were used to cover the energy range of
gating the solar coronae. The use of imaging optics has 0.2 to 3 key with a resolving power of 5O to 500.
made moderate and high resolution X-ray spectroscopy of Because of the complexity of X-ray spectra, especially
celestial sources possible. below 1.5 keV, this high resolution was necessary in

Figure 20 shows the X-ray spectrum of the Cas A order to use several plasma diagnostics, e.g., Doppler
supernova remnant obtained by the Goddard Space Flight broadening, line profile measurements, relative
Center solid state spectrometer (22) on the Einstein strengths of closely spaced multiple lines, etc. to
Observatory. The spectrometer had a FWHM energy reso- determine temperatures, abundances, ionization
lution of 160 eV and an entrance aperture equivalent to equilibria, etc. Figure 22 is a spectrum of the super-
6 arcminutes. Thus, it obtained the spectrum of the nova remnant Pup A observed by this instrument.
remnant as a whole. Superimposed on the data is the Pf SNSITIVE

expected response of the spectrometer to a two-component / P SEP0 SI,0 COTER
isothermal model plasma. The dashed curve is the
contribution to the spectrum from the light elements H,
He, C, N, 0, and Ne. The dominant features at 1.86 and
2.46 keV are consistent with the line emission from ROCKS

helium-like Si and S, respectively.I FOCAL
CPLANE I I I iI I I/

TGLESCOPE APERTtE

10 - INC01NT
LAJ X-." BE"*5 I CUV(O
'I / RAGG CRY TAL

N 24 .

. .Figure 21 - A schematic diagram of the MIT focal plane
I00 'crystal spectrometer on the Einstein Observatory.

PUPPIS A L

-I .II.t7

100 ,.o5
0.5 1.0 2.0 5.0

ENERGY (keV)
Figure 20 - X-ray spectrum of the Cassiopeia A supernova oremnant obtained by the GSFC solid state spectrometer of $00 ., "

the Einstein Observatory. The lower dashed curve Figure 22 - X-ray spectrum of the Puppis A supernova
represents the continuum contribution from H, He, C, N, remnant obtained by the MIT focal plane crystal spectro-
0, and Ne components of the hot gas. The solid curve is meter on the Einstein Observatory. The most prominent
the expected response of the spectrometer to a two- lines are those of hydrogen and helium-like ions of

component isothermal model. The total emission from oxygen (OVIII) and neon (NeIx, NeX), and neon-like iron

Mg, Al, Si, S, A, Ca, and Fe. The two largest peaks at (FeXVII). This is similar to the spectra of solar active
1.86 and 2.46 key are associated with emission from Si regions and suggests a temperature of 2-5 x 106 K.
and S, respectively. (R.H. Becker et al., Ap. J. Lett., (P.F. Winkler et al., Ap. J. Lett., 246, L27 (1981).
234, L73 (1979)). Photograph courtesy of C. Canizares, IET).
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An objective grating spectrometer was also devel-
oped for the Einstein Observatory. 500 lp/mm or 1000
1p/m gratings, prepared by the University of Utrecht,
could be placed in the optical path of the telescope. ,,-
The high resolution imager was used to detect the
dispersed images of point sources. The resolution at /
short wavelengths (A < 20 A) was limited by the tele- ,
scope resolution, whereas at longer wavelengths it was
limited by aberrations. For the 1000 ip/mm grating,
X/AX = X/0.4 A and X/AA 60 for the short and long
wavelengths, respectively. The 1000 lp/mm grating had
to be strengthened with a plastic film backing and this I
reduced its efficiency considerably. Over two dozen
sources were observed with the grating spectrometer. ,

VI. FUTURE PROGRAMS -

Table I is a summary of past and future Qrbiting
high resolution X-ray telescopes. As in optical
astronomy, progress in X-ray astronomy will require the Figure 24 Schematic of the AXAF mirror assembly.

establishment of a permanent observing capability. The The AXAF will provide a "permanent" observatory
Advanced X-ray Astrophysics Facility (AXAF) is being capability in the X-ray region of the electromagnetic
designed to meet this goal. spectrum that is well matched to the direction of

astrophysics research and complementary to the capa-
bilities of the Space Telescope (ST) in the optical

B Iregion and the Very Large Array (VIA) in the radio
IGHROU X-RAY YOLSCPregion of the spectrum (Figure 25).

............... .... ...... ...A T.....S.....itebone. 0 o .. ....... It* ............ .... The mirror assembly for AXAF will represent a
.alf-potl significant advance in the fabrication of X-ray optics

De..coiI. Long t nhrqy Range 0tron D1. t5 for X-ray astronomy. It will have a factor of four
ObaervatorY O ate Ase. I~enqth Range SWiHf 61.5 kXCV

S-054 2RSylab- 1973-1974 42 2.1. 0.2-6 k*V 3 arroac 6 arose larger geometric collecting area and a factor of seven
2 better spatial resolution than the Einstein Observatory.S-o54 Sylab- 197-1974 5 1.9 02-2 1 Figure 26 is a comparison of the integrated point spread

t ()-lI 106 500 3.6 0.2-4.5 4functions of these two observatories. The AXAF mirror
26EXOSY27 1961 200 1.1 0.05-2 5 10-15 performance will be achieved by maintaining local20S7T I surface slopes to within tolerances of 0.05 arcsecond

A26-0 19 170 10.0 0.1-10 0.5 0.6 and surface roughness to the 10-15 A level. Fabrication
and metrology techniques are being developed to meet

Sola Teffecpe.these requirements (31).
•Solar Tele0cope5

AXAF is to be a free-flying long-lived (10-15
years) X-ray observatory that is launched by the 3(JANSKY,1931)

Shuttle, maintained on-orbit, and retrievable (Figure CRAB
23). It is conceived as an X-ray telescope consisting
of six nested X-ray mirrors (Figure 24) with a maximum 3C273
aperture of 1.2 m, a focal length of 10 m, and inter- NO.AED EYE
changeable and replaceable focal plane instruments. -
The telescope will provide half-arcsecond imagery over GALILEO (WI10
the central field for X-rays between 0.1 and 10 kev.
Besides the broader spectral range, the sensitivity of 9 S - I
AXAF is projected to be a factor of 100 or more greater T 3C273.. RC-- -------.. E
than that of the Einstein Observatory. |.4 - I1961 RCICT

MIRROR 2
ASSEMBLY 3 MTlUMI\ CA

ASPECT r ,30" \ \ CRAB
TDRSS SYfSTEM U"aFSH

SOLA 11952

y(FOC

SORBITERISTINOSS

RADIO OPTICAL X-RAY
-40- I I

5 10 15 I0
log V (Hz)

ILOO 1Figure 25 - The spectra of several characteristic
COUNTER objects (energy flux density per unit frequency interval

vs frequency) are shown. Plotted on the figure are the
sensitivities of a number of different instruments toL0PTICAL t SPACEC RAFT

FOCAL PLANE BENCH emphasize the progress that has occurred in different

INSTRUMENTS branches of astronomy. The illustration is intended
to emphasize the commonality of scientific objectives

Figure 23 - The Advanced X-ray Astrophysics Facility among radio, optical and X-ray observations and the
(AXAF), a high resolution "permanent" X-ray observatory complementary nature of the AXAF mission to the Space
to be placed in space in the later 1980's. Telescope and the Very Large Array.

V.
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could be used to magnify the prime focus of a rela-
1.O J I tively short focal length primary mirror. However,

0 such systems suffer from additional scattering and

S0.9 reflectivity losses and have a very narrow field of
0.9 view (_ arcminute). The feasibility of such an

:approach has not yet been demonstrated.
.L Another approach to high resolution X-ray optics

0.8- should be mentioned here, although it has been

Wdiscussed in greater detail at this conference. It is
possible to achieve significant reflection efficiencies

Q0.7- at normal incidence for soft X-ray wavelengths (- 1/4

ve keY) by using multilayer coatings (35,36). Compared
to grazing incidence mirrors, normal incidence X-ray

0.8 - mirrors would have larger useful fields of view,
C ft "- lower aberrations, and larger collecting areas for a

W /given aperture. It appears theoretically possible to
01 construct normal incidence mirrors with resolutions of

W between 0.01 and 0.1 arcsecond. A 3-inch diameter
J/ spherical test mirror optimized for 0.2 keV has

/ recently been fabricated (37) and will be tested soon
Z 0.4/ at the MSFC X-ray Test Facility (Figure 28). This

:/ mirror has been coated with 124 layers at IBM and is
O / expected to have a peak reflectivity of several per-

0.3/ cent, a bandpass of a few Angstroms, and a resolution
o // of 1 arcsecond (limited by the detector).

W) 0.12 / .,ot 11(

O.* h! I I I I i" *5
_j OF WCTOR

0 o 12 14 16 ,,. ,, ,,
RADIUS, (orcsec) _ 10........ F

Figure 26 - A comparison of the AXAF and Einstein
Observatory telescope integrated point spread functions /
at 2.5 keV. The AXAF curve is the design goal.

VII. FUTURE DEVELOPMENTS L

In solar X-ray astronomy there is great interest L-4 -
in imaging coronal structures at the sub-arcsecond.v,, -

level. A grazing incidence solar telescope of a 
few " F' T N

tenths of an arcsecond has been proposed (32). As we R FOCUS NOMAL RCENCE MIROR

increase the angular resolution of mirror systems, X-RAY CALIBRATION TEST Wr-UP
however, we start to run into difficulties with imaging
detectors. Present charge transfer devices (33) and Figure 28 - Prime focus normal incidence mirror X-ray
microchannel plates (21) have imaging elements of the calibration test configuration at the Marshall Space

order 15-25 M. For a 10 m telescope, the plate scale Flight Center. (Courtesy of P. Henry, CFA).

is 50 Um (arcsecond}
- I
, so that these detectors would
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for Astrophysics, reviewing developaents in x-ray

astronomy and astrophysics.

Dr. Natal. Ceglio in a post presentation discussion of
advances in x-ray optics. Dr. Cglio's paper begins
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THE IMPACT OF NICROFABRICATION TECHNOLOGY ON X-RAY OPTICS

N.M. Ceglio

Lawrence Livermore Laboratory
University of California

P.O. Box 5508
Livermore, California 94550

ABSTRACT

X-ray optics stands on the threshold of realizing its early promise: precision
analysis of microstructure on the scale of the x-ray wavelength. The achievement of
this exciting goal will depend in large part on advances in microfabrication technology
making possible the precision fabrication of periodic microstructures. A review of
recent advances in, as well as future prospects for: x-ray microscopy, coded imaging,
and space-time resolved spectroscopy, resulting from improved microstructure fabrication
capabilities is presented.

INTRODUCTION The central role of diffractive optics in x-ray

microscopy, and its close coupling to microstructure

-In x-ray optics there are no new ideas only fabrication comprise the central theme of this

exploit. - article. High resolution (< 1000 A) microscopy
new technologies to eand microanalysis will most easily be achieved using

The past decade has brought a wide array of diffraction optics. Reflection optics are more

advances in x-ray optics placing it on the threshold appropriate for high resolution, high speed
of achievements which could significantly transform telescopy. Telescopy generally requires optical
the fields of microbiology and materials elements having large collection area and broadband
microanalysis. Important contributions to other spectral capability, characteristics most easily met
research disciplines such as plasma physics and by reflective components. Diffractive components
surface physics may also be expected. This exciting provide a different set of characteristics, which are
condition results not from any conceptual more appropriate to microscopy. A diffractive
breakthrough or new understanding of x-ray optical optical element is in essence simply a periodic
principles. It results, instead, from advances in structure. The resolution and speed of such an
technology which for the first time make possible the element are proportional to its minimum scale size.
precision implementation of concepts which are many Its f/number may be represented,
decades old. The early promise of x-ray optics:
precision analysis of microstructure on the f# minimum scale size (I)
scale-length of the x-ray wavelength appears within x m
our near term grasp.

A number of technologies have contributed to the where Lx is the x-ray wavelength. Particularly
rapid advance in x-ray optical capabilities, noteworthy is the fact that the f/number does not
Improvements in the ability to accurately figure, depend on the overall surface area of the diffractive
polish and measure reflective surfaces have led to component. Such an x-ray optical component may
x-ray microscopes and telescopes of unprecedented indeed be microscopic in overall size. (A design of
resolution and reflection efficiency.

1 
The an x-ray lens with overall diameter of 20 pm is

availability of dedicated synchrotron and storage presented in a subsequent section). Another
ring facilities as well as high power laser, particle significant practical feature of a diffractive
beam, and discharge devices now provide a variety of lensing pattern is that its performance (i.e.
bright x-ray sources with varied spectral, temporal, resolution) is quite forgiving of random errors or
collimation and coherence characteristics.

2  
defect sites in the periodic pattern.

Advances in solid state technology
3 

and photoresist As described above a diffractive optic for high
chemistry

4 
have provided high resolution detectors resolution microscopy or microanqlysis will require

of significantly improved sensitivity, the fabrication of a microscopic periodic structure
In addition to the above, and of particular with a periodic scale size less than 1000 A.

interest to this discussion, are the significant Precision control over the periodicity of the
advances in microfabrication technology which make structure will be required, but random pattern
possible the fabrication of organized structures on a defects can be tolerated. This challenge is well
sub-micron scale. This technology may very likely matched to the capabilities of microfabrication
have the greatest near term impact on x-ray optics, technology.
This is so for at least two reasons: (1) Advances Hicrofabrication technology can contribute to the
in microstructure fabrication are driven by a robust, development of high resolution diffractive components
highly competitive, billion dollar semiconductor and in at least two specific areas: (1) Advances are
integrated-circuit industry. This driving force needed in the fabrication of small scale, planar,
will, for at least the near term, keep the field periodic structures such as zone plates, transmission
active and creative, advancing at an ever gratings and coded apertures. These structures
accelerating pace. (2) Diffractive optical operate as amplitude modulation devices for x-ray
components - periodic microstructures - will play the focusing, imaging and spectral dispersion. (2)
key role in high resolution x-ray microscopy, and in Advances are also needed in the precision control of
the achievement of a diffraction limited x-ray material thickness and vertical profile of "planar"
focusing and manipulation capability in the periodic structures, as well as in the diversity of
laboratory. materials from which such microstructures can be

0094-243X/81/750210-13$1.50 Copyright 1981 American Institute of Physics
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made. These developments will make possible the Eq. (3), with a corresponding focal length given
fabrication of high efficiency phase modulation simply by
devices such as multilayer interference films

5
, 2

Fresnel phase plates and phase gratings, matched r I
filter pair coded apertures and perhaps even f(4)
transmission blazed Fresnel phase plates and phase x
gratings. The resolution of the FZP according to the Rayleigh

The following sections are discussions of x-ray criterion is
optical elements: Fresnel zone plates, coded
apertures, and linear transmission gratings. Recent 6 = 1.22(1 + !)Ar (5)
accomplishments in the development and application of K
such elements are reviewed, and areas in which future where M is the image magnification and Ar is the
work would be most fruitful are delineated. The width of the outermost zone. For a geometrical zone
discussions have a specific emphasis. They stress plate the outermost (i.e. minimum) zone width may be
the key role of microstructure fabrication in the simply expressed,
recent progress in x-ray diffractive optics, and the
critical dependence of future progress on continued rN
advances in microfabrication technology. Specific &r = - (6)
attention is drawn to the current condition in which 2N

many of the more promising goals of x-ray optics can where N is the total number of zones and rN is thebe quite simply reduced to particular challenges in overall ZP radius. Combining eqns. (4) and (6) we
microstructure fabrication, see that the f/number (= focal lengtlh/diameter) of

the zone plate lens depends only on its minimum zone
FRESNEL ZONE PLATE LENSINC ELEMENTS width and the x-ray wavelength used:

A Fresnel zone plate pattern is shown in Fig. I. f# Ar(It is a circularly symmetric array of annular zones

which are alternately transparent and opaque. The x

concentric circles defining the successive annuli A characteristic feature of a diffractive optical
have radii, rn, given by

6  
element is the wavelength dependence of its focal
properties, as expressed in eqn. (4). In imaging

2 2 applications this leads to chromatic aberration
2 nlx unless the x-ray illumination is relativelyrn = nX f + 4 X n = 1,2,3... (2) narrowband. It is generally required that

where f is the focal length, Xx is the x-ray
wavelength, and n is the zone number. When used in N (8)
x-ray transmission, the FZP acts as a focusing (or AX
imaging) element diffracting 102 of the incident

radiation into a first order real focus. The for the chromatic aberration to have negligible
remainder of the incident radiation is either effect on zone plate resolution. In some
absorbed (50%) by the opaque zones or directed into applications, however, the wavelength dependence of
other diffractive orders (25% zeroth, 15% other), zone plate focusing properties may be used to
For cases in which advantage, as illustrated in Fig. 2. Shown is an

off-axis segment of a Fresnel zone plate used as an
2 2f imaging spectrometer to provide spatially separated,
n < (3) chromatically distinct images of a polychromatic

x-ray source. The off-axis zone plate is a circular,
the second term of Eq. (2) may be neglected without off-axis segment of a circularly symmetric (on-axis)incurring significant spherical aberration in imaging Fresnel zone plate. It has the same focal length and

applications.
7 

The resulting geometric zone plate chromatic properties as its "parent" zone plate, but
pattern is periodic in r

2
, and has equi-area somewhat poorer resolution because of its reduced

annular zones. It may be used as a narrowband diameter
8 .

lensing element for any x-ray wavelength satisfying The interesting potential of Fresnel zone plates
for high resolution microscopy, and the close
coupling of this goal to microfabrication technology
are expressed in Eqns. (5) and (7), wherein the
resolution and speed of such elements depend linearly
on the minimum zone width of the structure to be
fabricated. Shaver, et al.

9 
took a significant

early step toward the fabrication of FZP lensing

,0 90* ., 07 177

Fig. 2: An off-axis segment of a Fresnel zone plate
Fig. 1: Fresnel Zone Plate Pattern used as an imaging spectrometer.
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elements for high resolution microscopy. The result impressive demonstration of diffraction limited

of this work is presented in Fig. 3. Shown is a free resolution by a FZP lensing element has been

standing, thick, gold FZP with a minimum zone width performed by Schmahl, et al.
13
, and is displayed in

% 3200 A, diameter % 630 pm (500 zones), and Fig. 5. In this case, using a holographically

a thickness greater than I pm. Perhaps most generated zone plate pattern with minimum linewidth

significant about this work is the method used for - 1200 A, biological specimens were imaged

zone plate fabrication. The FZP pattern was demonstrating a resolution approaching 1500 A in

generated directly using scanning electron beam the first order.
lithography (SEBL). The thin, gold pattern so The demonstration of diffraction limited

generated was subsequently used as an x-ray mask for resolution by FZP lensing elements encourages the
Ck x-ray lithographic replication in "thick" x-ray design of next generation FZP's, which will bring us
resist (PNXA). The resist pattern then served as an into the regime of x-ray microscopy and microanalysis

electroplating mold for the production of the on a sub-1000 A scale. A number of criteria stand

free-standing gold zone plate structure shown in out in the design of such an optical component. The

Pig. 3. While other methods have been used for pattern should be small in order to minimize problems

generating FZP lensing elements,10 the power of the of SEB distortion in pattern generation, as well as

above described approach lies in its versatility and problems of mechanical stability of the free standing

potential for scaling to narrower linewidths. SEBL structure. This small-size criterion establishes the

techniques have been used for pattern generation down zone number at N=1O0, the minimum number of zones for

to sub-1000 A linewidths,
I 
and its capabilities which a FZP can be expected to exhibit thin lens

continue to rapidly improve with the fast paced performance.
14  

Image resolution requiresents
advance of the field. In addition, SEBL pattern determine the minimum zone width, Ar. In this case

generation allows changes in zone plate design or Ar = 500 A is chosen. Such a lensing element

spherical aberration correction to be accomplished would produce the sub-1000 A probe spot size of

simply, through minor changes in the pattern interest in x-ray microanalysis, while taking a
generation program. The same is true for changes in significant step toward the goal of u 200 A

support structure design for free-standing resolution, at which the microscopy of live

structures. Use of x-ray lithography for pattern microbiological samples becomes most
replication provides a capability for "thick", high interesting.

15 
The parameters, Ar = 500 A,

aspect-ratio structures, which extend the r-ray lens N = 100, set the FZP diameter at 20 um. The

capability to higher energy and make possible the required zone plate thickness, t, as well as its

fabrication of thick, phase modulation )-ray elements, focal length and f/number are established by the

FZP lensing elements have been resolution tested choice of x-ray wavelength. At Xx = 50 A the

as imaging components in "crude", first generation focal length is 200 aim, f/number is 10, and a
x-ray microscopes, and have demonstrated image material thickness, t = 1000 A gold, is sufficient

resolution approaching the diffraction limit. Such a to absorb more than 90% of the radiation incident on

demonstration experiment is illustrated in Fig. 4. the solid zones. This geometrical zone plate design
Fig 4(a) illustrates the test set up in which the FZP satisfies eqn. (3), eliminating spherical aberration
of Fig. 3 was used as the objective lens in a 14x as a limit to resolution.
microscope to image a resolution test pattern backlit
with Al Ka radiation (Ax 

= 
8.34 A).

12 
The

resolution test pattern was in this case a "crude"
zone plate having 1.0 um minimum zone width. The
results, Fig. 4(b), show the 1.0 um lines and
spaces clearly resolved. (The data does suffer from
shot noise due to source intensity limitations).
This test demonstrated a FZP lens resolution within
almost a factor of two of the diffraction limit, eqn.
(5). Additional tests are being conducted using test 71-

patterns with sub-micron feature size to extend the
resolution test to the diffraction limit. The most -.- - //

1 / -
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Fig. 4. (a) FZP Test Microscope: 14x.

Fig. 3: Free standing Presnel Zone Plate lensing (b) Preliminary resolution test results for
element hr - 3200 A. FvZ lensing element.
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Diatoms 1 Pm Brain cell
Fig. 5: Diffraction limited FZP x-ray images of
biological specimens, 6 - 1500 1. (Schmahl, et al, ref.13)

The FZP structure described above could be focusing roughly 10% of the incident energy into a
fabricated using the techniques employea by Shaver, first order focal spot. Fig. 6b shows a Fresnel
et. al. The primary challenge would be that of the phase plate, a somewhat more efficient focusing
initial pattern generation using SEBL. However, in element. The FPP performs a phase and amplitude
some ways generation of the proposed pattern would be (because of finite x-ray absorption) modulation of
simpler than that shown in Fig. 3. Although the the incident plane wave. The modulation function has
minimum zone width is smaller by roughlj a factor of the form of a square wave periodic in r

2
. In the

seven for the proposed design, thereby requiring an limit of small absorption, the FPP can focus roughly
electron beam exposure spot size = 200 A, the 40% of the incident energy into a first order focal
total field area is roughly three orders of magnitude spot. Figure 6c shows a blazed Fresnel phase plate.
smaller, significantly reducing problems of pattern The BFPP transforms the incident plane wave into a
distortion and structural stability. The total converging spherical wave having an amplitude
number of electron beam exposures required togenerate the pattern is . 106, a factor of 30

less than required for the pattern in Fig. 3. Beam
placement accuracy is more stringent than in Fig. 3,
requiring better than one part in 103 over the
20 Mm x 20 tim field. Table I provides a brief

summary of the FZP design characteristics, and SEBL I
pattern generation requirements.

A significant feature of the above discussion of
x-ray lens design and fabrication is that in the end
the matter of feasibility reduces to a question of -

SEBL capabilities. Perhaps the most interesting ,.We,

9 ~~challenge ever confronted in x-ray microscopy reduces ,a.A,,

quite simply to a problem in microstructure " ' -0

fabrication: can a microscopic pattern of concentric 0Z0 06 si

circles be written with 200-500 A precision?
Significant increases in x-ray lens efficiency

and background reduction (due to other orders) can be a-
achieved by employing phase modulation effects in
diffractive optical components. Employing such
concepts one can design a "true x-ray lens", that is
an optical component which focuses nearly all of its b -

transmitted radiation into a single order focus.
16

The evolution of such a design concept is illustrated -.
in Fig. 6. Figure 6a shows a Fresnel zone plate .
(FZP). The FZP performs an amplitude modulation . c', ('-i
(periodic in r

2
) of the incident plane wave, C (.-. ,. ,-,.

* GetIca MM plat
* N-100m ; Ar-50OA ; dn-20m --

* f -200jm f#- --10 O*-50A c

[ • ~~FWMl 20 X 20 ism .

* 8potuo ze< 2OO A , i ( ',) , ... (,. '."'',.i'_ ... ,& )

*NuMberof polft - 10O
* Plmnnammeuy rmquked: betethen 111000 Fig. 6: The energy distribution is shown for a

parallel, monochromatic x-ray beam incident on

Table I: FZP design parameters and SEBL pattern (a) a Fresnel zone plate, (b) a Fresnel phase
generation requirements, plate, and (c) a blazed Fresnel phase plate.

ii~. -,E



214
modulation (because of finite x-ray absorption) -' -.- -
periodic in r

2
. As a result of the periodic

amplitude modulation, the BFPP will diffract energy

into foci other than the first order real focus. - ':'"

However, in cases of small absorption, such effects
are negligible and practically all the unabsorbed
An illustrative example comparing the performance

of a FZP, FPP, and BFPP illuminated with a plane
parallel x-ray beam at Ax = 10 A is shown in
Table II. The phase modulation elements would in
this case be made of aluminum. An aluminum thickness
of 1.6 pm produces a w phase shift at
kx .0 A.

The key to the achievement of the above x-ray
optical capabilities lies in the advancement of the
technology for the fabrication of precision thickness
and profile controlled (for the BFPP) periodic
microstructures from materials chosen for their x-ray
refractive properties. The current state of the art Fig. 7: Basic principles of the two step zone
in microfabrication technology places the BFPP beyond plate coded imaging technique.
realistic near term capabilities. However, x-ray
FPP's could indeed be fabricated from a variety of
interesting materials (Al, Si, Cu, polymers, etc.)
with a near term technological effort directed toward coherently illuminated using an optical laser. Each

such a goal. zone plate shadow focuses the incident laser light to
a diffraction limited spot, the image of its

CODED APERTURES associated source point, thereby reconstructing the
original source distribution point by point.

A clever approach to x-ray imaging involving Coded imaging methods have unique capabilities

neither reflective nor diffractive optics, but which set them apart from conventional imaging

nonetheless offering large radiation collection techniques. Coded methods are broadly achromatic.

efficiency along with good resolution was first The only requirement on the source radiation is that

proposed by Mertz in 1960 for use in x-ray its wavelength be sufficiently "short" that

astronomy.
1
7 In this two-step, coded-imaging geometrical optics prevail during image encoding, and

technique an appropriately designed periodic array of sufficiently "long" that appreciable attenuation

openings in an opaque mask is utilized as a coded occur in the opaque zones of the coded aperture.

aperture in a simple x-ray shadow camera. The x-ray Another important advantage of a coded imaging method

source distribution casts simple geometric shadows is its large radiation collection solid angle,

(i.e. diffraction effects are negligible) through the typically four to six orders of magnitude greater

coded aperture producing a coded image, which is than a pinhole camera of equivalent resolution. This

subsequently decoded by a numerical or optical method can provide a significant S/N advantage for coded

matched to the coded aperture design. Hertz proposed imaging of radiation sources of limited extent.
18

a particular coded imaging technique, zone plate In addition, coded techniques have a tomographic

coded imaging (ZPCI), involving the use of a Fresnel capability. Three dimensional source detail is

zone plate as coded aperture, thereby allowing for recorded and reconstructed as illustrated in Figure 7.
For the past five years coded imaging techniquesthe simple optical reconstruction of coded images. have been successfully employed for moderate

Fig. 7 illustrates the principles of the two-step, reouin (mcros) mooy o highrte
zone plate coded imaging technique for an incoherent resolution (microns) microscopy of high temperature
laboratory source distribution. The source is laboratory plasmas.

19 
This has been possible due

represented as a distribution of points of short to the emerging capability for precision fabrication
rereengtd rasdistion oie.dffr on of ho of coded apertures on a microscopic scale.

20  
In

wavelength radiation (i.e. diffraction by the zone particular the successful implementation of ZPCI for
plate coded aperture is negligible). Each source the microscopy of laser fusion targets has required
point casts its distinct shadow through the zone the fabrication of freestanding, gold micro-Fresnel
plate aperture onto a shadowgraph or coded image zone plates with minimum linewidths (1-15 tm),
recording medium. Note that each shadow uniquely thicknesses (2-38 mm), and diameters (0.4-15 mm).

characterizes, by its size and position, the spatial A ns (2c3gr pm) a t iaezone plate1coded
location of its associated source point: an off-axis A SEM micrograph of a typical zone plate coded

aperture is shown in Fig. 8. Such apertures have
point casts an off-axis shadow, a distant point casts been used to produce moderate resolution, broadband
a small shadow, a close point casts a large shadow.
Thus, the spatial distribution of the source is
recorded in the distribution (position and size) of
the zone plate shadows in the coded image. The next
step of this imaging process is shadowgraph decoding,
which, because of the Fresnel zone plate geometry of
the coded aperture, may be achieved by simple optical
methods reminiscent of holographic image
reconstruction. The processed coded image is

Fractional Energy Distribution

Device 1st Order Absorbed Undiffracted Other Orders

FZP 10% 50% 25% 15%

FPP 35% 13% 0,5% 51%

BFPP 73% 26% 0.2% 1%

Conditions: Aluminum phase structure 0 )x - 10A

Table II: Comparative performance of x-ray Fig. 8: Zone Plate Coded Aperture, Ar - 5 pm,
lensing elements at Ax - 10 A. N = 240, t = 12 um thick gold. 4
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images of x-ray (and particle) emissions from emerging coded imaging challenges. Strong

laser-induced micro-implosions of deuterium-tritium motivations exist within a number of disciplines for
filled glass microspheres of interest in laser fusion extending ZPCI capabilities to higher energy x-rays
studies. Figs. 9-11 show such ZPCI results. Fig. 9 (0 100 keV) and more penetrating charged
displays the suprathermal x-ray emission in a band particles

24 
(e.g. % 15 Mev protons) with little

17-30 keV from a microsphere target illuminated from or no loss in resolution capability. The prospect
top and bottom with a 90 psec, 20 TW pulse of 1.06 for such an extension depends almost exclusively on
um laser light. Image resolution is 15 am. the development of techniques for the fabrication of
(Other experimental details may be found in ref. high aspect-ratio (height/line width), gold, coded
(21)). Fig. 10 displays the x-ray emission from apertures 50-200 am thick. Significant progress in
a laser imploded microsphere in four distinct energy this area has recently been made using a combination
channels. The images show the spectral evolution of of UV lithography and reactive ion etch techniques to
emission detail at the directly illuminated spherical produce thick zone plate patterns in polymer
target surface as well as in the compressed target films

2 5
. The polymer patterns are subsequently

core (produced by the ultimate implosion of the used as electroplating molds to produce
microsphere). These multispectral x-ray images were free-standing, thick, gold zone plate apertures.
recorded on a single target shot with a single zone Fig. 12 shows a SEM micrograph of a thick zone plate
plate shadow camera, utilizing a multi-layer pattern which has been reactive ion etched in a high
filter-film pack for coded image recording. Image purity polymer. The zone plate pattern shown has
resolution is 8 Mm. (Farther details may be found Ar = 15 am, diameter -.15 mm, and exceeds 100
in ref. (22)). Fig. 11 illustrates the particle am in thickness. Fig. 13 shows a higher
imaging capability of ZPCI. As mentioned above, magnification micrograph of a thick polymer zone
coded imaging techniques are broadly achromatic plate mold. In this case Ar = 5 pm, pattern
working well for particle as well as photon emissions, diameter is 5 mm and polymer thickness is 50 Jm.
In the experiment illustrated, the 3.5 Mev alpha Figure 14 shows a high magnification micrograph of a
particle emission from the thermonuclear burn region 65 vm thick, gold zone plate coded aperture formed
of a laser imploded, D-T filled microsphere was by electroplating within an etched polymer mold such
ir'ged with 3 Mm resolution. The coded alpha image as shown in Fig. 12. The gold zone plate diameter is
was recorded in a thin cellulose nitrate film, a 15 mm with Ar = 15 um.
threshold-type ion track detector, which served to Another area of strong interest for further
record the alpha particle data while discriminating development of coded imaging capabilities is in
against background radiations of x-rays, electrons, narrowband imaging of specific line emissions from
and protons. (Additional discussion may be found in broadband laboratory x-ray sources. Such a
ref (23)). capability could be achieved using a coded aperture

As emphasized earlier, the important comprised of matched filter pair materials
26 

as
contributions of coded imaging techniques to the illustrated in Fig. 15. In such a coded aperture,
microscopy of laboratory plasmas have been made alternate zones are made of materials having
possible by recent advances in microfabrication absorption edges of similar energies (e.g.
technology, which have allowed the production of Al Kab - 1.56 keV and Si Kab - 1.84 keV).

2 7

coded apertures with characteristics appropriate to Material thicknesses are chosen such that adjacent
zones have equal x-ray transmission except in the
narrowband between the absorption edges. Under such
conditions a broadband x-ray source will cast a high
contrast shadow only at x-ray energies within the
narrowband between the absorption edges of the
matched filter pair materials. The achievement of a
versatile, narrowband, coded imaging capability will

depend on advances in microfabrication technology,
which will make possible the production of
microstructures with accurately controlled thickness
made of materials chosen for their x-ray absorption

(a) 
properties.

X-RAY TRANSMISSION GRATINGS

An x-ray transmission grating is a linear
periodic array of alternately transparent and opaque

r[ lines with sub-micron spatial period. In practice it

.4 85PM is typically a linear grid of wires or bars of high Z
material. As a result of its simple geometry, the
transmission grating is an attractive dispersive
element for x-ray spectroscopy. Fig. 16 compares the
dispi sire properties of the transmission grating
with that of more commonly used reflective dispersive
elements. All the structures satisfy a similar Bragg
condition relating wavelength and period to the angle
of diffraction. Their dispersive behavior differs,
however, in that reflective components require the

(b) incident x-rays to also satisfy a reflection
condition equating the angles of incidence and
reflection. This difference is made clear by a
simple thought experiment in which a plane, parallel
beam of polychromatic x-rays is incident on a
transmission grating and on a crystal at a specific
angle. Behind the transmission grating would be
displayed the entire incident spectrum dispersed in

I - 382Mm angle according to the Bragg relation,

mA
Sine = .. (9)

Fig. 9: Suprathermal x-ray emission (17-30 keV) d

from a laser fusion target imaged using the On the other hand the "spectrum" of the crystal would
two-step ZPCI technique. consist of the single wavelength satisfying the
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Teflon coated mirrosphere target (145 X 5 + 17); 200 psec pulse; shot (89072010)

/I-so - Intensity Contour Maps-\

(2.7 keV) (4.6 keV) (6.1 keV) (16 keV)
0 0 0 0

0 6 0 0 0 0 0 0

'*-Intensity profiles -/
Fig. 10: Multispectral x-ray images of a laser
imploded microsphere target using ZPCI.

crystal Bragg condition for the angle of
inc idence.

2 8

The dispersive simplicity of transmission

mlimitations in spectroscopic applications. The fact
that the TG accepts radiation at all angles of
incidence makes it a powerfully versatile dispersive
element. It requires no detailed angular alignment

-in its operation, and can, therefore, be easily

Laser irradiated target 11Um coupled to instruments of high temporal or spatial

Reconstructed image resolution. In addition, its spectral range is

(Isoemiion contours) large, limited only by the transmission properties of
Coded alpha image the grating itself. Its long wavelength limit is set

by the grating cut-off period (A - d), and its
Fig. 11: An image of the thermonuclear burn short wavelength limit is set by the transparency of
region of a laser fusion implosion. ZPCI was the grating wires at high x-ray energy. The
used to image the 3.5 Mev alpha emission from the trade-off for the advantage of versatility and large
D-T reactions. Image resolution is a 3 um. spectral range comes in the moderate spectral

resolution of the TG. Its spectral resolution is
limited in most applications by the degree of
collimation of the incident radiation. However, this
limitation can in many applications be used to
advantage. It allows a direct trade-off between
spectral resolution and collection solid angle (i.e.
dr'qree of collimation). In applications requiring
moderage spectral resolution the transmission grating
spectrometer provides the capability for efficient
radiation collection and therefore high sensitivity.

Fig. 17 illustrates a simple, generalized design of
an x-ray transmission grating spectrometer viewing a
laboratory source of limited spatial extent.9 The

simple TG geometry allo.s for a great deal of diversity
in the implementation of this simple spectrometer
concept. The input aperture could be as simple as the
one dimensional slit shown, or it could be generalized
to a large solid angle collimation or imaging optic
without significantly adding to the difficulty of
implementation. The detector could as easily be x-ray
film as the window of an x-ray framing tube or the slit
of an x-ray streak camera for time resolved x-ray
spectra.

The spectroscopic properties and potential of
tig. 12: Thick zone plate pattern (> 100 um) transmission gratings have been known for well over a
etched in a polymer material for use as an century. Yet they had not been applied to the x-ray
electroplating mold diagnosis of high temprature laboratory plasmas,

. . ..... ' a masii _ _Z . . . . . . . ..
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Zone plate pattern parameters:
Material: Polyimide
Aspect ratio: 10:1
Height: 50 pm
Minimum line width: 5 pm

Fig. 13: High aspect ratio zone plate pattern
etched in polyimide.

Zone plate parameters:

Thickness: 65 pm
Number of zones: 250
Min. zone width: 15 pm
Material: Electroplated gold

Fig. 14: Thick gold zone plate coded aperture
for high energy x-ray imaging applications.

because of the difficulties incurred in fabricating these demanding specifications. The grating pattern
grating structures appropriate to such applications, was generated using "holographic lithography" at the
Such gratings require linewidths approaching 1000 A 3250 A wavelength of a He-Cd laser. The resulting
for sufficient dispersion,

30 
material thickness pattern was used as a mask for Ck x-ray lithographic

, 0.5 urn gold for use at energies above the soft replication in "thick" x-ray resist (PMMA). The resist
x-ray regime

31
, and pattern, as well as period, pattern then served as an electroplating mold for the

fidelity to better than 0.1%. Recently, Hawryluk, et production of the final gold grating. SEtM micrographs
al.

32
fabricated x-ray transmission gratings meeting of such a grating, supported on a thin (0.5 prn)



218 - polyimide membrane, are shown in Fig. 18. Particularly

noteworthy is the high aspect-ratio of the grating
lines. They are 1500 A wide and 6500 A high. In
addition to polyimide membrane supported gratings, free
standing grating structures supported by a coarse grid

Broadband - A. (6 um period) orthogonal to the grating lines have
x-ray source sMatecdrcp also been fabricated.

f iltrpair The x-ray transmission gratings fabricated by
coded aperture Hawryluk, et al. are being used for the a ectroscopy of

T Shadowgraph produced high temperature, laser produced plasmas.
3 3 

They
only by x-rys in provide that research discipline with a new and

Matched bandwidthIX powe'rful spectroscopic capability, offering insight to
pair key issues of radiation production and transport, as

tranunifusiontrananisio well as energy transfer and drive in laser fusion

experiments. Fig. 19 shows continuous r-ray spectra
recorded over a broad spectral range (% 0.1 - 5 keV)

Fig. 15: Matched filter pair coded aperture from two different laser-illuminated disk targets, one
proposed for narrowband imaging of a broadband of gold and another of titanium. The spectra shown are
x-ray source, time integrated, and were recorded using the simple

spectrometer arrangement of Fig. 17. The detector was
x-ray film, and the aperture was a

Na c100 pm wide slit providing a spectral resolution of
Transmission grating NaAXalcrystalormulilayermirror L- 1 A. The grating was freestanding without a

polyimide support membrane. The C features in
Kb

the spectra are due to the polymer overcoat on the
x-ray film used. Note also the He-like TiK linemI features around 4.7 keV.

d-aed0, oa.0 A freestanding x-ray transmission grating has
been coupled to a soft x-ray streak camera,

d multilaer" or crystal plane successfully recording the first time resolved

0m -uardif f. orderl(%oplanspaci 20 psec resolution), continuous x-ray spectrum
-'d- o -measured relativeto planarsurface (from 0.1 - 1.5 keV) from a laser produced

plasma
33

. A schematic representation of the
dfperiod experimental arrangement along with the data-record
m diffraction order
O measuredrel. to incident bean from a gold disk target are shown in Fig. 20. In

these time resolved experiments spectral resolution
was again collimation limited to Ax - 1-2 A

Fig. 16: Comparison of dispersive properties of allowing the observation of spectral detail hitherto
a TG with reflective diffraction elements, unavailable in a time resolved mode.

The ease with which x-ray transmission gratings
can be coupled to high resolution streaking (or

Geometry: spatially imaging ) cameras is a great strength of
these devices. It leads to instruments of powerful
spectroscopic capabilities. This point can be

Zeroth illustrated using the streak camera data of Fig. 20.
orer The total information recording capability (i.e.

Source \number of distinct resolution elements) of that
Sstorder two-dimensional data record may be estimated by

grating Detector- dividing the duration of the x-ray emission
plane (,u 2.5 nsec) by the temporal resolution

Characteristics: (% 20 psec), and multiplying that quantity by the
a Spectralresolution:limitedbysourcesizesandcollimation quotient of the full spectral range (0 124 A)

AX d with the spectral resolution (AX - 2 A). The
XAX number of resolution elements in the data record

a Spectralrang:limitadbytranparencyofgratingmaterial (, 7.75 x 10 3
) represents an information capacity

at high energy. (e.g- RX (2-3000)A one to two orders of magnitude greater than any
o Snsitivity: direct trade-off between dZ and AX competing time-resolved spectrometer.

In addition to the above applications, an x-ray
Fig. 17: A simple transmission grating transmission grating has been coupled to a 22x,

spectrometer. Wolter-design, grazing incidence reflection x-ray

0.65 pm

3000 A

Fig. 18: X-ray transmission gratings.

-i
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3X 101 4 w/M 2  Ti Ti.- 1.06
(Au: No. 31041309) Kines (-4.7 keV)- L-band (0.6-0.8 keV)

Ti: No. 31041306) Zeroth order -CKa b (0.28 keV)

Ti

Au

Zeroth orderCKab (0.28 keY)
Au -Au
M-lines (-2.4 keV) N-band (0.7-1.1 keV)

Fig. 19: Time integrated x-ray spectra from
laser produced plasmas recorded by a transmission
grating spectrometer.

A free standing x-y tranmission ratng is coupled with a image blurring occurs in the plane of incidence than
soft x-ray strek carmera to provide time resolved -20 psecb
continuousx-rayspectraoverabroadspectralrnge(O.1-1.5keV. normal to it. As a result the spectral and spatial

Sot.X-ray resolution characteristics of the spectrometer vary
S eO~ st.Sk depending on the relative orientation of the grating
Disprsedm .- ray lines, and the plane of incidence at the mirrorX-ra surfaces. This is illustrated in Fig. 22 using

X-ray 6\ spatially resolved spectra from three different

eio grating orientations. The best spatial resolution
- Tim i (nominally I um) was achieved with the grating

Loiw, lines normal to the plane of incidence. Under that
adiated D.C condition a "point" x-ray source (' 0.5 umtarget F AuN-band diameter) was imaged as a line roughly 1 yim x •
X-ray transmission (1.7-1.1keV 10 um FWHM. The best spectral resolution was
1500 Nleviiith) hkeV achieved with the grating

lines parallel to the plane of incidence. Under that
condition a spectral resolution, AAd .03 A was

a ,,1.=7,01 lOrPUC measured, limited strictly by source size. 3
1 The

resulting spectral resolving power, A/6A 200,
Fig. 20: A time resolved transmission grating is the highest ever achieved with this type
spectrometer, instrument.

The preceding paragraphs serve as a dramatic
example of how advances in microfabrication
technology can provide new x-ray optical capabilities

microsope to produce a high resolution imaging which make significant contributions to seemingly
spectrometer for laboratory x-ray sources

32. This unrelated areas of research. Yet the applications of
instrument is similar in concept to imaging x-ray transmission gratings have hardly been
spectrometers used in x-ray astronomy

34
, but has exhausted, nor has the need for technological

superior spatial and spectral resolution (due to advances in grating fabrication been diminished.
higher quality mirror surfaces), and greater spectral Initial testing has begun on a coded imaging
range (due to thicker gold gratings). Fig. 21 spectrometer 3, which couples an x-ray
illustrates the experimental set-up for testing the transmission grating with a coded aperture to produce
spatial and spectral resolution of the imaging spectrally dispersed coded images. These can
spectrometer. A test pattern mask was backlit with subsequently be optically reconstructed into a
the H (1.75 keV), H (1.835 keV), and MY spatially resolved x-ray spectrum as shown in Fig.
(2.035 keV) line emission from a tungsten anode. The 23. The spectral resolving power of this instrument
transmitted x-ray pattern was imaged by the (as well as the others described) improves linearly
microscope and dispersed by the grating. The with grating dispersion,
resulting spatially resolved x-ray spectra are shown
in Figs. 21, 22. In the test set-up used the x-ray AL
grating intercepted only a 200 segment of the total d o (10)
annular ring of reflected x-rays emerging from the &A - d-

rear of the microscope. The remaining 3400 segment In this expression S is the source size, L the source
of the annular ring was blocked. As is well known, to grating distance, and dO/dA the angular
surface scattering effects from a microscope mirror dispersion of the grating. There are, therefore,
segment are anisotropic.

35
Significantly greater important gains to be had with x-ray transmission
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The microscope, transmission grating combination provides spectrally separated, two-dimensional
images of a micron-scale test pattern source emitting at the Tungsten Mo (1.775 keV),
M( 1.835 keV), and M7 (2.035 keV) lines. Spectrally resolved

images

e'-beam 1500 A linewidth
10 keV gold transmission

microcope1 st
order M

D.C. (weak)

Tungsten'

trget Microscope-
cut-off

Transmission
mask pattern

Measured capabilities:

0 Best spectral resolution (source size limited)

200

6gm Best spatial resolution c1-11.5 pm6 p~m

ds
9 Dispersion - = 1.96 mm/A

D.C.E

Fig. 21: A high resolution imaging spectrometer

using an x-ray transmission grating.

Best spatial Best spectral
resolution resolution

;A~ M) {A, 0.03 A)

m

Spectra

D.C.

Transmission
grating

Grating
OrientationsAnnular

mirror D

Fig. 22: Spatially resolved x-ray spectra
recorded at three different relative orientations
between the grating lines and x-ray plane of
incidence.
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Acodedaperte sonstheentrncealitofatrammissio grlatig p .'ovide significant advances in x-ray optical
spectometeryieldsptralydissdcodedimagl, whicheMYbe capabilities. These capabilities would have a broad
ecomtructed into spatll reoled -ryPS~Ctrum. range of applications in many diverse research

Coded disciplines. A compact restatement of this concept

.'.sl Spectrl is provided in Table III. Listed are a number of
d disierisd goals in x-ray optics, along with associated

Brordband 1 codedimags challenges in microfabrication, and areas of research
source tlikely to benefit from the achievement of these

X-raytransmission goals. It would be difficult to overestimate the
grating impact of the attainment of the x-ray goals listed.

The ability to observe with 200 A resolution, in
real-time, the behavior of live biological specimens

Spatially could dramatically transform the field of
AL resolved microbiology. Similarly, the production of a bright,

rmagesruto sprm 1000 A diameter x-ray probe for microanalysis could
eor-. provide unprecedented insight to the microstructure

of surfaces. So too, an ability to manipulate x-rays
with an ease and efficiency approaching that of

Fig. 23: Coded imaging spectrometer concept. optical light will provide a new beginning for x-ray
interferometry and holography, expanding

gratings of even smaller period (therefore larger significantly the capability for high resolution

dO/di). Hawryluk, et al.
32 

have already made analysis of x-ray transparent materials.

significant progress in grating period reduction. In addition to their potential for significant

X-ray grating patterns with 1000 A period have been impact in important areas of research, the x-ray
produced using spatial period division techniques, optical goals listed above have another important

produceAusing spatl eriod h feature in common. For all these goals, the key to
As with Fresnel structures, the efficiency of their practical realization lies in the achievement

linear gratings may be significantly improved by

employing phase modulation effects. The fabrication of appropriate advances in microfabrication

of phase gratings and transmission blazed phase technology. This close coupling between advances in

gratings for use as easily aligned, high efficiency, x-ray optics and microstructure fabrication demands a

coherent x-ray beam splitters and beam steering heightened interest in this rapidly developing field

devices could revitalize the fields of x-ray by x-ray scientists. For us the time has come when

interferometry and x-ray holography. Such an advance advances in microfabrication technology are simply

would virtually rewrite the book on high resolution too important to be left solely to the semiconductor

analysis of structures, and integrated circuit industries.

CONCLUSION

The preceding sections reviewed selected x-ray
optical components which, with the application of
appropriate microfabrication technology, could

X-Ray Optics Microfabrication Disciplines Which
Goals Challenges Benefit

High resolution FZP (gold, Ar < 200 A, N = 100) Microbiological research
(6 - 200 A) x-ray FPP (mat'l variety, precision (real-time imaging, live
microscope thickness control) specimens)

X-ray focus FZP, FPP (Ar < 1000 A Scanning microscopy
(-1000 A spot) N = 100) surface microanalysis

High energy x-ray Thick, gold coded apertures Plasma physics
imaging (-100 keV) (t - 50-200 pm)

Narrowband coded Coded apertures (matched filter Plasma physics
imaging materials, precision thickness

control)

Coherent beam X-ray interferometry &
steering & splitting TG (d - 1000 A); phase gratings holography

(mat'l variety, precision
Space-time resolved thickness control) Plasma physics

x-ray spectroscopy

Table III: X-ray optics goals and associated

microfabrication challenges.
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Fabrication of Diffractive Optical Elements for X-ray Diagnostics*

Henry I. Smith

Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT

A paper was presented which reviewed the techniques of microlithography, etching, deposi-
tion and plating that are used to fabricate diffractive optical elements for the soft x-ray
region. Here a brief summary and a guide to some of the recent literature, which contains
details of fabrication and applications, are provided.

SUMMARY AND A LIMITED GUIDE TO RECENT LITERATURE nanometers (2). Additional details on the imaging spec-
trometer work are given in Ref. (4).

Periodic and quasi-periodic structures, composed
of alternating transparent and opaque regions, such as
gratings and Fresnel zone plates, are extremely useful
in the soft x-ray domain (A - 0.4 - 100 nm) as diffrac-
tive optical elements. Techniques for fabricating such
diffractive optical elements include holographic lith-
ography, x-ray lithography, spatial-period-division and
scanning electron beam lithography for exposing pat-
terns in resist, and electroplating for producing the
final structures. References 1-14 present some recent
progress in these techniques, as well as applications.
These references are not comprehensive but instead
emphasize work done at M.I.T. and M.I.T. Lincoln Lab-
oratory. Reference (1) describes the fabrication of
gold transmission diffraction gratings of 0.2 and 0.3
pm spatial period at thicknesses up to 0.6 pm, (see
Fig. 1), the use of such gratings in an imaging spec-
trometer, and recent progress in spatial-period-
division. This latter technique makes use of near-

VFigure 2
Scanning electron micrograph top view, of a 0.2 pm

spatial period grating with 40 nm wide slits in gold
20 nmthick (from Ref. 1).

Reference (5) covers the use of scanning electron
beam lithography and gold microplating to fabricate
Frenel zone plates in 1.3 tm thick gold for x-ray imag-
ing. References 6 and 7 describe holographic techniques
for exposing aberration-corrected zone plate patterns,
as well as imaging experiments that demonstrated resolu-
tion less than 100 nm.

References 8-10 describe the fabrication of x-ray
lithography masks of gratings by oblique shadowing tech-
niques, and the replication of such masks. With shadow-
ing techniques (see also Ref. 11), the linewidth-to-

Figure 1 period ratio of gratings can be precisely controlled (8).
Scanning electron micrography of a grating of Linewidths as narrow as 2 nm have been achieved on the

0.3 vm spatial period in gold 0.65 um thick on a polyi- mask and linewidths as narrow as 17.5 nm have been rep-
mide membrane substrate. Grating was cleaved for pur- licated in PNMA (9). Figure 3 is a scanning electron
poses of microscopy, and one of the gold lines extends micrograph of a grating exposed in PMMA by x-ray litho-
outward from the cleaved edge, showing the nearly rect- graphy using a mask fabricated by a shadowing technique
angular profile. Fabrication included x-ray litho- that provides nearly atomically smooth lines in the
graphic exposure of PMMA and gold electroplating (from mask (10).
Refs. 1, 4). Holographic lithography is widely used for the

exposure of low distortion, high resolution gratings.
field diffraction from a parent mask of spatial period References (12) to (14) discuss recent work on hologra-
p to expose higher spatial frequency multiples (i.e. phic techniques.
p/2, p/3, p/4, etc.) in resist films (2). Figure 2 There has been substantial progress in the last
is an electron micrograph of a 0.2 pm spatial period several years in the technology for fabricating diffrac-
grating, with 40 rn wide slits in gold 0.2 pm thick, tive optical elements for soft x-ray diagnostics, parti-
that was fabricated for use in x-ray spatial-period- cularly in the areas of pattern fidelity, absorber thick-
division to expose gratings of 99.5 nm period (1). Using ness, minimum linewidth, spatial period, and linewidth
deep U V radiation (A 200 nm), the technique is some- control. With continued efforts over the next several
what more convenient than conventional holographic tech- years, we should have available a technology for fabri-
niques (3). With x-radiation it may be possible to ex- cating diffraction gratings and zone plates in thick
pose gratings with spatial periods of a few tens of absorber materials with low distortion (< 10-5), spatial

0094-243X/81/750223-02$1.50 Copyright 1981 American Institute of Physics

or.
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periods less than 100 nm (i.e. > 10,000 lines/mm) and editors C.H. Chi, E.G. Loewen, C.L. O'Bryan, San
linewidth control to % 10 nm. Diego, California, July 29 - Aug. 1, 1980.0 1981,

Society of Photo-Optical Instrumentation Engineers.
14. N.N. Efremow, N.P. Economou, K. Bezjian, S.S. Dana

and H.I. Smith, Proc. Sixteenth Symposium on Elec-
tron, Ion and Photon Beam Technology, Dallas, Texas
May 26-29, 1981, D.R. Herriott, editor. Submitted
for publication J. Vac. Sci. Tech., Nov/Dec 1981.

*The M.I.T. portion of this work was sponsored by the

Joint Services Electronics Program and the Defense
Advanced Research Projects Agency.

Figure 3
Scanning electron micrograph of a 0.3 um spatial

period grating pattern exposed in PMHA by x-ray litho-
graphy. The linewidth is - 40 mu. The extreme smooth-
ness of the lines was achieved by first fabricating a
square-wave-profile grating in (110) silicon using ani-
sotropic chemical etching, taking a replica of this crys-
tallographic template into a polyimide membrane, and
obliquely shadowing the latter to form a high contrast
x-ray mask. Since the sidewalls of the crystallograph-

ic template are nearly atomically smooth (i.e. - (111)
planes) the replicated lines are also extremely smooth
(from Ref. (10)).
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X-Ray Microscopy Using Fresnel Zone Plates

G. Schmahl, D. Rudolph, and B. Niemann

UniversitNts-Sternwarte, University of Gdttingen, D-3400 Gottingen, Geismarlandstrase II

ABSTRACT

For soft X-ray microscopy the wavelength range of about 1-5 nm is best suited. The main
applications of X-ray microscopy are in the field of biology. The reason is that thick
(I - 10 pm) biological specimens in a natural state can be investigated. X-ray microscopy
requires intense X-ray sources as well as high resolution X-ray lenses. Suited X-ray lenses
are Fresnel zone plates.

I. INTRODUCTION a letal dosage of X-rays, but the fine struc-
tures of the cells will stay intact. So one

Several research groups in the world can say that for biological research X-ray

develop X-ray microscopes, mainly for biolog- microscopy will fill a gap inbetween optical

ical applications. The aim, not the only one, and electron microscopy and will so supple-
is to investigate cells and cell organelles ment these classical techniques.

in a natural state with high resolution.
With optical microscopes one can inves- III. X-RAY OPTICS - ZONE PLATES

tigate life cells but the resolution is limit-
ed to about 0,2 pm. About a hundredfold better Zone plates are a special case of dif-

resolution can be obtained using the electron fraction optics, namely circular transmis-

microscope. But in this case it is impossible sion gratings with radial increasing line

to investigate life or even wet cells. With density. The imaging with zone plates of
soft X-rays in the wavelength range of about zone numbers n > 100 obeys the same laws as

2 nm to 5 nm it is possible to observe wet the imaging with thin refractive lenses in

cells in a natural state, i.e. unfixed and un- the visible region.
stained. Besides the first diffraction order a

Three points are important for soft X-ray zone plate has - like cther gratings - a

microscopy: the contrast mechanism, that means zero order and higher diffraction orders. The.

the interaction between X-rays and matter, focal length can in good approximation be

high resolution X-ray optics and intense X-ray written as f - r
2 

. m
-
1 where

sources. m I
m - I, + 2, ... indicates the diffraction

II. CONTRAST MECHANISM IN TRANSMISSION order. The efficiency of zone plates, i.e.

X-RAY MICROSCOPY, RADIATION DAMAGE the diffracted flux in a certain order divid-
ed by the incoming flux, depens on the land

Both X-rays and electrons are dangerous to groove ratio. For amplitude zone plates
for living specimens. Why will it be possible the maximum obtainable values are approxi-

to get a high resolution in the region of mately 10 Z in the first, 2.6 % in the second,

0,01 pm investigating cells in their natural and 1.2 % in the third diffracted order.

state using soft X-rays? The width of the n-th zone is approxi-

To observe a living specimen it has to mately given by

stay under natural conditions, e.g. in a
chamber filled with air. A layer of air rn Xf I m

500 pm thick at 760 torr has a transmission dr - =n 2r
of 70 % for 4,5 nm radiation, whereas elec- 2n n

trons cannot transmit such a layer. According to the Rayleigh criterion the reso-
Living cells have a thickness in the lution is given by

region of one to several microns. Because
electrons cannot transmit such relatively 1.22 • f dr

m n
thick layers, biological specimens have to 2r
be dried and cut into thin layers for high n m
resolution work in electron microscopy. For
soft X-rays they are more transparent and Because of the wavelength dependence of the

specimens even some microns thick transmit focal length zone plates have to be used with

sufficient radiation to be investigated. It monochromatic radiation

is of special interest that in the wavelength n
range 2,3 nm < A < 4,4 nm proteins, lipids n

etc. are more absorbing than water so that A m

this wavelength range is especially suited The evaluation of aberrations of zone
for wet cell investigations, plates is the same as that of thin refractive

One of the most important questions in lenses. The field which can be imaged with
soft X-ray microscopy concerns radiation full resolution is determined by astigmatism
damage, its relation to the attainable resolu- and coma. For further details compare Rudolph

tion limit and a comparison with radiation al. (3). The spherical aberration can be

damage in electron microscopy. Theoretical corrected)forha giveray ae nth.

(I) as well as first experimental (2) in- to now a g ra y aenevestgatonshav th folowig min esuts.Up to now holographically made zone
vestigations have the following main results plates have been used for X-ray microscopic
With an intermediate resolution it will be experiments. Further details have been report-
possible to observe live cells whereas the ed recently (3, 4).
exact number depends on the object, the wave- The zone plates up to now used have the
length and operation mode of the microscope. following properties. Condenser zone plate:

For the highest possible resolutien in 4
the region of 0,01 um the specimen will get r I - 37 pm, rn - 4,5 mm, n - 1,5 x 10

O094-243X/81/750225-03$1.50 Copyright 1981 American Institute of Physics
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dr - 0,15 pm. Micro zone plate: r1 - 6 pm,

r - 150 pm, n - 625, dr - 0,12 pm.
Zone plates with higher resolution, 

that

means with a smaller width of the outermost q
zones are under construction. Firstly, fur- quosimonhromtic
ther improvements of the holographic tech- St ..... opd
niques used so far will result in zone plates ------
with an outermost zone width of 0,06 m. [_O ......

Secondly, using holographically made zone
plates, X-ray interference and X-ray litho-
graphy techniques, 

even finer zone-plate 
-, , ,- o

structures can be generated. Thirdly, an
evaporation method is under development: in
this method alternate layers of an opaque and conser zone t e

an as-transparent-as-possible material are opodized region

sputtered onto a rotating cylinder of metal
and subsequently cut and thinned to form zone
plates. Fourthly, zone plates can be made by
use of an electron-beam lithography technique.
By one or more of these methods a resolution
of about 10 nm should be achievable within
the next time. Fig. 2: Apodization of condenser zone plate

IV. X-RAY MICROSCOPY WITH SYNCHROTRON
RADIATION

Soft X-ray microscopy requires strong
X-ray sources. In the present state of the
art the synchrotron radiation of electron
storage rings is best suited for practical
work.

Fig. 1: Schematic experimental arrangement
of a zone plate X-ray microscope

Figure I shows the schemaLic experimen-
tal arrangement of a zone plate microscope
which has been built by the authors of the Fig. 3: Diatoms imaged with X-rays at

present article. The polychromatic synchro- A = 4,4 nm, X-ray magnification 110 x

Itron radiation is dispersed by a grating used
in grazing incidence. A condenser zone plate (d F 0,5 pm) and is pumped separately by an
generates a reduced monochromatic image of ion getter pump and a LN 2 trap. The resulting

the synchrotron source in the object plane, high vacuum, free of oil, prevents carbon con-

An enlarged image of the object is generated tamination on the grating. Furthermore, con-

by a micro zone plate. The enlarged X-ray tamination is reduced because the uv-radia-

image is converted to a visible image by a tion of the synchrotron is mainly absorbed by

channel electron multiplier array (CEMA) with the window between beam line and grating

15 pm channels and a phosphor screen. The chamber. For tuning the wavelength the mount-

CEMA is used for prefocussing and adjusting ing allows to tilt the grating from outside

the object. After adjustment the CEMA can be the chamber. The zone plates and camera

replaced automatically by a camera which pho- chambers are made of aluminium and don't need

tographs the real X-ray image on a very fine extremely clean vacuum. They are pumped by a

grained film. turbo molecular pump coupled to the chambers

The grating is placed in a vacuum chamber by a vitron-ring-membrane to prevent vibra-

made of refined steel which is separated from tions of the microscope. The condenser zone

the synchrotron beam line and from the other plate can be moved along the optical axis to

parts of the microscope by thin organic foils focus the synchrotron source onto the object
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plane. The object chamber can firstly be moved ACKNOWLEDGEMENTS
in two co-ordinates perpendicular to the op-
tical axis (x, y) for adjustment of the object The X-ray microscopy project is generously
and second along the optical axis for focus- supported by the Stiftung Volkswagenwerk. We
ing. The micro zone plate can be adjusted in are grateful to L.U.R.E. for the opportunity
x, y, and angle. To adjust the image distance to perform X-ray microscopy experiments at
the camera can be moved along the optical the storage ring ACO.
axis. All these adjustments can be done from
outside during the experiment. It is possible REFERENCES
to separate the vacuum chamber containing the
condenser to shorten the pumping time after 1. D. Sayre, J. Kirz, R. Feder, D.M. Kim, and
changing the object or the camera. Zone plates E. Spiller, Ultramicroscopy 2, 337 (1977).
have - besides the first diffraction order, 2. G. Schmahl, D. Rudolph, B. Niemann, and
which is normally used for imaging - a zero 0. Christ, in Ultrasoft X-Ray Microscopy:
order and higher diffraction orders. To avoid Its Application to Biological and Physical
a reduction fo contrast in the image, the con- Sciences, edited by D.F. Parsons, Annals
denser zone plate has to be apodized as shown of the New York Academy of Sciences, Vol.
in Fig. 2. The apodized region of the conden- 342, 368 (1980).
ser zone plate ensures that in the image plane 3. D. Rudolph and G. Schmahl, ibid., p. 94.
a region I exists which is free from zero 4. G. Schmahl, D. Rudolph, and B. Niemann,
order radiation of the micro zone plate. in Scanned Image Microscopy, edited by

After first X-ray microscopy experiments E.A. Ash, Academic Press, London 1980,
at the Deutsches Elektronensynchrotron DESY/ 393.
Hamburg (5), experiments were made at the 5. B. Niemann, D. Rudolph, and G. Schmahl,
electron storage ring ACO, Orsay (2). Besides Applied Optics 15, 1883 (1976).
resolution tests biological objects as wet 6. G. Schmahl, D. Rudolph, B. Niemann, and
and dried mammalian cells have been investi- 0. Christ, Quarterly Review of Biophysics
gated (6), using the wavelength of about 33, 297 (1980).
4,4 nm. As an example, Fig. 3 shows an X-ray
image of diatoms.

Dr. Raymond Elton reviewed progress towards the

development of x-ray lasing. Dr. Elton's paper begins

on the following page.

I.



228 Section VI Coherence, Interference and Future Possibilities

Overview and Advances in X-Ray Laser Research
a

R. C. Elton

Naval Research Laboratory, Washington, DC 20375

ABSTRACT

The localized diagnostics of high density pellet plasmas of extremely short duration
provides a primary incentive for the development of x-ray lasers offering penetrating radiation
in a collimated probe beam. The laser-produced plasma will quite likely provide the best lasant
medium for such a source. Coherence will enhance the usefulness for plasma diagnostics.
Progress in the research devoted to developing such x-ray lasers is described here as pertain-
ing to essentially single-electron ions. Following a brief overview of current activities in
this area of research, a simple analysis is developed which is of value for defining a useful
parameter regime. Measured gain coefficients for C5+ are compared to an analytical model for
electron-capture pumping and found to be in good agreement. Preliminary data on aluminum
appear promising for shorter wavelength extrapolation. Extension of the illustrative analysis
provides directions for future quantitative measurements leading to large scale gain experiments.

I. INTRODUCTION It is interesting to observe that what may prove
to be the mopt valuable probe for laser-produced plasmas

The diagnostics of plasmas promises to be one of at the highest densities, namely the x-ray laser, will
the primary applications of x-ray lasers. The first quite likely evolve from the use of laser-produced high-
x-ray lasers will probably offer high intensity, short Z plasmas as lasants. Most activity is presently
pulse length and collimation in narrow spectral lines directed along such lines since the stripping of high-Z
in the 1-50 nm wavelength range. These are precisely atoms provides relatively simple atomic structures that
the characteristics required for probing high density can be used at short wavelengths analogously to present
compressed pellet fusion plasmas, where pm spatial ion lasers for the uv-visible spectral region, through
resolution, ps temporal resolution and penetration at isoelectronic extrapolation. Hydrogenic, helium-like
supra-solid densities is required. The latter is and lithium-like (1,2, and 3 electron) ions are favorite
illustrated in Fig. 1 where the critical electron den- candidates, as examples. Also, the pump power density
sities N for total reflection of longer wavelength required to achieve single-pass gain of at least e

5

radiation are shown, as given by the relation N at short wavelengths becomes very high and can best be

27 2 c obtained with linearly-focused laser beams onto surfaces
1027 IA for X in nm. As a typical specific example (1) in vacuum. Significant line enhancement along the axis
linear absorption of continuum radiation in DT occurs compared to spontaneous radial emission is typically
with an e-folding distance of 30 pm at an electron sought as evidence of gain (11,15,16). Dual plasma
density of 1026 cm-3 (- 1 kg/cm3) and a temperature of experiments are also performed, where one serves as a
kT = I keV at a wavelength of approximately 1 run; so source and a second as an amplifying medium (17).
that x-ray lasers in the 1-50 nm range will prove Marginal gain has proven difficult to verify (16) and
extremely valuable in the devqlopment of such super- large gain so far has been elusive. What has been
dense plasmas. Interferometric, schlieren as well as established to date are significant degrees of popula-
shadowgraphic techniques will all benefit enormously by tion inversion in fluorescence experiments under
the greatly enhanced emission as well as the small optically thin conditions at densities belcw critical
angular divergence promised with x-ray lasers. With for measureable gain (14,26).
coherence could also come the application of holographic These latter statements can be somewhat quantified
techniques. with a simple but sufficient gain-scaling analysis which

Research towards advancing lasing to the x-ray follows. Following this, the pumping of hydrogenic ions
spectral regions is in a rather early and progressive by capture of electrons into excited states is analyzed
state. Figure 1 is intended to depicit a somewhat and discussed as a specific example of considerable
recent overview of activities in the field, abbreviated current interest.
since a comprehensive review (2) with 268 references
published in 1976 is generally available to the reader' II. ANALYSES
seeking more detail. This review has been supplemented
on several occasions with emphases on research (3-5) The following simple analyses (5) are not intended
and applications (1,6). In addition, various useful to replace the elegant computer programs that have been
literature searches and compilations are available (7). developed for modeling atomic and plasma dynamic pro-
The references here are limited to recent articles of cesses in laser-produced plasmas. Rather, the intent
more general guidance (see Fig. 1) as well as to those is to use a few basic physical principles to estimate
necessary to support specific points of emphasis (8-25). the gain and the associated plasma parameters for

As can be seen in Fig. 1, present research activity comparison with some quantitative data. In essence,
towards the development of x-ray lasers is concentrated the end justifies the means in that reasonably good
in the 10-100 m wavelength region, in a continuing agreement is found, so that the physical intuition pro-
effort to advance laser physics to shorter wavelengths. vided from the basic principles invoked permits both
A major step has been the so-called "1000 1 (100 nm) the evaluation of current experiments and the formation
barrier", below which efficient cavities do not present- of some projections for future experiments with confi-
ly exist (dashed in Fig. 1) and sufficient gain must be dence, hopefully to be supported by extended numerical
achieved in a single photon pass which is referred to computations.
as amplified spontaneous emission (ASE). Collimation is
then limited to geometrical and coherence would be A. GAIN RELATIONS
obtained probably by amplification of a frequency multi-
plied laser operating in the uv-ir spectral range. In 1. General
this regard, harmonics up to the 28th have been measured
to wavelengths as short as 38 nm, beginning with a 1 pm The challei.- of achieving gain I/1-exp(GL) over
Nd-glass laser (23). a length L at increasing photon energy derives directly

0094-243X/81/750228-07$1.50 1981 Ameican Institute of Physics
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Fig. 1. Diagram categorizing various operating modes and pumping processes for achieving gain,
as well as for harmonic generation. The wavelength regions indicated are somewhat arbitra
The numbers on the bars refer to milestone wavelengths in nm, where O indicates modelingLj
Indicates population inversions and 1 indicates emission either as gain or harmonics. The
dashed lines indicate projections into spectral regions of less certainty. References are
indicated by superscripts. The emphasis here and in the text is on wavelengths shorter than
100 nm; molecular hydrogen is included for historical perspective.

to the cross sections for induced emission and G W r 2 N

resonance absorption and the upper and lower state GD - 2 2kT) Nu l Nu g3t
population densities Nu, N Iby

This shows an explicit linear dependency on wavelength
Wr0 cf g )]g, and the 1iiportance of the upper state density in

G-No dNo a -. -- . . N -N I , (1) achieving significant gain, once the bracketed factor
u ind-  Iabs

=  A gu I u g/ becomes positive to assure a population inversion,
rather than resonance absorption. Implicit here however
is the wavelength dependence of the pumping process,

where r0 is the classical electron radius, f is the since in equilibrium

absorption oscillator strength, gu. g1 are the upper N P

and lower state statistical weights, and AV is the line N = o (4)
width in frequency units. For a Doppler-broadened line u A
at a mean thermal velocity vDi MiD/V" D/c' or

where P is the pumping rate out of an initial ion state
of density N and A is the total depopulation rate. The

'k \1/2 population density inversion may either be transient
2 v 2 kT i , (2) leading to self-terminating lasing (Fig. 1) with acharacteristic decay time mA, or quasi-steady-state

limited only by the interval of proper plasa conditions
for inversion.

where the radiating particle 
ass and temperature are

given by N and T, respectively. The Doppler-gain
coefficient then becomes (with v - c/A and a factor of
htn2 included for Gaussian line shapes);
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2. Single-Electron Ions 4. Charge Transfer Pumping

The above is general. By next specifying that Closely akin to free-electron capture is bound-
the ions be hydrogenic, i.e., stripped of all but one electron capture or charge transfer of an electron
electron, the gain analysis continues relatively from a (neutral) atom to a stripped ion, resulting in
straightforward, because of the simplicity of the one- preferential population of a specific excited level(s)
electron structure. Also, potential losses associated in a hydrogenic ion. The cross section for the
with processes such as photoionization and auto- resonance charge transfer (rct) process is approximated
ionization involving outer electrons are avoided. by
With M -Z A -Z14 for radiative depopulation, X - Z- 2 ,  2 2

and T -P, the gain coefficient then scales as C rct Wa
PN° Z-

13/2 , so that a strong scaling of PN with Z is

required for the favorable extrapolation of high gain (where the Z2 scaling is probably optimal), and a rate
to increased Z and shorter wavelengths along the of
hydrogenic isoelectronic sequence.

The hydrogenic results presented in this paper are
expected to follow similarly for helium-like ions and P =2NV> NAs 2 Z2. (9)
furthermore for lithium-like ions with one electron Prct A A o

beyond the closed ls2 orbital.

Here NA is the neutral density, and a is the Bohr3. Recombination Pumping Ao

radius. In vacuum a carbon plasma at Te z200 eV
Pumping of ionic population inversions is achieved expands at a speed of -107 cm/sec which scales

the most naturally in plasmas using the free electrons approximately as (T /M)1/2. Therefore

available in quasi-neutrality. The caputure of free i
electrons into high-lying states (collisional recombi- 2 ( kT  1/2 I -3
nation) followed by cascade, and the collisional exci- N P NON Ia Z2 (IO7) Z)/ sec- m (10)
cation or ionization of bound electrons into excited 0 rct A 0 20
states are two examples (2). These can be analyzed
fairly-reliably and form an inversion basis, which then which scales with Z as
can be augmented by, for examples, charge transfer of
bound electrons from neutral atoms (14,26) and photon 14.5 (11)
(flashlamp) pumping (27), when such pump energy and the Noprct
proper resonant matches are available for efficient
pumping. We will continue here with the analysis so that
based upon recombination onto fully-stripped ions,
which has been extensively analyzed since its first 8
suggestion (28) in 1965. In such a quasi-neutral Grct Z (12)

fully-ionized plasma, the free electrons are abundant
in proportion n E Ne/N - Z and a quasi-cw inversion is
obtained between excited states in a cascade when the assuming that the neutral atoms are crested by direct
lower states are depopulated to the ground state more sputtering by the ions, i.e., NA Ne/Z Z6 also.
rapidly than are the upper states. The desired

recombination rate product no.P r may be approximated Thus, the scaling is similar to that for capture of

by (29) r free electrons by the ions.

B. COLLISION LIMIT ON INVERSION

- eNo(n') 6 2 )2 -1 3 Population inversions formed by cascade can onlyNoPr Z6  )kTe  (xp[Z2k]ecT cm ( be expected to exist for electron densities low enough
S that collisional depopulation from the upper to the

where the Rydberg, Ry-13.56 eV, represents the hydrogen lower laser levels does not dominate over radiative

ionization potential, Ne  Z7 (see below) is the free decay. This upper limit on electron density in the
plasma is found by equating the electron-collisional

electron density, and n' is the so-called collision- d ,xcitation rate (29) to the corresponding radiative-
limit quantum number (29,30), i.e., the energy level at transition probability. The Z-scaling for the equation
which electron collisional excitation from that level is Ne/Z 7 and Te/Z 2Ry, where Z2Ry is the hydrogenic-ion
equals the radiative decay to lower levels. Notice the
increased pumping at reduced electron temperatures, ionization potential. Such limiting lines are plotted

indicated here by the T-
2 dependence. From Eq. (5), initially in Fig. 2 for four possible laser transitions:

6 3-2, 4-2, 4-3, and 5-3. Above each of these lines
assuming No - Ne/Z Z , the scalings with Z become: population inversion becomes zero or negative(absorption), and also Stark broadening enters which

would further reduce the gain. Such density-limiting
N P Z14 (6) lines are reproduced in the other figures as well.

In Fig. 3 values of n' calculated for high n+l
and to n transitions are indicated on the right ordinate

75 ( for comparison. It appears that n' - (2n+l)/2 might be
Gr Z (7) a reasonably consistent approximation at high tempera-

ture (Te/Z2Ry;O.5), but cannot be used directly for low-
lying levels and at low temperatures since the n'

which are very favorable, providing all other conditions formulation (29,30) is based on collisional excitation
scale within reason for experiments. Actual values for which includes an exponential low energy cutoff. It is
this gain will be given later . instead collisional deexcitation (29) that limits the

inversion, for which a new collision-limiting

quantum number n" E n' (g,/g.) exp (AE/kT) is defined
and finally becomes

.... _,, _. _ _ _ -
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ION - - - Also mte that wavelengths as short as 1 na can be
pumped with laser-fusion-size focused Nd-glass lasers,

Log WL (W/cm 2 = 11 12 13 14 16 for example.

I(mm = MAX. DIAM. Table 1. Pump Power Densities for G-5 cm
-

UN 1W
-.00 A . 0.1 1 10 100 nm3, LoglOWp - 19 15 11 7 Watts/cm Plasma

S 79 1 11 7 Watt/cm
2 
Source *

N. S *For 100 pm depth, 1% coupling, laser-produced plasma._7 4 .2 , ° . 0}.4)

1.31, 11 A11
3
,

1cm 3) 13 e+2 Limited pumping power therefore necessitates small

.1I- volumes including short lengths L, so that maximum gain
14)1

)  
products GL are achieved at the highest density
possible. In other words, a reduced gain coefficient

121 ,OR G at lower density cannot be compensated by a longer

5-3 "" length L without increased pump power. This, plus
1012-  1 V I.2J the need for high plasma temperatures, is the reason

,NR '1 ] that most x-ray laser research is performed on small
4-3 13}1 (2.811 plasmas created by focused high power (laser) beams,

as mentioned in Section I above.

101 -------- D. RADIATION TRAPPING
141-2 100 101 Along with high density comes resonance trapping,

T./Z
2
RV particularly for the 2-1 Lyman-a transition. This

'trapping of resonance radiation can preferentially
increase the lower state density and deplete the

Fig. 2. Parameter space for achieving population population inversion according to Eqs. (1) and (3).

inversions on several transitions. Laser flux In the simplest case,
W and ionization thresholds for carbon, oxygen
and aluminum ions are indicated. Typical u n A2
partial trajectories for carbon plasmas are 2tgu Au / U (14)
indicated using data from NRL (NR), Culham (CU) Ng91 Ag(r) 1n1/
and Univ. of Hull (UH), including distances
from target[ in mm. Aluminum studied at where g(T) is the so-called escape factor (27,32),
Univ. of Rochester (UR) is also indicated, which is a function of the optical depth t given by (29)
Opacity-limited diameters are indicated by
0) i n m . -1 7i / 2

i - 5.5 X 1017 Af N 11D T (15)

a";-26 1/17 (13) for a lasant depth D, a hydrogenic ground state density
N2 ( or N(Z-l)+) an atomic mass number lj, and with kT
in eV. For a 3-2 transition the ratio in Eq. (14)
reaches unity for Tr3, which determines the maximum

This will be recognized as the exoression n' without the permissable value of the product N1 D. Obviously if
exponential factor. The statistical weight ratio serves
to counteract the high quantum state approximation in n complete stripping is maintained, N1 will remain

so that n" here is appropriate for potential low-lying negligibly small; but that is unlikely as the tempera-
laser transitions. This resembles the "thermal line" ture is lowered for increased pumping. With plasma
of Wilson (31) which included deexcitation with the quasi-neutrality it is more likely (33,34) that
exponential factors removed, but for a different reason, N1 = N./10. The maximum plasma diameter determined at
namely in the high-n and high-T limits. The n' (or n" t
approximation remains a first-order approximation to the maximum electron density allowed by co111sionl

the collision limit on inversion, at best. equilibrium in Fig. 2 then scales as Z-
9 /2 for all

temperatures, and values are indicated in parentheses
C. PUMP POWER REQUIREMENTS in Fig. 2 at the collision boundary. Recall once

again that this is actually a ND limit and therefore
There is a practical reason for desiring to operate Dmax will scale upward as Ne /Z

7 
is decreased.

near the collision limits shown in the figures. The
gain depends directly on the upper state density Nu  E. PHOTON-ASSIST PUMPING

as shown in Eq. (3), as does the plasma pump power
density WV = N Ahv which is required to overcome losses. It is obvious that the most severe limitations

p uare placed on the n-2 transitions, again due to the
A large value of Wp is also required to obtain sufficient strong 2-1 Lyman-a resonance line. Photon-assist

plasma temperature to achieve complete ionization (Fig. pumping of n-2 electrons into specific higher-n states

2, discussed below). For G-5 cm
-  and a 3-2 transition, without perturbing the upper state populations would

W at various wavelengths A is given (2) in Table 1, appear to alleviate this lower state saturation
p considerably (27). For example. Lyman-u radiation from
using N. from Eq. (3). Note that for C at X = 18.2 a Z/2 ion would match a 2-4 excitation in ion Z and

An a plasma power density of 30 GW/cm
3 

is required. likewise Z/3-ion Lyman-n emission would match a 2-6

-- ..+ :+.-. +++ _.. ...-= - '.. .... .. ,..' II " - i ... .... A - -
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transition in ion Z. Intuitively, the lower transi- inversion or gain measurements are reported, and
tion rates at lower Z indicate the need for higher open points where no inversion was observed. The
densities and temperatures in the pump source, so that numbers in brackets refer to distances from laser-
the pump and the levant plasmas could not be congruent, heated targets. The 4-3 data are consistent with
and the emitter/absorber coupling becomes a crucial both the collisional deexcitation limit and radiative
factor. trapping for diameters 1/3 to 1/2 the distances

At the blackbody limit, the pump rate P(2-4) indicated. The 3-2 and 4-2 data from Culham showing
compared to the depopulation rate A(2-1) is given inversions only for Ne/Z

7 
less than 1012 cm-

3 
are

by% (8) also consistent with a plasma size approximately
30-times greater than permitted at 1014 cm

-3
, i.e.,

the NeD scaling behaves as expected (see Fig. 6). The

P 4.1 (94\) A 12 3-2 data from Hull University remain an enigma;
21 2 _g A2 [exp (hv/kT)-l > I, (16) although the size could be tolerable for radiation

A2 2 21 - trapping limitations if the plasma produced from a thin

fiber expands in a heated shell of thickness-10 pm,

an electron density well above that expected to include

and must exceed unity for significance. This reduces collisional mixing will lead to a very small or even

to hv/kT t 0.04 where hv(4-2) z Z
2
Ry/5, so that negative population inversion (see below).

kT > 5Z
2 

Ry = 70Z
2 

is required. Unfortunately, at
such a temperature there would not be a significant
density of hydrogenic ions as pump sources. Higher-
Z ions with coincident wavelengths are a possible 1016 2 | 2
alternative considered both for pumping out such Log W L [W/cm 2] = 11 12 13 1416
saturated lower levels and for pumping upper levels. [- = -. 1 1-1- 1
A number of problems surface on close examination, i mml =MEAN FREE PATH --1
however, such as exact (within line widths) coincidence ?,NN I I 0
in the presence of possible plasma shifts, efficient 101s 0 --

coupling if separated; and the large increase in -

electron density associated with the higher-Z material 0/6=
which enters into the lasant conditions as in Figs. 6 1/3
2-6, particularly if the substances are congruent.
With sufficient intensity, a true dual-region 14 n'
configuration for the "flashlamp" (preferably broad- 10

band compared to a spectral line) and the lasant N,
seems preferable. Photoionization, particularly of V
innershell electrons, is a related and promising Ai '

pumping scheme involving a select narrow band intense r,
radiation source (see Fig. 1). 1013 6

I. EXPERIMENTAL COMPARISONS

A. INVERSIONS ALONG TRAJECTORIES

10- ,
As a prerequisite to achieving measureable gain,

the population density inversions bracketed in Eqs. 14-3 as
(1) and (3) are usually determined in fluorescence 1s 2-10 -6
experiments under lower density optically thin
conditions. For example, a 4-3 inversions is strongly
evidenced in the resonance series between levels n and 110-3 I L0L _0 _

1 by anomalously large 4-1 intensities, even exceeding
the 3-1 intensity (14, 26). While usually obtained T./Z2 Ry
spectrographically with spatial but not temporal
r-lution, recent soft x-ray data on helium-like
CV lines with both spatial and temporal resolution Fig. 3. Typical trajectories (long dashes)
has been obtained (35) under similar laser-vaporized in parameter space (see Fig. 2) and mean free
graphite conditions to that described in Ref. (14). paths (short dashes) with values in m.

Returning to Fig. 2, typical laser power densities
W required to strip atoms of C, 0, and Al are
indicated by vertical barriers. Such vertical
divisions of the parameter space do not prohibit Continuing in Fig. 3, extended trajectories
population densities, but rather define the zone of originating in the critical density layer near the
high ion density for high gain. The laser-flux target are plotted for C and Al ions. Also, the
log W scales are shown at N1/Z

7 
values corresponding density ratios NZ+/Ne t- n are shown where known (33,34).

to a critical density Ne=1021 cm-3 for 1 um laser It is more important to m"ximize the density of stripped
absorption; for Al, values for 2v and 4v frequency ions in the inversion region. This is best achieved by
doubling and quadrupling are also indicated. Notice first completely stripping the atoms near the target
that all four transitions can be pumped near the and then following an isothermal trajectory towards
maximum density in carbon with a 1 um laser, but not lower densities, preferably maintaining a mean free path
the 4-2 transition in oxygen and only the 4-3 transi- exceeding the final diameter anticipated for the gain
tion in At without frequency multiplication into the medium. Mean free paths are plotted as {mm's) in
ultraviolet region. Of course, all can pumped at Fig. 3. From thi it is readily understood why n
densities below the collisional cutoff level at lower is only 2 X 10

-  
( 10 mean free paths, i.e, e-tO)

gain and increased pump demands, as discussed above, when beginning at 1011 W/cm
2
, and increases to 0.05

Also shown in Fig. 2 are data points from Hull at a higher Initial pump flux level vith complete
University (11) (UH) [i(3- 2)]1, Culham Laboratory (36) ionization and a longer mean-free-path trajectory.
(CU) [C(3-2, 4-2, 4-3) Naval Research Complete stripping in the Hull University experiments
Laboratory (14, 26) (NR) [C(4-3)], and University was anticipated (11), also beginning at very high
of Rochester (10,37) (UR) LAi(4-3) helium-like], with flux levels. For the University of Rochester
the closed data points indicating where population

4
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experiments on AL, stripped-ion densities are not IV. SUMMARY
yet available; however complete stripping at the
target is expected at 1015 W/cm

2 
irradiation, and the In summary, quantitative spectroscopy of

mean free path is calculated to be greater than 10 mm. hydrogenic [and helium-like (14, 26)] carbon ions
is proving to be a valuable gauge for measuring

B. GAIN MEASUREENTS directly the soft x-ray gain coefficient. The
stripped-ion density and the inversion degree are also

One reason that the ratios nZ are available for deduced as inputs for modeling. The gain coefficients
carbon is that the density of stripped ions can be measured so far for varying pump laser powers and

obtained from the absolute number density of hydrogenic transitions and locations relative to the irradiated
ions in excited (n-5, 6, and 7, e.g.) states lying near target, as well as target configurations, are shown
the continuum using Saha equilibrium calculations, here to be in good agreement with a simple analytical
These highly-excited state densities are conveniently model. The results are presented in such a way as
obtained from the absolute emission of spectral lines to visualize progress, limitations, and prognoses.
in the near-ultraviolet region. Since the same Preliminary data for helium-like aluminum, which
excited states also radiate in resonance lines (e.g., requires more stringent parameters than carbon, look

7-1, 6-1), the branching ratio for radiative decay promising in this view, although similar quantitative
and the relative intensities in the resonance series spectroscopic data are more difficult to obtain.
provides a measurement of the upper laser state Increased target irradiation sustained for high
densities Nu in Eq. (3), from which the gain temperatures during the plasma expansion beyond the

coefficient is obtained directly (with a known line collisional regime, followed by rapid cooling, would
width). The gains measured by this technique for carbon seem to be most desirable. Enhanced pumping by
are shown as "f/mess" in Figs. 4-6. (The Hull Univ- charge transfer and by photo-excitation, particularly
sity value in Fig. 6 was obtained from axial enhance- in overcoming inversion depletion from radiative
ment in a cylindrical plasma.) Again, these gain trapping have been suggested as augmenting techniques

coefficients are measured directly in the experiments in an otherwise optimized system. Clearly, more

and do not depend on the assumption of any particular quantitative measurements of the sort described here,

pumping model. along with more expansive calculations, are needed to

project a large scale gain experiment at very short

C. GAIN MODELED wavelengths. Supplementary to this is the need for

the design of efficient (Z 50%reflectivity) and
Where the stripped ion density ratio nZ is known durable cavities for the soft x-ray region.

along with the electron density and temperature, it is
also possible to model the recombination gain from
Eqs. (3) through (5). In Figs. 4-6 such a modeled
gain is plotted at several magnitudes, for comparison VT(.V)

with the direct measurements. In most cases a 1_13 _ so

conservative inversion factor value (l-Njgu /Nugt)-0.3
is assumed. The agreement is generally good and in
one case (Fig. 4, square point) some expected enhance- Z 6

ment from resonance charge transfer pumping in a n. 1s
particular gaseous expansion experiment (14) is
indicated . For the University of Hull results, their /
assumption of n6 = 1/6 (100% ionization) is used and
a matching gain value of G-17 cm-r is plotted for a - -
best fit to a variable inversion factor giving 12E~ mch10 E.(I-N~gu/Nug1) 0.002, much lower than the 0.3 value
used at lower densities but apparently remaining positive arl 2

for net gain. This low value would be consistent with
the collisional regime in which that experiment appears a 0 MEASI 1017to operate. No such modeling comparisons using the °  (lE 01

University of Rochester data (helium-like aluminum)
have been done, because pertinent data are not yet
available. 10-3 .- (MOOELED}

Similar modeling for lithium-like 4-3 transitions -

yields very similar results to Figs. 4 and 5 with an 101 1

abscissa of Te/4Z
2 

in eV. Lithium-like ions are 14-3 OIC2 10-I

desirable since they are formed plentifully from T/7
2
R1y

helium-like ion ground states which are persistent in
a transient plasma. The formation power required is
also relatively low as is the initial temperature, and Fig. 4. NRL 4-3 measured gain in parameter
the final gain temperature is extremely low for low-Z space compared with analytical model results
plasmas; higher-Z elements such as aluminum appear more for carbon plasmas.
desirable (38).

The gains modeled here do not restrict the para-
meter space available for population inversions and
gain except for the particular recombination pumping
mechanism assumed. For example, photon pumping or
charge-transfer pumping with adequate rates could occur
throughout the space beyond the collision and ionization
barriers, and again the modeling would depend on the
specific external pumping source rather than the
internal pumping by plasma electrons for recombination.
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Abstract: Anti-Stokes Scattering as An XUV Radiation Source

S.E. Harris, J.F. Young, R.W. Falcone, and Joshua E. Rothenberg
Edward L. Ginzton Laboratory

Stanford University
Stanford, California 94305

The paper will describle tile Use Of aruLi-Stokes Tile other port ion ot tihe tal k wil I eu concerned
s,:dttering as d radiation source fur nign resolutioni with true use of aniti-Stokes scattering to make a
spectroscop) in tne IUU A to 1000 A spectral flashlamup for a laser in the 2UU A spectral
region, and as a flaStildep for the construction of region. In recent experiments on a pulsed hollow
XUV lasers.' cathode discharge we nave measured] storage

Tile radiation source is basell onl spontaneous pupulations in the Li*+ ion at 199 A of 5 x lUI?
aniti-Stokes sc~tteriuug of inciucuut laser photons from a toms /cmrs. These populations correspond to o
excited metastable atuuas in an electrical discharge. 1 u9 A flasnlamp pumping power or auclut I i1w. The
Tile frequency or the SCdttereu photonIs is equal to target state! is an even parity state of neutral Li
thle sum of the mletastaule storage frequency and the whicn is yuverneu uy selection rules whicii proniuit
frequency of thue iuLidt lu photon. Pie a,,tuiuniizatjiciu. Transrer will ue dccOlnPlISteU UY
lihleWidth of thle scdttereu rauiadtlUn is the Manls Of two-photon aoUr>lptlorll. aLdIultions
convolution of the laser lillewiOtLi and tile toppler ifldicate tnat we snould ue dole to obtain a gain Of
wnotn of tile emitting species. Tne raoiation is auout M. per cmT on tue ZU7 A trainsition of neutral
, 1arizeo, nas the same time duration as tile incident Li.
laser, ailu cat% be tuneu bly tunling tile incident laser
frequency. In recenlt expermiuenlts we demonstrate tnat References:
tne intensity Of thle tunable anti-Stokes radiation is
sufficiently great tnadt it may De oistinguishied fromt 1. S.E. Harris, R.W. Falcone, M. Gross,
the bac~grouno radiation of thle plasma, and that tnus R. Normandin, K. Pederotti, J3. Rothenberg,
no moilocnromator uleto tie used to obtain an absorptioni J. Wang, J3. Willison and J.F. Young, Anti Stokes
spectra. We report thle first high resolution spectra Scattering as an XUV Radiation Source,
of potassium ini tile region ot 535 A to 55u A. Proceedings of the Vth International Conference
Within this region four previously unreported narrow on Laser >ectroscopy, Jasper, Canada June, 1990
lines are observed. (Springer-Verlag, New York, 1982).

Dr. Stephen Harris of Stanford (left) and Dr. Ralph
Ifuerker, session chairman during the question and
answer period.

Dr. D. P. Siddons of Kings College, London, describing
work by he and his colleagues with x-ray
interferametry. Dr. Siddens invited paper begins on
the following page.
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SOME APPLICATIONS OF X-RAY INTERFEROMETRY

D.P.Siddons

Wheatstone Laboratory,
Kings College,
London, WC2R 2LS

ABSTRACT

A review of the various types of x-ray interferometers is given, and their
characteristics and relative merits discussed. Some of their current
applications are described and some possible future ones outlined.

1. INTRODUCTION intensity in the interfering beams depends
only on the phase difference between the com-

The x-ray interferometer was invented in ponents of the incident wave following the
1965 by U. Bonse and M. Hart (1). Since that two paths through the interferometer. The
time it has developed from a scientific calculation of the detailed distribution of
curiosity into an extremely versatile and amplitudes in the interfering beams is rather
routinely usable tool. It has been used to complicated (3). The application of a few
solve many otherwise intractable problems. In geometrical restrictions considerably simp-
this brief review I will try to present some lifies the result of such an analysis, so
of the applications which I find interesting, that this phase difference depends mainly on
in the hope that they will suggest to you the material properties of the crystal and
other applications relevant to your own the optical path within the interferometer.
interests.

Since this conference is primarily con-
cerned with the soft x-ray region, I should
point out that the very first observation of
x-ray interference was made in the 1930's tot (b)
with aluminium K-alpha radiation using a
Lloyds mirror arrangement (2). Since that
time no working soft x-ray interferometer has -----
been constructed. All the devices which I
will discuss here are based on perfect crys- -

tal diffraction optics (and at the moment,
that means silicon) with a working range of
roughly 0.01 to 0.4 nm.

The small wavelength of x-radiation would
seem at first sight to pose insuperable mech-
anical problems for the designer. The care
necessary in manufacturing interferometers
for the optical region could not reasonably

* be extrapolated by a factor of 1000 (the
wavelength ratio of optical and x-radiation). -A
in fact the required precision is reduced by :"
the fact that the refractive index of most ~
materials in the above wavelength range is
almost unity. The manufacturing tolerances CC Q;
are relaxed by the factor 1/(l-n) to a first
approximation (about one hundred thousand). Figure 1. (a) A typical monolithic Laue case
The stability requirement is not relaxed in interferometer.
this way, and must be properly considered at (b) The diffraction geometry of the Laue-case
the design stage. For this reason, most x-ray interferometer. The crystal wafers are ar-
interferometers have been constructed as ranged to satisfy the Bragg condition simul-
monoliths, that is to say that the whole ins- taneously. Wafer S acts as a beam splitter, M
trument is carved from a large single crystal as a mirror and A as a beam analyser or re-
ingot. Unless otherwise stated, all the combiner. Only the important beams are shown
interferometers discussed here will be ass- for clarity.
umed to be monolithic.

In effect, the crystal only accepts those
2. X-RAY INTERFERENCE components of the incident wave which are

useful for interference and ignores the rest.
The usual x-ray sources do not seem to be Even the effect of a polychromatic beam is

ideally suited to demonstrating x-ray inter- taken care of, so that with divergent beams,
ference. They are generally extended sources a wide wavelength band can be transmitted.
with no phase coherence between the different The thing which locks the phase difference
radiating regions. The wavefronts of the between the waves is the crystal structure.
radiation emitted by each point are of course The geometrical conditions mentioned
spherical, and there is no possibility of above are essentially (i) that the difference
using lenses to collimate the radiation. Only in optical path length f.r the two beams be
the special properties of Bragg-reflecting less than the coherence length of the inter-
perfect single crystals render these problems fering waves. This requires that the physical
soluble relatively easily, path differences be of the order of ten

The key fact is that the time-averaged microns or less, and (ii) that the geometry

0094-243X/81/750236-06$1.50 Copyright 1981 American Institute of Physics
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of the interferometer is controlled to a
similar degree. (a) (b)

3.THE X-RAY INTERFEROMETER

(a) The Laue-case Interferometer.

The x-ray interferometer (1) in its most
frequently-used form consists of three crys-
tal wafers set to diffract simultaneously the
incident x-radiation (see figure 1). The dif-

fraction takes place in transmission (the
Laue case), rather than the more usual ref-
lection or Bragg case.Several x-ray beams
emerge from the device. Only the ones which

are useful for interferometry are shown in
the diagram. From the diagram it can be seen
that the device posesses all the features of II
the classical optical interferometer.

The first wafer acts as a beam splitter.
It is important to realise at this point that
the beam in the forward direction is not
simply that fraction of the beam which did \
not take part in the Bragg reflection proc-
ess, but is a true diffracted beam. Its amp-
litude and phase are intimately connected 1Cm
with those of the hkl-diffracted beam and the Figure 2.(a) A hybrid Laue-Bragg inter-
crystal structure amplitude. The second wafer ferometer due to Bonse and Hart (4), as
serves to steer the two beams created by the refined by Spieker (5). The beam splitting
splitter into a path which allows them to be and recombining functions are performed by
recombined. Again, the phase of the diffrac- Laue-case wafers, whilst the mirrors operate
ted waves are locked to the crystal lattice. in the Bragg case.

If the third wafer were not present, then (b) An all-Bragg interferometer due to Bonse
the interference of the two beams in the and Hart (6). The forward-diffracted wave
region where they overlap would give rise to exists when the crystal is set just off the
a standing-wave pattern. The geometry of the Bragg condition.
arrangement dictates that the spatial period
of the pattern is precisely that of the oper- The device is considerably complicated by
ative Bragg planes (for silicon, the 220 the fact that, due to the effect of refrac-
planes are spaced about 0.2nm apart). Since tion, the Bragg angle is not the same in the
such a pattern cannot be recorded on any Laue- and Bragg-cases. If not corrected, this
known medium, it is necessary to introduce will cause an unacceptable loss of intensity.
the third wafer. Its function is to arrange Spieker's interferometer permits such a
that the interfering beams not only overlap, correction by means of slight elastic
but also propagate in the same direction. If deformations of the monolith from which the
the phase of the two beams is homogeneous interferometer is fashioned, in the manner
throughout their cross-section, then one can shown. The second Bragg-case reflection is
simply measure the total intensity in the then necessary in order to re-correct the ray
interfering beam. This intensity is then a trajectory so that the reflection condition
measurement of the relative phases of the is satisfied for the final Laue-case ref-
component waves. If the phase of one of the lection.The second reflection also
two beams is not homogeneous throughout its substantially relaxes the geometrical
cross-section, then its interference with the constraints on the manufacture of the device.
other, homogeneous beam results in a non- The Bragg-case interferometer proposed by
uniform spatial intensity profile,which can Bonse and Hart (6) is shown in figure 2(b).
be recorded by placing an x-ray film to It relies on the fact that, for a plane wave,
intercept the combined beam. The phase in- the reflection coefficient is not unity if
homogeneity may be due to one of several the incident wave does not exactly satisfy
causes, and we shall briefly discuss some of the Bragg condition. Under such conditions, a
them in a later section. forward-diffracted beam exists which can be

used for Interferometry. In fact the selec-(b) The Bragg-case interferometr. tion of the correct angle of incidence can be

left to the interferometer itself, by illum-
The Bragg case (surface-reflection) does inating it with a divergent beam. This inter-

not lend itself so obviously to providing the ferometer posesses some advantages for imag-
beam-splitting and recombining functions ing applications.
needed to realise an interferometer. It does
however, allow the steering x-ray beams with (c) Many-beam Interferometers.
virtually no intensity loss. It is worth-
while, therefore, to try and see what tricks We have so far restricted the discussion
we can use to provide Bragg-case beam split- to the case where only one reciprocal lattice
ting and re-combining, point is active in the diffraction process,

The most obvious thing is to use a mix- i.e. the origin and h k 1. This is refered to
ture of Bragg- and Laue-case, using each one as the two-beam case. If we allow several
in the position best suited to it. An inter- reciprocal lattice points to be simultan-
ferometer based on this idea was first con- eously active, then other arrangements become
structed by Bonse and Hart (4) and subse- possible. The conditions for many-beam dif-
quently refined by Spleker (5). The geometry fraction are quite restrictive, and inter-
he employed is shown in figure 2(a). ferometers relying on this phenomenon will
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generally only work at one particular wave- of the optical and x-ray fringe spacings
length. This obviously restricts their ap- (17,18,19).
plication to non-spectroscopic problems. The mechanism which performs the scanning
Figure 3 illustrates a selection of some of must allow smooth, controllable translation
the many-beam interferometers which have been of the analyser wafer relative to the rest of
proposed (7,8,10). the interferometer on the picometer scale

without introducing spurious rotations about
any axis greater about one tenth of an arc
second. This is a non-trivial requirement.
The device is shown in figure 4.

(b) jo (~C

Figure 3.(a) This is the 3-beam Bragg-case
interferometer constructed by Graeff (8).
(b) A possible Michelson interferometer.
(c) A triangular interferometer having
coincident beam paths. j

Only the device in figure 3(a) has been
constructed and succesfully operated (both in Figure 4.(a) A schematic diagram of the
the laboratory (8) and with a synchrotron x- scanning interferometer showing the scanning
ray source (9)). This device is my favourite stage and the x-ray beam trajectories.
candidate for a soft x-ray interferometer (b) A picture of a finished interferometer.
based on crystal diffraction optics, since it
does not rely anywhere on transmission of x- The interferometer and its scanning stage
rays through the crystal material. However, are constructed from a single crystal of
the perfection of large Bragg-spacing crys- silicon. The elastic scanning stage is a
tals is not yet sufficient for interfero- folded parallelogram spring strip design. The
metry. small forces necessary for controlled defor-

The device shown as figure 3(b) is the x- mation of the monolith are most conveniently
ray analog of the Michelson interferometer. generated electromagnetically. Thus it is not
If a sufficiently stable and controllable difficult to place the instrument under
version could be fabricated, then the sensi- computer concrol. This capabability has been
tivity of the Michelson-Morley experiment may used to advantage in experiments to measure
be significantly improved, anomalous dispersion using weak x-ray sources

Fig 3(c) shows a triangular 3-beam device (15).
which was first proposed as an x-ray reso-
nator, but is also an interferometer with 4.APPLICATIONS
coincident beam paths. This device could
offer a sensitive, rather straightforward (a) Moire Topography
technique for the measurement of circular
dichroism As we have mentioned earlier, the phase

of the diffracted beam is related to that of
(d) The scanning interferometer. the structure amplitude of the active Bragg

reflection. If the Bragg planes are dis-
The scanning interferometer is essen- torted, the effective phase of the structure

tially a Laue case device which is identical amplitude is locally modified. When the wave
to the simple interferometer described above, diffracted by such a lattice interferes with
except that it is constructed in such a way the reference beam, local variations of in-
that the final wafer may be translated along tensity are observed within the beam cross-
the direction of the diffraction vector in a section,which may be recorded on x-ray film.
smooth, controllable manner. This modifica- The image so obtained is a map (or topograph)
tion gives the device several advantages over of local lattice distortions. We can estimate
its rigid counterpart, and merits seperate the sensitivity of the technique very simply.
discussion. A phase change of pi (producing the maximum

A pure translation of one component of intensity change) results from a lattice
the interferometer relative to the others displacement of one half of the Bragg spacing
introduces a phase shift into one of the (0.1nm for the 220 reflection in Silicon).
interfering waves which is proportional to The smallest resolvable fringe spacing is
the displacement. If the displacement is ,say, 0.1mm for ordinary x-ray film. This
smooth and uniform, the output intensity places an upper limit to the magnitude of the
undergoes sinusoidal fluctuations, which may strain of about one part per million (ppm).
be recorded by a counter. Such a device was This overlaps nicely with other topographic
first proposed and constructed by M. Hart techniques. The lower limit depends on the
(20). Since then it has been used in its details of the experimental technique, but
monolithic form by Cusatis and Hart (14) and since a fringe spacing of 1cm would be
Hart and Siddons (15) to make high-precision readily visible, a value of 0.01ppm is not
measurements of anomalous dispersion and as a too ambitious. The formal similarity between
high-speed (IMHz) x-ray or neutron modulator the above contrast mechanism and the effect
(16). produced by superposing gratings has led to

It has also been used by several groups the technique being dubbed Moire topography.
in an experiment to place the lattice para- An example of this is shown below. Figure 5
meter of silicon on an absolute basis by con- shows the image obtained by x-ray Moire
necting an optical interferometer with an x- topography of a selectively deposited alu-
ray interferometer and determining the ratio minium film on one wafer of an inter-
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ferometer. image shows the effect of heat treatment on
the magnitude of the strain.

Figure 6 demonstrates the effect of in-
homogeneous impurity distribution on the
interferogram. The Bragg spacing is modified
by the impurity, and so the fringe pattern
shown reflects this variation.

Figure 7(a) shows a Moire topograph of a
crystal containing a single dislocation. A
rotational component has been added, which is
superposed on the displacement field due to
the dislocation. Extra fringes can be seen
beginning near the dislocation core. This
pattern is characteristic of the Moire
pattern produced between a perfect grating
and one which has had an extra line pushed
half-way into it (figure 7(b)). The number of
extra fringes produced is exactly the
effective number of extra half-planes present

Figure 5. The interferogram produced when a in the dislocated lattice. This permits a
thin aluminium film is deposited onto one complete determination of the dislocation
wafer of an interferometer. The right-hand Buergers vector.
image shows the increased strain after heat- With synchrotron sources, concern has
treatment of the film. been expressed at the large thermal load

which is placed on any optical sytem
receiving the direct white beam. There is
very little quantitative knowledge of the
behaviour of crystal diffraction optical
systems under such conditions. The x-ray
interferometer is potentially a very

sensitive detector of thermal strains in one
of its components. A recent experiment (12)
took advantage of this sensitivity and made
quantitative measurements of temperature
differences between the splitter wafer and
the rest of the interferometer.

Figure 6.The effect of inhomogeneous impurity
content in the interferometer material I

Ia) (b) 

Figure 8. Dilation Moire patterns observed
when an x-ray interferometer is placed in the
white radiation beam of a synchrotron. The
fringe spacing is a direct measurement of the
temperature difference between the first and
subsequent wafers. Wider fringe spacing cor-
responds to lower temperature difference..

Measurements were made under a variety of
conditions. Figure 8 shows one sequence of

Figure 7.(a) The interferogram produced by an fringe patterns where the beam cross-section
interferometer having a single dislocation in was varied. The influence of filters and the
one wafer. The effective number of extra effect of highly inhomogeneous thermal loads
Bragg planes is changed by imaging using were also studied.
different diffraction orders.
(b) A simulation of the above interferograms (b) Phase contrast microscopy.
made by superposing a normal grating upon a
sequence of 'dislocated' ones in which the Phase shifts may also be introduced into
number of extra half-planes increases from the interferometer by refracting objects as
one to four. well as by lattice displacements. Thus it is

possible to image refractive-index variations
The aluminium was deposited at room i.e. to take phase-contrast micrographs.

temperature, and a small amount of strain is Figure 9 shows such an image of a concave
produced by the difference in thermal polymethylmethacrylate lens (13).
expansion coefficient as the aluminium
condenses onto the crystal. The right-hand

t1
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future.

(c) Dispersion spectroscopy.

The variations in forward scattering
factor illustrated in figure 10 is in itself
of considerable interest. It is difficult to
compute, and several approximate theories
have been developed. Prior to the x-ray
interferometer no reliable experimental data
existed. Thus none of the calculations could
be verified. This in turn led to a decline in
theoretical developments.

The x-ray interferometer offers a very
direct way of measuring refractive indices,
and the relationship between refractive index
and forward scattering factor is straight-
forward. Several interferometric determin-

Figure 9. A phase-contrast micrograph of a ations were made in the laboratory using the
plastic lens. characteristic lines available, but these

were not sufficient to provide a real test.
The equal-phase contours correspond in this The first series of high-resolution measure-
case to equal-thickness contours, and are ments covering an absorption edge was
therefore concentric circles.This technique performed using synchrotron radiation by
has had rather limited applications until Bonse and Materlik (21). They used a film
recently, because of the restricted set of technique which relied upon the displacement
wavelengths available in the laboratory.The of a rotation Moire pattern. The Moire image
real power of the method is only available if they obtained is illustrated in figure 11,
one is free to choose the imaging wavelength, and the dispersion corrections they
The significance of this is best shown by calculated from measurements of fringe
figure 10. The dependance of the forward positions on this image are shown in figure
scattering factor, and hence the refractive
index of materials on wavelength is charac-
terised in the x-ray region by the presence
of the K-absorption edges. This gives rise to

the well-known anomalous dispersion effect.

0e

z Figure 11. The Mlre pattern recorded as a
function of wavelength by Bonse and Materlik,
from which they calculated the dispersion of
Nickel. The position of the absorption edge
is marked, and the dip in the fringe position

Iaround it is clearly visible.

3The two major disadvantages of this
o technique are i) the difficulties of

assessing phase shifts to sufficient accuracy

(given the uncertainties in response and

WAVELENGTH dimensional stability of film and the dif-
ficulties of optical densitometry) and ii)

Figure 10. The variation with wavelength of the need to measure the sample thickness and
the forward scattering facter (which is density to high precision.
simply related to the refractive index) of a Both the disadvantages of the above
series of elements. technique are overcome by using the scanning

interferometer to record fringe profiles
The interesting result for microscopy is directly, and by working at multiple wave-

that there are some regions where refractive- lengths to eliminate the sample thickness and
index matching occurs. Thus it is possible to density from the equations. Two such exper-
find a wavelength at which only one component iments have been performed, one (14) was a
of a three-component system is contrasted. pilot study by Cusatis and Hart. They used
Possible candidates for such a technique Bremsstrahlung from a standard x-ray tube and
should be numerous once the facility is a scintillation counter to make measurements
available on a routine basis at a synchrotron at several wavelengths on Zirconium metal
source. near the K absorption edge. The second (15)

The technique can also provide higher used an improved x-ray optical system and a
contrast of samples with low atomic number, solid-state detector in a computer-controlled
for which absorption contrast is usually low. spectrometer to collect a considerable quan-
This could be of interest to people studying tity of data for several elements. These
biological materials, later results are shown in figure 12 (b) to

There are of course problems with the (e). The improvement in quality of the data
method, perhaps the most restrictive is that collected using this apparatus is manifest.
of spatial resolution. Several instrumental The results have been compared in detail with
factors conspire to limit the microscopic theoretical estimates, and were instrumental
resolution to around 10 microns. Little dev- in uncovering some errors in computational
elopment has taken place however, and I am procedure in one series of calculations (21).
sure that this limit will disappear in the These errors were subsequently corrected, and
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the smooth curve drawn through the several elements measured by Hart and Siddons
experimental points in figure 12(b) through (15) using laboratory Bremsstrahlung.
(e) is calculated according to this revised
scheme. A remarkable degree of agreement is 5. CONCLUSION
found.

Since these experiments were performed in I hope that I have managed to convince
the laboratory, they are limited in quality you that x-ray interferometry is more than
by the very low intensities available from just an interesting idea, and that it will
Bremsstrahlung sources. We see no reason why become an accessible tool in the near future,
any intensity gains obtained by moving to a even to the non-specialist. Facilities are
synchrotron source should not provide an ap- planned specifically for interferometry at
propriate improvement in data collection two major synchrotron sources, at the new
times or measurement precision, or combi- HASY laboratory in Hamburg and at the Dares-
nations of the two appropriate to the prob- bury SRS in England. When these two experi-
lems in hand at the time. ments are under way we should see many new

The scanning interferometer equipment and interesting experiments performed.
proposed for the Daresbury storage ring is
waiting to be commissioned and should be pro- REFERENCES
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Optical Holography with Partially Coherent Radiation

E. Le ith

The University of Michigan, Ann Arbor, Mich. 48109

ABSTRACT

Holograms can be farmed in light of little or no temporal coherence. The coherence re-
quirements for Gabor in-line holography are examined. It is shown that, with achromatic inter-
ferometers formed from diffraction gratings, the coherence requirements for off-axis holography
are equally low. Finally, two basic approaches to the making of holograms in completely white
light are dtscribed.

INTRODUCTION hologram. The introduction of this quantity leads to,
as we see, an extremely simple expression for the allow-

Nowadays we see holograms of remarkable quality able wavelength spread, just 4 times the reciprocal of
viewed in white light. The holograms are bright, sharp, the expansion ratio.
often large, with considerable depth and parallax. They
belie the often-held supposition that holograms have to
be viewed in highly coherent light--monochromatic light
from a point source. These holograms which are the
product much technical development a number of rathe L L!
ingenious ideas, were developed in response to the re- -0

alization that if display holography were to be of any I_1
widespread value, it had to be freed from the constraint fiof being viewed only with relatively expensive and in- b. .-
convient sources such as lasers and mercury arcs. Fig. 1. Gabor hologram of a point object,

It would be attractive, for various reasons, if left, construction; right, reconstruction
holograms of such excellent quality could also be con-
structed in white light. The prevailing view among Similarly, on readout, the zone plate has a focal
those somewhat knowledgeable, but not expert, in holo- length inversely proportional to wavelength. If we view
graphy is that the making process is basically differ- the hologram with a beam of polychromatic light and oh-
ent, and even the holograms designed for white light acnve the plane where the image is in sharp focus at the
viewing must still be made with highly coherent light, midband wavelength, then other wavelengths will form
as for example from a laser. images somewhat blurred in this plane. If we use the

On the other hand, if we consider that when a holo- elementary laws of optics to calculate the allowable
gram is being viewed, the light passing through it is spatial bandwidth AX before the image becomes noticeably

merely retracing the paths of the light used for making blurred, we find
the hologram. And if we consider that the same laws of A2/optics apply if we merely reverse the direction of the AX/Xo = 4(Ax 0/ z = 4/C (2)
light rays, we might suspect that the coherence of the
making and viewing processes might in a basic way be which is exactly the same expression as before. Here,
just the same. Thus, perhaps, holograms can be made in we would call C the compression ratio, which is the
white light. There is considerable truth in this view- ratio of the width of a zone plate on the hologram to
point, although the issue is by no means a simple one. the width Ax of the "point" image to which the zone

For the basic process of holography, as developed . plate focuses the light. Thus, for the simple, basic
by its inventor Dennis Gabor, the truth of this supposi- process of holography, as given by Gabor, our suspicions
tion is quite simple. As we show in Fig. 1, a hologram arcofme. Teaknadthviwgpoess
is made of a small scattering "point" object 0, of size have exactly the same monochromaticity requirements.
Ax (we work in two dimensions instead of three, for Moreover, these requirements can be very modest.
simplicity). Light scattered by 0 interferes with the For example, if we choose parameters such that the ex-
coherent background to form an interference pattern that pansion ratio is 20 (i.e. , a resolution cell on the oh-
is recorded as a hologram H. Each wavelength component ject is spread into a zone plate response with an area
of the source forms a zone plate pattern at H that is 400 times greater), the allowable wavelength spread,
scaled differently, in inverse proportion to wavelength. for a midhand of 5000 Angstroms, is 1000 Angstroms.
The source wavelength spread, AX, must be limited to a
value such that the outermost zones for the longest and II. EXTENSION TO OFF-AXIS HOLOGRAPHY
shortest wavelength do not mismatch by more than, say,
one half of a period. Simple considerations lead to the Gabor in-line holograms suffer from poor signal to
bandwidth limitation noise ratio. Higher quality is obtained from the so-

Ax/x= 4Ax)2X z== 4C W called off-axis or carrier frequency holograms. There
AXA0  (A)/Xa==4c01 has been a widely held view that such holograms have

greater coherence requirements for both the making and
where the various symbols are defined in Fig. 1. The viewing steps, but this view is not necessarily true.
quantity C we call the expansion ratio, which is the off-axis holography, as opposed to Gabor's original
ratio of the width of a resolution element on the object method, is a two-beam interferometric technique, with
and the linear spread of the zone plate it makes on the the object in one beam and with the other serving as the

reference beam; this impinges on the recording plate at
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an angle with respect to the object beam, so as to pro- III. MAKING HOLOGRAMS IN WHITE LIGHT
duce a large number of fringes, typically several hun-
dred to several hundred thousand. The chromaticity re- In recent years there has been considerable interest
quirements are then a combination of those required for in making holograms in white light. As we have noted,
the holographic process and those required for the inter- holograms that can reconstruct in perfectly white light
ference of the two beams. Now, there are many kinds of are now commonplace, and since we have argued that, for
two-beam interferometers, and they differ greatly in the basic holographic process, the chromaticity require-
their chromaticity requirements, so the total chromati- ments for the making and viewing steps should basically
city requirement for off-axis holography depends on the be the same, we might now suspect that holograms can be
kind of interferometer we use for introducing the refer- formed in white light. And indeed they can. However,
ence beam. for reasons that are rather intricate, the white light

It happens that there are achromatic interferome- hologram formation methods are really not counterparts
ters that produce an unlimited number of very fine, high of the previously-noted white light readout methods.
contrast fringes in perfectly white light. When such an The white light methods fall into two categories.
interferometer is used for forming an off-axis hologram, Both require fairly complex lens systems to achieve
the chromaticity requirement is no greater than for the their results.
basic process of Gabor in-line holography. Such inter- The first category is based on a procedure developed
ferometers use diffraction gratings as beam splitters, by Katyl , in which lens systems are used to achromatize
Similarly, a diffraction grating may be used in the a Fresnel or Fourier transformation process in a u.y ana-
hologram viewing process, so that the chromaticity re- logous to the way lens systems are achromatized to form
quirements for viewing a hologram are also no greater images.
than for the in-line case. The second category is based on the use of achroma-

tic optical convolving systems which are integrated into
achromatic interferometers."'

G2 The first method has two salient characteristics:

I  1. All points on the hologram are formed si-
multaneously, i.e., in parallel.

2. The achromatization is only approximate.
The second method has these corresponding character-

istics:

1. The holograms are formed one point at a
time, i.e., sequentially, and the genera-
tion of the complete hologram requires a

g 2scanning process.
Fig. 2. A grating interferometer for making hologram. 2. The achromatization is exact.

Figure 2 shows an example of an interferometer
formed from a pair of diffraction gratings. The first
grating acts as a beam splitter, dividing the incident IV. KATYL'S METHOD
light into a zero and a first orders. If the grating is
thick, so that the diffraction is of the Bragg type, The achromatization method of Katyl has been used
there will be no other order. The second grating is a both in the viewing and in the making of holograms. It
beam combiner, which brings the beams back together. is a method analogous to the way a lens is achromatized
The interferometer forms fringes whose spacing and posi- --by putting simple lens elements together to form a cam-
tion are independent of wavelength; thus, high contrast pound lens. The lens elements are made from different
fringes are formed even for white light. The number of kinds of glass, with different dispersion characteris-
fringes and their spacing is just the number and spacing tics, so that the dispersion of one element compensates
of the rulings on the first grating, and is thus inde- that of the other. Katyl's method differs in two re-
pendent of the wavelength spread. spects.

It is casy to see why the fringe spacing is wave- First, instead of achromatizing so that the image
length independent. The spacing of the fringes varies is free from chromatic aberration the achromatization is
inversely as the angle between the two beams, and di- done for some plane in the Fresnel field. For a two-
rectly as the wavelength. However, longer wavelengths dimensional object, the achromatization can be rather
are diffracted by the gratings at greater angles and good. If the object is 3-D, the achromatization is done
therefore, come back together at greater angles. The for only one plane of the object.
two factors, wavelength and combining angle, therefore The second difference is that it is the diffraction
just compensate, giving fringe spacing independent of process that is being achromatized rather than a lens
wavelength. Analysis shows that the fringes for each system. The chromatic errors in diffraction processes
wavelength will also be in perfect registry. Finally, are different from those of lenses and are severe thus,analysis also shows that the fringes will form in a highly dispersive correcting elements are needed. Katy!

tss r used glass dispersion lenses in some of this configura-
broad source. Thus, the fringe formation process re-

quires neither temporal nor spatial coherence., tions, but for most he used a Fresnel zone plate, which
We place an object transparency 0 in one of the enormously greater dispersion than glass lenses.

beams, as indicated in Fig. 2. The fringe pattern will The correction of aberrations in an imaging system
then, upon recording,become an off-axis hologram. Dif- by the use of compensatinv lenses is a specialized pro-

fraction (i.e., scattcr) by the object will cause the cess, and it is not appropriate to go here into what is
light in the object beam to be redistributed, thus some- basically a lens design problem. We note that Katyllht objettingte ahmtc b d redsbue t e- shows experimental results of holograms made in white
what upsetting the achromatic and broad source fringefor com-
formation process, so that now there will be some coher- usn tescompenstion tem nalso sstfor com
ence requirements on the source. Analysis shows, how- parison results without the compensation system. The
ever, that these requirements are exactly the very modest results are most impressive.

ones given by Eqs. 1 and 2 for basic holography. Thus,
by choosing the proper interferometer, off-axis holo-
graphy can be done with the same coherence requirements The optical convolving method consists of two parts
as for basic, in-line holography. (Fig. 3). First there is the system OP that achromati-

cally generates a Fresnel diffraction pattern of an ob-
ject transparency. This system is integrated into the
second part, a grating interferometer that achromaticaly
provides a reference beam.
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reaches the transparency 0. Thus, the light dlatribu-
tion impinging on the transparency is, to within a con-

stant, exp(iirx
2
/A0zs), which is the result given pre-

Gi 23 viously. A more complete description is given in Refs.a I [22 -
i I I

I L
I I 10

Fig. 3. The optical convolving methodI

The basic system for performing the former opera- E
tion is shown in Fig. 4. The transparency 0 is illumi-
nated with a polychromatic light source that is wave-
length dispersed along the longitudinal, or z, axis.
For wavelength Al, the source is a point a distance zsl Fig. 4. Achromatic holographic configuration.

from the object; for a wavelength X2' the source is a 4 and 6. By formulating the operation in this manner,
different distance, z from the object. The source it is seen to be just the basic method of using a co-

herent optical system to convolve two functions by imag-

may be written as the function ing one onto the other. The holographic process is then
just the special case of choosing the convolving impulse

S = S(z - ZsX0/), (3) response as a quadratic phase function. We could use
any other convolving function; thus, the method we de-

which indicates that the source point, as a function of scribe in terms of holography is indeed a very general

wavelength, is located at z = (A /)z , where z is the method for using optical processing for performing the
0 s general operation g=f*h, where f and h are any functions.

distance between source and object for wavelength A0"

Such a source can be produce by illuminating a Fresnel
zone plate with a point white light source and selecting
one order while removing the others by appropriate spa-
tial filtering.

The beam illuminating the object transparency is

then exp(inx 2/Xz) (where, as before, we drop the 3rd, or
y dimension. Using Eq. 3, we write this as
exp(irx2

/ z s). This form of the illuminating function ZP L, A L, 0

is thus wavelength independent, a consequence of the
axial dispersion. A lens L forms the Fourier transform
of the product O(x)exp(irx

2
/A zs), and we observe in the Fig. 5. Alternate description

back focal plane the field distribution To complete the achromatic holographic system of

u =c2f(x - x')exp(i7x
2
/AZs)] (4) Fig. 4 (or 5) we must bring in a white light reference

beam that is coherent with the object beam. This is

where gindicates Fourier transformation and x' de- done by means of the three-grating interferometer shown

scribes movement of O(x) throught the optical system in Fig. 6. This interferometer is achromatic, just as

aperture. However, we confine our observation to a
point on axis by placing at the back focal plane of the
lens a mask containing a pinhole. The field in the pin- G1 03
hole represents the integral I GC P.

2
u(x') = f0(x-x')exp(irx /A0Zs)dx = Oh. (5)

We have thus formed the convolution operation describing
Fresnel diffraction, and it is significant to note that
it has been formed achromatically, using a broad-spec-
trum source. Of course, it is generated one point at a d1 d 2  d3
time, and to generate the entire pattern, we must move
the object transparency through the aperture. Fig. 6. The three grating interferometer

This diffraction pattern can be recorded as a holo-
gram by introducing a reference beam u0 = aoexp(i27rfox'), is the two-grating interferometer of Fig. 2. Using

producing an irradiance u,,+U
2  

which results in a three gratings (all of the same spatial frequency) adds
considerable flexibility, as explained in Ref. 5. One

hologram that produces the desired reconstracted wave. consequence is that the distance d2 between gratings G2
By using an achromatic interferometer to provide the two and G3 is decoupled from the equation for fringe form-
beams, object and reference, the recombination of the tion; the fringes form at a distance d3 from the final
beam is accomplished achromatically, as we explain grating regardless of the separation of gratings G2 and
late-. G3 . We place the optical convolving system in the

Explicitly showing the zone plate which provides space between 02 and G3 , in such a way that both object
the dispersed source for the object leads to an alterna- and reference beams tranverse the total optical system,
tive way (Fig. 5) of describing this holographic process. otherwise the paths are not the same and coherence be-
The zone plate, whose amplitude transmittance is tween the two beams is lost. The reference beam must

1 -/2[1+cos( X2/AOZs1
, 
imaged onto the transparency of course also traverse the two plates containing the

a 0  a g zone plate and the object 0, however, it murt go through

0. We suppose that in the process the zone plate is portions of the plates that are clear, so that it will
spatially filtered so that only the virtual image term emerge as a uniform beam.

.. .. . . . . " L - . . . a "
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A system for making one-dimensionally dispersed zero spatial frequency, i.e., making it travel along the
holograms, such as the very popular multiplex holograms optical system axis, and the gratings G3 then restoring
and Benton rainbow holograms, is shown in Fig. 7. The the reference beam to its original high spatial fre-
optical convolving system is identical with that of Fig. quency, i.e., its steep angle.
5, except for the addition of a cylindrical lens L3 (so An example of a hologram produced by Swanson in an

achromatic system such as we have described is shown in
Fig. 8.

To conclude, I point out some very recent work by
my coworker G. Collins, who has advanced the Katyl meth-

P, P2 od and combined it with the three grating interferometer
method to produce a Fourier transform hologram in white

0 light, without the need for a scanning process.
While the white light methods have advane d consi-

Sderably over the past several years, I believ it is
V, G2 6 only a beginning, and there is considerable room for

further advance.

Fig. 7. The complete system

as to produce one-dimensional dispersion). G2 and G3 . - - J * fl.
are identical gratings of spatial frequency fl, and G- - m :mUUUUW

san off-axis zone p~late structure, with carrier f inr. a m
the y direction and the zone plate structure in the x 3t -1 1 1 t --

direction. In other words, we have a nice economy by r
having G, serve as both a cylindrical zone plate for iit6

one-dimensional convolution and also as the first grat-
ing of the interferometer. The zero and first orders
of G are selected, with the first order being modulated Fig. 8. Reconstruction from a hologram made in
by tAle zone plate. G2 demodulates the diffracted beam white light (courtesy G. Swanson).
to zero spatial frequency in the y direction. Since G2
affects the light distribution in the y direction only,
G can then be considered to be imaged in the x direc-
tion at object plane P2 , producing the required object
distribution. The object is then moved through the REFERENCES
aperture, as described earlier, while G modulates the
reference beam in order to produce the equired fringes 1. E. Leith and J. Upatnieks, J. Opt. Soc. Am., 57,
at the output plane. 1123 975 (1967).

A final comment: the grating G can bring the re-
ference beam to the recording plate It a very steep 2. E. Leith and B. Chang, Appl. Opt. 12, 1957 (1973).
angle, so as to produce fringes of several hundred _

lines/mm, a spatial frequency far higher than the lens 3. R. H. Katyl, Appl. Opt. 11, 1241, 1248, 1255 (1972).
could pass. The fringes can be, in a special sense,

considered as an image of the initial grating GI , so we 4. E. Leith and J. Roth, Appl. Opt. 16 2565 (1977).
have imaged through the optical system a spatial fre-

quency far in excess of what the modulation transfer
function of the system would ordinarily allow, yet have 5. E. Leith and G. Swanson, App. Opt. 19 638 (1980).

suffered not even a slight loss of fringe contrast. It 6. E. Leith and J- Roth, Appl. Opt. 18, 2803 (1979).
is done by the grating G2 beating the reference beam 

to

T-1

Dr. Emett Leith described optimum geometries for the
formation of visible light hologram with sources of
limited coherence properties. The extension to x-ray
experiments wan suggestive.
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Low Energy X-Ray Calibration Sources at the Lawrence Livermore National Laboratory

Jerry L. Gaines*

Lawrence Livermore National Laboratory, P. 0. Box 808, Livermore, California 94550

ABSTRACT

The X-Ray Calibration and Standards Laboratory located at the Lawrence Livermore National

Laboratory provides unique and vital support to many users of low energy x-ray diagnostics.
This Laboratory routinely provides x-ray calibrations in a steady state mode from 100 eV to

1000 eV. A unique x-ray source, utilizing an ion accelerator, provides various discrete
x-ray energies in the 110 eV to 1000 eV range. Another x-ray source provides continuous

x-ray spectra in this energy ralige and employs a unique compound goniometer which enables
the calibration of both reflective and diffractive x-ray systems. These x-ray facilities
and their unique characteristics will be described as well as a brief description of some of
the experimental efforts accomplished using them.

escence in other materials, as shown in Figure 1, pro-
INTRODUCTION viding an example of photon excitation. Both of these

During the last ten years, interest in the soft
x-ray region from 100 to 1000 eV increased signifi-
cantly. The catalysts for this interest were primarily Metal
the laser-fusion program and the magnetic fusion pro- Fol
gram. These programs rely fairly heavily on the meas- Fluorescent X-Rays
urement of x-rays emitted in this energy range. The
weapons program has long known that measurements of
the emitted radiation from an exploding nuclear device Continuum
can provide information concerning the physics involved. Spectrum
This concept was quickly adapted by both the laser and
magnetic fusion programs. The x-ray emission from
high-temperature (kT -1 keY), laser produced plasmas
is predominately in the 100 to 1000 eV energy range /

and thus the need for well calibrated x-ray diagnostics
quickly became a necessity. Likewise, the temperatures
achieved in the magnetically confined plasmas also pro-
duce x-rays in this energy region, and they too require/
well calibrated x-ray diagnostics to collect data / / /
which relates to the physics phenomena taking place. e a

For these applications the interest is primarily Anode e
on fast, current-mode detectors capable of respondig / /
linearly to the intense x-ray bursts produced by these / \ \
sources. The laser produced plasmas are characterized / /
by durations of a groximately 100 ps and peak photon
intensities of 10 keV/Ster-sec. For the magnetically Filament
confined plasmas the intensity is lower but the dura- -__

tion is on the order of milliseconds Br longer. Typi-
cal detectors used in the.e measurements include semi- / ' /

conductor detectors, scintillator photomultiplier or
photodlode detectors and photoelectric diodes. (1)
These detectors have sensitivities of the order of I017 Fig. 1. Henke x-ray source vith secondary
to 1020 coul/keV, and thus it is clear that In order
to be accurately calibrated in the current mode, intense target for producing fluorescent x-rays.
sources of monoenergetic x-rays must be available. excitation processes, although commonly used, suffer

disadvantages. These disadvantages are characterized

by x-ray beam spectral contaminants which arise from

REVIEW OF SUB-KILOVOLT X-RAY SOURCES photon scattering in the first case and bremsstrahlung
continuum production in the second. These spectral im-

An obvious source of monoenergetic x-rays in the purities are superimposed on the characteristic line
sub-kilovolt energy region is the characteristic line emissions. To avoid these difficulties, the phenomenon
emission from inner shell atomic fluorescence of low-Z of x-ray production via ion bombardment has become of
elements. This fluorescence can be induced by various significant interest. This production mechanism is
types of exciting radiations, i.e., photons, electrons characterized by high characteristic x-ray yields and
or ions. Since the fluorescence yield for low-Z ele- low bremsstrahlung backgrounds and is ideally suited
ments is quite low, very intense ionization sources to the calibration objectives mentioned earlier. Based
are needed in order to obtain useful x-ray yields in on this information, we have developed a calibration
this energy range. Photon and electron excitation are facility at the Lawrence Livermore National Laboratory
two of the most common x-ray generating techniques. utilizing characteristic x-ray production from elemen-

An example of an x-ray generator or tube utilizing tal targets via Coulomb excitation from proton bombard-

electron excitation is the Henke tube. (2) This tube merit. While heavier ions may provide greater photon
shown geometrically in Figure 1 was developed by Pro- yields for specific cases in which the energy levels
fessor Burton Henke of the University of Hawaii. The of the projectile and target atoms overlap, proton
x-rays from this tube are often used to excite fluor- excitation provides a consistently high yield for gen-

*Work performed under the auspices of the U. S. Department of Energy by the Lawrence Livermore

National Laboratory under contract number W-7405-ENG-48.

0094-243X/81/750246-07$1.50 Copyright 1981 American Institute of Physics
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rig. 2. Cut awe 7 view of the Ion Accelerator - Subkilovolt X-?ay Facility.

eral excitation of a wide variety of target materials. celerator drift tube (Figure 2). These chambers have
Also, in considering the dependence of x-ray yield and metal vacuumn seals and are evacuated to pressures of
of secondary electron bremsstrahlung production upon I - -B-  Torr using a 500 f/sec turbo-molecular
the incident proton energy It appeared practical tobase the facility around a low-energy (300 kV) accel-

ION ACCELERATOR SUB-KILOVOLT X-RAY FACILITY
The LLNL calibration facility consists of a

charged particle accelerator, x-ray target chamber, .. ..
photon monitoring system, experimental detector chain- .
ber and crystal diffractometer (Figure 2). -l

The accelerator power supply (Figure 3) is basedon conventional Cockcroft-Walton voltage multiplying 1 1 T "i a
principles and was designed and fabricated at LLNL. (3)

It has an oscillation frequency of 100 kHz and maxi-

~mum load capability of 5 mA and 300 kW. The voltageTs applied across a conventional accelerating column,

• and the proton beam is magnetically analyzed and de-
*. livered to the x-ray target through electrostatic quad-

rupole focusing elements. The accelerating column and
beam drift tubes are maintained at a pressure of
2 x 10-6 Torr during full beam loading by a 1500 f/sec

oil diffusion pump a a d 1500 M/sec turbomolecular
spump, respectively.

The proton beam is provided by a standard rf ioni-

zation source and beam currents of 2.5 mA have beendelivered on target in a spot size of less than 5 a-nn

diameter. Smaller spot sizes are possible, but tar- l(Ii
get heat loads are excessive under such conditions. lThe accelerator is also capable of accelerating heavier

* ions or electrons with only minor system modifications.

Three high-vacuum stainless steel experimental Fig. 3. Cockeroft-Wa~lton voltage doubler and the
chambers are mounted in series at the end of the ac- accelerator stack.

!':! x . .10- "'-r du in ful-l- bea lo d n by a .. . ... .. .
oildifusin pmpanda 100 se tubomlecli
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pump on the target chamber and 1500 t/sec turbo-molec- target. The target assembly is vertically driven by a
ular pumps on the others. Isolation of the chambers remotely-controlled stepping motor and will automati-
from the poorer vacuum environment of the accelerator cally position any pre-selected target in the proton
beam tube is achieved by a low-conductance (6 U/s), beam.
double-walled, IN-cooled cold trap mounted in the beam
pipe at the entrance to the target chamber. This trap
is designed to reduce hydrocarbon buildup on the x-ray
target which, as will be discussed later, is a serious
detriment to spectral purity in subkilovolt x-ray gen-
erators.

The x-ray target has two primary features:
a) heat dissipation of 5 kW/cm2 , and b) capability of
remote selection of one of several different target
materials, and hence, characteristic photon energies.
Seven target materials (Cu, Fe, Cr, Ti, C, B, Be) are
deposited on the flat machined surface of a high-puri iy
Cu cylinder to thicknesses ranging from 3 to 5 mg/cm.
(See Figure 4.) Water is flowed through the cylinder

Fig. 5. Target assembly with clamp on tarrets in

place.

The target chamber geometry is designed to allow
continuous monitoring of the x-ray flux with a propor-
tional counter during calibration of an experimental
detector. Both the experimental detector and a pro-
portional counter monitor can be mounted symmetrically
at an angle of 135* with respect to the incident pro-
ton beam direction. However, the X-ray emission is
found to be isotropic only for very smooth targets
(polished so that average peak-to-valley surface rough-
ness is less than 0.05 11m). Targets with rougher
surfaces, e.g., 8 pm, exhibit highly nonisotropic emis-

Fig. I4. water cooled target assembly with seven sion and preclude use of the output of the monitor
plated targets. detector in this position to derive the flux level

incident on the experimental detector. Consequently,
since target surface damage and roughness can readily

past the back of the targets to remove the heat dissi- occur at high current loads, it is impossible to assume
pated in them by the incident protons. A system has isotropy in calibration procedures. Rather it would
been designed to not only conduct away the heat but to be necessary to frequently recheck isotropy or to
help reduce carbon buildup on the targets. This sys- monitor the incident flux by interspersing a proportion-
temn, although not presently in use, utilizes a 50% al counter in place of the experimental detector.
mixture of ethylene glycol and water and is designed To accomplish this, the detectors to be calibrated
not only to dissipate up to 5 kW/cm2 of target heat are mounted on a rotating table in the detector chamber
during beam loading conditions but also to maintain and can be moved in and out of the x-ray beam. A pro-
the target temperature at 1150C during beam-off con- portional counter is mounted in the center of this
ditions. The latter is achieved by heating the liquid chamber and can also be moved into or out of the x-ray
and Is an attempt to further reduce condensation of beam. Thus, by moving the detector being calibrated
hydrocarbon contaminants on the target face, The liquid out of the beam and placing the proportional counter
is flowed at 6 t/min, through a closed-loop pump and into the beam, an accurate measurement of the incident
heat exchanger system and is nozzled to pass the back x-ray flux can be made. This arrangement can be seen
of the targets with a turbulent velocity of 7.5 in/sec. in Figure 6.

In addition to the seven target materials listed The proportional counters are side-window, cylin-
above we also can clamp on other metal targets to the drical, gas-flow counters with 2.5 cm inside diameters,
target probe giving us different energy points. These 25 jim diameter tungsten anode wires and 0.25 mm. diame-
clamp-on targets, some of which can be seen in Figure 5, ter, 85 pig/cm Parylene N entrance windows.
rely on surface contact for cooling and since the Helium-isobutane at atmospheric and also reduced
heated targets tend to warp, they cannot be used with pressure is used as the proportional counter gas.
as high a beam current as the plated targets. Various thin foils are normally placed into the

As a final step in minimizing carbon buildup a x-ray beam from the target. These foils serve several
*double-walled, IN-filled cylinder is mounted around purposes. First, in some cases, they are opaque and

the targets to serve as a hydrocarbon condenser. The shield the detectors from visible and infrared fluores-
target and condenser are electrically isolated to per- cent and incandescent radiation emitted from the hot
mit beam current measurements and to allow bias voltage target. optical pyrometer measurements have shown a
suppression of secondary electron emission from the carbon target to reach 1900*C during loading with a
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Table I. Targets, available energy and approximate
source strengths for a proton beam < I mA
at 225 kV accelerating potential.

Source Strength
Target Photon Energy (eV) (Photons/sec)

Be - k 109 1 x 10 14

B - k 183 1 x 1014

C - k 277 1 x 1014

Ti - L 452 3 x 1012

Cr - L 574 3 x 1012

Fe - L 704 3 x 1012

Cu - L 932 3 x 1012

Present plans call for improving the rf hydrogen
source on the accelerator allowing an increase in pro-
ton beam current. This coupled with a newly designed
liquid cooled target assembly will allow us to increase
our x-ray intensity.

Fig. 6. Viev of the detector chamber interior. COMPOUND GONIOMETER X-RAY FACILITY

In many applications a continuum source In the sub-
2 mA proton beam. Second, they are thick enough to kilovolt energy region is desired. One of these is the
stop backscattered protons and hydrogen atoms. Buck tudy of the critical angle reflection from smooth,

et a . 4) aveshon tat fr teseproon neries flat, mirror surfaces. The x-ray facility shown inetl 4 aeshown that for these prtneege iue7cnprovide such a continuum source and in
(-,300 keV) a large fraction of the backstattered pro- Fiue7cnpodeshacntumsure nd n
Jectiles are neutralized. Consequently, any attempt addition incorporates a unique compound goniometer use-
to remove recoil particles frem the x-ray flux by ful in critical angle reflector studies. The x-ray

pacf tice fromniques theul x-ry flsource is a Henke tube similar to that described pre-
electrostc deflection techniques would only be par- viously and shown schematically in Figure 1. This
saly succeul some cases the foils selectively x-ray source is coupled to an 84 cm diameter stainless

absorb photons characteristic of carbon contamination ste m chamber which houses the double gonometeron the target surface. This requires matching the syst e r to examine the x-ray beam. The vacuumx-ray absorption cross-section of the foil with the ti hme oeaietexfyba.Tevcu
chaatet choeon of t foil w the chamber is roughed down by cryosorb pumps and pumped by
maximcteisticphtoneneies e x r ad ta cryogenic pump. This pumping technique insures atarget material to maximize thre csred detec- ver clean vacuum allowing pressures in the 10-7 andtor. All three functions are considered in selection 10- Torr region. The primary goniometer assembly Inof the proper foil-target combinations. For example, is coupled via vacuum feedthroughs to a

carbon foils are used with a car- Siemens Omega Drive goniometer accurate to .001. The
bon target and SOD jg/cm2 , opaque Be fi.lls are used 2 0 mechanism of the goniometer is connected to a rotary
with a copper target. table in the chamber while the 9 mechanism connects

A third vacuum chamber mounted betwind the experi- to a crystal holder in the center of the rotary table.
mental detector chamber houses a crystal diffractometer Mounted on the rotary table (2 0 mechanism of the pri-
and gas flow proportional counter for high resolution mary goniometer) is a second 9-29 goniometer. This
spectrum analysis. Mounted behind this chamber on the gonlometer shown in Figure 8 was constructed using
end of the x-ray beam line is a windowless lithium two rotary stages driven by stepping motors. These
drifted silicon detector. This Sil) detector has stages obtained from Klinger Scientific Corporation
a resolution of approximately 109 eV at 5.9 key and is are accurate to .011 (newer versions to .0011). The
isolated from the rest of the vacuum system by a liquid electronic chassis which controls these stages (shown
nitrogen cooled low conductance cylinder. This greatly in Figure 9) allows all of the typical goniometer
reduces the buildup of contaminants on the windowless modes, e.g., 0 movement, 20 movement, 0-20 movement.
detector. This detector is useful for monitoring the This chassis was designed and fabricated here at LLNL.
beam purity. A proportional counter is mounted on the 20 am of

Some of the performance characteristics of the the secondary goniometer to measure the reflected or
facility can be seen in Table 1. Listed are the most diffracted x-rays. The complete compound goniomet-
common targets, the photon energy and the approximate er assembly with a mirror mounted in each of the
source strengths. These values are for a beam current goniometers is shown in Figure 10.
of s 1 mA and an accelerating voltage of 225 kV.

The beam purity is very good from clean targets. RESULTS
As the targets are used for a period of time a carbon On the ton Accelerator X-Ray Facility the typical
buildup occurs which reduces the intensity of the char- calibration performed is the measurement of detector
acteristic line, but since filters are used, the spectr resp on orfen s a futin of ee the
um remains relatively clean. Oxygen contamination has response or sensitivity as a function of energy. The
also been noticed from some targets and cannot be high intensity monoenergetic x-rays produced n thTs
effectively filtered out and, thus, must be accounted facility are idal for this type of measurement. The
for. Since for the accelerating voltages used, the calibration curves shown tn Figure 11 for the energyL-sellphoon tel isman orersof agntud grat- range below I key were obtained using this facility.
e-shell photon yield is many orders of magnitude great The detectors calibrated were of three types, an XRD
er than the K-shell yield for the higher Z targets or photoelectric diode, a plastic scintillator coupled
the latter may be ignored with respect to the spectral to a photodiode and a silicon surface barrier semicon-
purity of the x-ray source. ductor detector. The higher energy calibration points
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Adj.slit Mirror
holders Tuabo-molecular

Vac pump

Adjustable slits

goniometer Kevex mkro-xDrive ._Si Li detector

*goniometer .

prop. counter

gas flow

Fig. 7. Cut away view of the Compound Goniometer - Henke Tube Source Facility.

were obtained using other LLNL calibration facilities. The primary calibrations that are performed using
Other types of calibrations can be performed using this the Compound Goniometer, X-Ray Facility involve diffrac-
facility including crystal and mirror or reflector cali- tion crystals and x-ray mirrors. The spectrum from the
brations. Henke tube is a continuum with characteristic anode

lines and is ideal for this type of measurement. Shown
graphically in Figure 12 is a calibration of an x-ray
mirror. Figure 13 illustrates the results obtained
when a continuum spectrum is reflected from two mirrors
mounted on the compound gonlometer. This technique
has many applications. DREX (5), a spectrometer for
spectral measurements in the subkilovolt energy range,
makes use of the double mirror technique. The Compound
Goniometer, X-Ray Facility can also be used for other

• . ",f. c "-

S-. . - ._

Fig. 8. Rotary stages assembled into a 0 - 20 Fig. 9. Control unit for the - 20 goniometer

goniometer. assembled using rotary stages.
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- Semi-classical calculation

A. Toor (1978)

Henke continuum
source

10-3 1 1 1 1
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X-ray energy, keV

Fig. 10. Overall view of the compound goniometer with Fig. 12. Typical calibration data for an x-ray mirror.

two x-ray mirrors mount- in the goniocmeters.

types of calibrations. By adding fluorescers in the ACKNOWLEDGEMENTS
primary beam from the Henke tube as shown in Figure 1
and using absorption edge filters, fairly monoenergetic The author wishes to acknowledge the many people
beams of x-rays can be obtained. Although the intensity who have contributed to the design, tne fabrication
of this fluorescent beam is less than the primry beam, and the operation of the facilities described in this
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this technique allows certain measurements to be made have spent many hours operating and maintaining th-
that cannot be made with a continuum spectrum. Ion Accelerator - Subkilovolt X-Ray Facility as wels

as making major improvements to the facility. Earl
Augusta and Richard Crabb accomplished the same tasks
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x rays below the cut-off energy spectrum can be measured.
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F0. 13. Results obtained when a ontnuum spectrum is reflected from two x-ra mirrors mounted in the Compound

Gonio 8ter - Henke Tube Source Facility.
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CALCULATION OF SPECTRA FROM ELECTRON-IMPACT X-RAY SOURCES

0. B. Brown and 0. J. Nagel

Naval Research Laboratory, Washington, D.C. 20375

Techniques and results for calculation of x-ray line and continuum spectra in the 1.0 2-10 6eV region
a re reviewed. Moat attention is given to the variety of methods for computation of ordinary line and
continuum spectra due, respectively, to bound-bound and free-free (b remsst rah lung) transitions.
Recent work on coherent bremsstrahlung, channeling radiation and transition radiation is also noted.

1. INTRODUCTION TABLE I
Summnary of The Three Main Techniques for Calculation of

X-ray tubes and other devices in which x-rays are Electron Impact X-Ray Spectra
produced by the impact of electrons on solid targets
are widely used. Areas of application include radio- ELECTRON ORIGINS COST CAPABILITY
graphy Cfor medical purposes and non-destructive TRANSPORT
testing of structures), analysis of the composition and
structure of materials, study and production of radia- Semi- X-ray fluorescence Least Simple
tion effects (including radiation therapy and x-ray emperical and micro-beam expen- specimen
lithography), and the calibration of instruments (for probe analysis sive geometry
the above areas, for plasma diagnostics, and for
astrophysical measurements). Solution of Radiation Inter- Inter-

Measurements of x-ray spectra from electron-impact Boltzmann physics mediate mediate
sources have been published. A sample of the available equation cost cap-
publications can be found in references 1-7. However, ability
the experiments are tedious and there are many pars-

-Imeters (electron energy, target material, incidence and Monte Radiation Most Best for
emergence angles, etc.) Calculations of x-ray spectra Carlo physics expen- complex
can be performed quickly and cheaply with accuracy aive geometry
adequate for many applications.

*This paper is a review of various methods of tion (A) of radiation prior to emergence, and the
calculating both line and continuum spectra due to contribution to line intensity due to fluorescence (F)
electron impact. There are two major divisions of this by the bremsstrahlung continuum. This analysis of the
review. The first deals with the familiar inner-shell problem is originally due to Castaing (14). More
line and bremsstrahling continuum spectra due to recent reviews have been given by Martin and Poole (B)
electron impact on solids. Models for spectral cal- and by Reed (9). In addition, Criss (15) has developed
culations and the parameters which go into them are a semi-empirical model for the output intensity of an
surveyed. Then representative results are presented x-ray tube which he has applied tn x-ray fluorescence
and compared with measurements. Work in this first analysis. Results from the Criss TUBE program (16) will
area deals with the sore "classical" x-ray spectra and be presented in Section IIC of this paper. Of the
ham a long history. The second major part of the paper methods discussed in this paper, the semi-empirical
briefly reviews processes which are being given increas- methods are the most approximate. On the other hand,
ing consideration as x-ray sources. These include they are very closely tied to experimental data and,
coherent bremsstrahlung, channeling radiation and hence, their results are often very good.
transition radiation, which can be produced by either Brown and coworkers (4,5,7,10) have used a numeri-
electrons or positrons. Long-wavelength spectra cal solution of the Boltzmann equation to solve the
produc~d by electron impact on solids and x-ray spectra problem of electron transport within the target. Given
due to illiaons of electrons with free fields are the resulting electron distribution, the problems of
mentio,,. in the final section. Included there are x-ray generation and x-ray absorption can be solved.
general o~bservations relevant to this survey. This approach is much more parallel to the actual

I L physical processes of x-ray generation and can be
11. LINE AND CONTINUUM SPECTRA expected to be more accurate than the ZAF model.

Results from a transport equation program (TEP) will be
A. Calculation Methods presented also in Section TIC. The TEP has been

applied to problems involving x-ray generation in
All models for the calculation of x-ray spectra planar (slab) targets.

need to be able to handle electron transport, x-ray The Monte Carlo approach to calculating x-ray
generation, and x-ray transport. Three types of production (13) is identical to that used in the TEP
mathematical techniques have been used to accomplish described above except that the electron transport is
these tasks. The simplest and least expensive are handled using a Monte Carlo calculation rather than by
analytical models based on methoda developed for use solving the Boltzmann equation. Exactly the same
in x-ray fluorescence analysis and electron microprobe physics is included. There are two exceptions to th~is
analysis (8,9). More complex are numerical solutions assertion which may be important. First, those
of the Boltzmann equation (10). This approach is more Monte Carlo codes designed to operate in the very high
rigorous and flexible, but more expensive. Finally, energy region (above about 1 MeV) may handle x-ray
Monte Carlo modeling may be used (11-13). This is transport with a Monte Carlo calculation in order to
the approach of choice for problems involving complex treat Compton scattering. X-ray transport below the
geometry (which justifies the increased cost of Monte Compton scattering region will be discussed in Section
Carlo calculations). A summary of the characteris- '18, below. Secondly, what we have said about Monte
tics of each of theme methods is given in Table I. Carlo codes applies to those using the "condensed

The analytical (semni-empirical) models have been history" approximation (13). There is some work with
most extensively applied and tested for use in electron codes which attempt to follow individual scattering and
microprobe analysis. In this field, which is princi- energy loss interactions. These codes are costly
pally concerned with lines (rather then continuum) to run, but they have unique features for some pro-
these types of models are commonly referred to as bless. Examples of such calculations are found in the
the ZAF approach. The content of this nsme is based on work of Shimizu and coworkers (17,18). There are a
the assumption that the problem can be separated into number of computer codes which calculate x-ray genera-
three independent parts. They are, the effect of tion using the condensed history approximation. Among
target atomic number WZ on x-ray generation, the the better known are ETRAN (11,12) and SANDYL (19). We
effect of target material and geometry on the sbsorp- will quote some of the results of ETRAN in Section IIC.

0094-243X/81/750253-08$1.50 1981 American Institute of Phyaics
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8. Physical Processes where IE is the kev generated per kev energy interval

Each of the three major calculation methods per incident electron of energy E0 . Note that Eqn. 3

treats, in greater or lesser degree of approximation, gives a spectral distribution which must be cor-
seven physical processes. These seven processes, and rected for absorption or photons on their path out of
something of the interrelation between them, are indi- the target. Note also that Eqn. 3 implies that the
cated in Fig. 1. spectral distribution (prior to absorption) is iso-

We have briefly discussed electron transport tropic. This is a fair first approximation for targets
calculation methods in Section flA. All of the trans- which are thick to electrons because the electrons are
port calculation methods need a formulation for elec- highly scattered and thus assume a roughly isotropic

tron energy loss. A simple formulation for electron distribution. This is not a good approximation for
energy loss which is frequently useful (14) is electrons incident on an electron-thin foil. Results

for such a case will be quoted below. A review, now

dE/dx = -18400 '-1* p(2Z/A) (1) somewhat dated, of bremsstrahlung cross section theory
and data has been presented by Koch and Motz (28). It

where E is the electron energy in key and x is the is not easy to assess the accuracy of the available
distance along the electron trajectory in cm. Also, bremstrahlung cross sections. Some comparison with

O=v/c where v is the electron velocity (cm/sec), and experimental data is given in the references already
3 cited. Also we will compare the results of using some

pis the target density (gm/cs ). Further treatment of these cross sections in Section IIC. Additional
of this problem can be found in references 20-22. The comparisons can be found in references 5 and 7.
Boltzmann equation and Monte Carlo treatments of Cross sections for inner shell ionization by
electron transport also require a formulation for electrons have been most recently reviewed by Powell
electron scattering. The most simple relationship for (29). A simple equation for the cross section which
electron scattering is the screened Rutherford cross has frequently been useful (27) is
sect ion (10)

-20U-1
seto 1) 24 24 22- E 2 = 7.92x10_' U- lnU (4)G(o) = (Z

2
e

4
/4m

2
v

4
)(sin

2
(a/2)+ y 2 ) -2  

(2A) K K 

where a is the cross section for scattering through where QK is the K-shell ionization cross section in
angle a. The damping factor y may be found from cm

2
, EK is the K-shell ionization energy in kev,

y = 0.21 u (Z//E1/2) (28) the overvoltage U=E/EK, and E is the electron energy.
The cross section for L I and LI shells is similar,

where v is an empirical constant of the order of one. I ar

Further treatment of electron scattering can be found while for LIII shells the constant should be doubled.

in the review of Massey (23). For high overvoltages, the treatment of Kolbenstvedt
(30) may be useful. There is very little data avail-
able for testing the available cross sections for K-

H ELECTRON TREASPORT SN shell ionization, still less for L-shell ionization,

and none for higher shells. Additional discussion of
ionization cross sections may be found in references 4,

(@ ELECTRON 27, and 31. A comparison with experimental data of the
GENERATION OF results of using several of the available cross sec-

tions is given in Section IIC. Additional comparisons
are to be found in reference 4.

Line generation due to fluorescence by the con-
@I ) --AHL &.Etinuum has been treated in some detail in the liters-

GRENSSTRAII.UN GLECTRON ture. Cosslett and Green (27) have given a fairly
IONIZATION IONIZATION simple treatment. A more elaborate presentation,

designed for use in microbeam probe analysis has been
given by Henoc (32). The contribution to line intensity

)AUGER AND I is typically less than a few percent for electron

COSTER - XRo1Jr, energies of 50 kev and below, but may constitute a
TRANSITIONS major fraction of the line intensity for electron

energies of 500 key and up.

After the initial ionization by electron impact or
@BRESSTRALUNG QL IoE H N by bremsstrahlung fluorescence, the various L, M, etc.

PHOTON TRANSPORT TRSPORT AND subshell ionizations undergo reorganization by Coster-
AND ABSORPTION ADSORPTION Kronig processes. In addition, only a fraction of

the energy stored in inner shell ionizations is trans-
ferred to line photons. The remaining energy is

EMITTED EMITTED carried away by Auger electrons. The most current
CONTINUUM LINE review of the interaction coefficients necessary to
SPECTRUM SPECTRUM treat these processes is that of 8ambynek and coworkers

(33). The K-shell coefficients for atomic numbers
Fig. 1. The seven physical processes which must be below about 10 and the L-Phell coefficients for atomic
treated in the calculation of electron-impact x-ray numbers below about 30 are questionable.
spectra. Photons of energies below about 1 1eV (or perhaps

a bit lower for low atomic numbers) may reasonably be
Cross sections for bremsstrahlung generation by assumed to travel along straight line paths while being

electrons have been calculated with a fair ammeount of attenuated by photoelectric absorption. The attenua-
rigor in recent years and have been published in tion may be treated using the usual exponential falloff
tabular form by Pratt and coworkers (24,25). An relationship. Tabulations of attenuation coefficients
equation which is a fit to the more approximate Sommer- which may prove useful are references 34-38. It should
feld solution has been presented by Kirkpatrick and be noted that only some of tabulations are available in
Wiedmann (26). A very simple equation for bremsstrah- a form convenient for computer usage; only some are
lung production which is often useful (27) is useful below 1 kev; and only some contain scattering

1coefficients along with the photoelectric absorption
2 2.76x1U

-
Z (Eo-E) (3)
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coefficients. Care is required in the choice of the 1
most reliable tabulation to be used for a given problem. V- LINE INTENSITY

C. Sample Data 0 T45 KVLC
--X-- TUBE TaLC 4$ NY

SEXP (No-r-f. ELECTRON$

We will now present a comparison with experimental I S ,/ "..,*
data of the calculation methods outlined in Section A £ EXP (WEK K),
I. Figure 2 compares results of TUBE program calcula- y
tions for low atomic number targets at low electron ."
beam energies with corresponding measurements. 'O WINDOW)

This figure demonstrates the dependence of line inten- **/Aff)

sity on electron beam energy. Although the electron ".3 ME E

energy dependence shows the same shape for calculation 
W_

and experiment, the absolute magnitude of the inten-
sities differ by a maximum of about a factor of two for ;. --
Al K, . The reason for this disagreement is not -"/
known. -

Figures 3 and 4 present Ya and La intensities ///£ (KV

as function of the energy of the line. Intensities ELECTRONS

calculated by the TUBE and TEP programs are compared (NO WINDOW)

with low energy line measurements. The factor of

1019 -I-I I PHOTO NENRMGY (KE)v

Fig. 3. The intensity of several K lines versus the
LOW ENERGY LINE energy of the line. The open circles and the dashed

INTENSITY lines represent the calculations of the TEP and TUBE
programs, respectively. The solid hexagons and tri-
anglea are experimental data from Brown and Gilfrich

BE K. (4) and from Henke (39, 40) respectively.
o _- .IO9 KEV

10 14 .*,277 KEV_

'-b 
4  

.'AL ~ .277K EV 0 I c c L., LINE INTENSITY

,~,' ,~./ AL K., 0 TEP CALC

U .149 KEV -- x-- TUE CALC

'A / J 0 (XP (ROWN

S /A 0 £ (XP (HENKE) 002 0.
s  

g o -'

o ,o, / - / ,,

10(50

ill ":i-~-"ELECTRONSWIHOOV / ." I ( MM BE

Z G WINDOW )

U,-(.125 MM S
2 V WINDOW)
W TU E CALC

I- 
-1

- EXP (HENKE -

I It'0 2 4 6 5 A EL CTRONS t

(A X

ELECTRON ENERGY (KEV) wioow

Fig. 2. The intensity of several low energy lines ., 0E o 1K0
versus the energy of the incident electrons. The solid PHOTON E I Ev)
lines are the data of Henke (39,40). The dashed lines Fig. 4. The intensity of several La lines versus the
are the calculations of the TUBE program. energy of the lines. The symbols in this figure have

two disagreement with Henke's Al data (at 1.5 keY) is the some significance as in Fig. 3.

observed again. Note that the TUBE and TEP programs Figure 8 shows TEP calculations, ETRAN calcula-
give about the same answer for this Al data. It will tions (11), and the experimental data of Beggerly et
be observed, on the other hand, that the agreement
between calculations and the x-ray tube measurements is al. (1) for the continuum from a 1.878 gm/cm

2 
(7.0 mm)

within 30 %. thick slab of Al bombarded with 2 Hey electrons. Note
Figures 5-8 give similar comparisons for continuum that there is only agreement within about a factor of

intensities. In Figures 5, 6, and 7 we present TEP and three. The reason for the disagreement is not known.
TUBE program calculations of the continuum from Cr, Rh, Further experimental and theoretical work would be
and W target x-ray tubes operated at 45 KV, compared necessary to reduce the gap. For these experiments
with available experimental data. The agreemur and calculations, the electron beam was incident
between calculation and experiment is seen to be qu ,ormal to the surface of the al foil. The quoted
good (within 30 %). Also in Figs. 5-7 we have given L measured spectrum was for a 15 angle with respect
indication of the effect of a window on the low energy to the exiting electron beam. This is a case where the
output of a sealed x-ray tube. escaping bremsstrahlung spectrum is highly anisotropic.
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TABLE 11 from the interaction of an electron with the field of a
TA LE fo Tsingle nucleus. That is, contributions from other

Computed X-Ray Output from a Tungsten Target nuclei are separate and one adds intensities to get the

total radiation field. Coherent bremsatrahlung is dueELECTRON CONTINUUM K-LINE L-LINE to interaction of an electron with the fields of two or
ENERGY OUTPUT OUTPUT OUTPUT more nuclei, when the collision frequency is compar-

45 2.35x 4  71-4 able to the frequency of the emitted radiation. For
100 4.11x10-4  71x10_ -4  relativistic electrons with velocity near c, passing-4 15x10-4 69x1- 4  atoms at ordinary spacings, the collision frequency of
500 16.5x10 1.38x10 .12x10

(The output is in units of key per steradian out per 10 Hz corresponds to x-ray energies. In this case,
key of electron energy input) amplitudes from the various collisions have to be added

(coherently, that is, with proper attention to phases)
in order to compute the emitted intensity. Coherent

S4- bremsstrahlung spectra from crystalline targets have
TUNGSTEN shapes which refect the character of the target.

Electrons travelling in crystals, even at very high
L energies, are Bloch waves which have energy-momentum

relations (energy bands) due to diffraction from the
latLice. Electron momenta before and after the
interactions which generate coherent bremsstrahlung are

45koy related by reciprocal lattice vectors, as in ordinary
electron and x-ray diffraction. This constraint
introduces structure into coherent bremsstrahlung

T T spectra. They consist of peaks, in contrast to the
smooth continuum of ordinary bremsstrahlung.

0 20 30 40 51 The ideas fundamental to coherent bremsstrahlung
began with the work of Williams in 1935 (42). Two

2 6 decades later, Uberall computed spectra (43) which lead
to development and use of sources of coherent brems-
strahlung. Such spectra have been of greatest interest

C) 4 in high-energy physics since approximately monochro-
w L matic beams of very energetic (GeV) photons can be

2 rproduced with proper attention to crystal orientation
and beam collimation (44). Coherent bremsstrahlung in
the few keV range has been abserved with electrons in
30-80 keV range incident on Lif crystals about U.1 mml

0 20 40 60 so o5-m thick (45). Coherence effects on bremsstrahlung
production have been reviewed (46,47).

The theory and calculation of coherent bremsstrah-
3o- lung spectra are well developed (43,44,46). An example

of a calculated spectrum with intermediate electron and
photon energies in given in Fig. 10 (48). Measured
spectra do not contain the sharp features shown in Fig.
10 due to electron scattering (45, 46).

10 500W

00 200 3. 400 5O0kdV > 15 MeV ELECTRONS
P4HOON E YE.GY12, PARALLEL TO So (100)

Fig. 9. Continuum spectral intensities from a W target z
bombarded with 45, 100, and 500 keV electrons. The
electron incidence angle and the photon emergence angle ,
were both 45.

II. OTHER ELECTRON-IMPACT SPECTRA 4

The classical line and ordinary bremestrabhlung
continuum spectra discussed in the last section were A
the first x-ray spectra generated and have been heavily 0 o0 o 20 250
studied as well as used. Other, less-familiar x-ray PHOTON ENIERGY (v)

4spectra produced by the impact of electrons (and
positrons) on solids are reviewed briefly in this
serb )n. Coherent bremsstrahlung and channeling Fig. 10. Coherent bremsstrahlung spectrum computed for
radiation, treated in the next two subsections, are 1.5 MeV electrons moving parallel to the (1UU) direc-
conceptually distinct but closely related. They can be tion in single crystal silicon (48). The units of
produced in the same experiment and are observed to intensity are (E/ a °) ,do/dE) where E is the photon
overlap each other. They are discussed separately energy, a is the Thomson scattering cross section
here because the literatures on such spectra are n
generally distinct; studies of these spectra have and a is the coherent bremsstrahlung cross section.
very different histories. Transition radiation is the
third topic treated in this section. B. Channeling Radiation

A. Coherent Bremsstrahlung When electrons or positrons are shot into highly-

perfect crystals with little spread about the preciseNowadays, the word "coherent" brings to mind laser directions of lines or planes of atoms, the conditionsradiation, but coherent bremastrahlung is not produced are correct for production of csnneling radiation inby stimulated emission. Ordinary bremsstrahlung arises
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the x-ray region. In all cases (electrons or posi- C. Transition Radiation
trons, atomic strings or planes), the charged particles
find themselves in potential wells with quantum levels When an energetic electron or positron encounters
between which transitions in the x-ray region can an interface between vacuum or gas and a solid, or the
occur. Electrons travelling along and oscillating interface between two solids, it experiences a change
around rows or planes of atom cores are bound in two or in potential which leads to the generation of transi-
one dimension by the positive charges of the nuclei. tion radiation. Lonceptually, the mechanism for
The potential is cusp shaped, with series of unevenly- production of transition radiation is simliar to that
spaced levels, transistions between which yield several for ordinary bremsstrahlung but the geometry of the
x-ray peaks. Positrons travelling along and oscillat- accelerating field is different. Another way to view
ing between planes of atoms are repulsed by the sheet.s the generation of transition radiation is to consider
of positive nuclear charge. They experience a poten- the disappearance of the dipole formed by the ap-
tial which is approximately harmonic. It has almost proaching particle and its mirror charge as the par-
evenly-spaced energy levels, so that the channeling ticle penetrates the interface.
radiatio spectra from positrons consists of a single The initial theoretical study of transition
peak which is the superpositon of various transitions, radiation was reported in 1946 (58). Only in the
Figure 11 gives schematic potentials and measured 

19
60's did significant experimental observations of

spectra for channeled leptons (49). this radiation become available. Interest in detectors
for GeV-range electrons and positrons which would

ELECTRONS POSITRONS exploit transition radiation was high in the 197U's.
Periodic multiple-foil as well as single-foil radia-
tions were stjdied (59,60). Photon energies ranging up
to and beyond 1JU keV were obtained with high-energy

/-,'/ (GeV) leptons. Recently, low electron energies (3-10
keY) were employed to produce transition radiation
spectra in the 6-10 eV region (61).

The theory of transition-radiation emission is
(110) si well developed (47). Theoretical calculations are

often made in conjunction with measurements (59,60).
In the recent past, the possibility of employing
microstructures with multiple thin (-10 1im) layers
was explored calculationally (62). Fi§. 12 gives a
spectrum from the work. Structure due to coherence
effects is evident. Electron scattering and interface
roughness are expected to produce smoother experimentalL spect ra.

10 100 1000 0 100 1000

X-RAY ENERGY (key)

Fig. 11. Schematic potentials and energy levels (top)
and measured spectra (bottom) for electrons (left) and
positrons (right) channeled by silicon (110) planes U)
(49). The right-hand peak in the positron spectrum is oZ
extraneous (it is Pb K radiation from shielding). 0

The history of ion and lepton channeling has been W
reviewed (50). The experimental study of radiation 6-

emitted by channeled leptons is comparatively recent. 1
Spectra were first obtained with the use of positrons Co)
(51) and then electrons (52). Particle energies in the
initial work were in the range of tens of MeV with Zo

peaks in the x-ray spectra occurring primarily in the '
50 to 200 keV region. More recently, electron energies
near 1-4 MeV were employed to yield channeling radia-
tion spectra as a function of the particle incidence 10 20 30

angle relative to the crystalline lattice (53). PHOTON ENERGY IN keV
The theory of channeling radiation is just the Fig. 12. Computed transition x-ray spectrum for 4.5

theory of spontaneous transition between bound states. GeV electrons penetrating 28 pairs of 22.7 pm lithium
Given the potentials, the energy levels and transition ano 7.4 im cpibon foils (62).
energies are calculable. The reverse procedure has
been employed, in which measured peaks were used to Conceptually, as the layer thickness decreases to
obtained potentials for planar (54) and axial (55) that of ordinary crystal lattice dimensions and as the
channeled electrons. Such empirical potentials should incidence angle changes from 90 (normal) to 0, the
be compared with potentials computed from electron situation for generation of transition radiation should
distributions available from x-ray diffraction measure- go over into that for emission of bremsstrahlung and
ments or solid-state theory (56). The intensity channeling radiation. Production of a unified theory
calculated for 2p-ls transitions of 4 MeV electrons in of x-radiation emission by electron and positron
Si (111) was found to be consistent with measurements impact on solids remains for the future.
assuming a maximum 2p state population of 5% (53).
Spectra computed for 56 MeV electrons in Si (110) IV. UISCUSSION
planes were also found to agree with experiment (57).

Channeling radiation is due to bound-to-bound Examination of the work reviewed above leads to
transitions. Free-to-bound transitions for chan- some general observations on the status of capabilities
neled electrons are possible in principle, although for the calculation of impact-generated x-ray spectra,
they have not been ob3erved. They link the transitions and makes clear what might be done to further the
measured so far with channeled electrons to the field. The situations for ordinary line and bremsstrah-
free-to-free transitions giving rise to bremsstrahlung. lung spectra and fo," coherent bremsstrahlung, channel-
A single formulation including both coherent brems- ing radiation and transition radiation are summarized
strahiung and channeling radiation is possible (H. in the next paragraphs. Other related work is men-
Uberall, private communication). tioned at tie end.
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Concerning computation of line and ordinary H. Johnson, Second Symposium on Protection Aqainst
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Studies of Radiation Conversion and Transport in a 0.53 ijm Laser Produced Gold Plasma

<I H. Nishimura, F. Matsuoka, M. Yagi, K. Yamada, H. Niki, T. Yamanaka, C. Yamanaka

Institute of Laser Engineering, Osaka University, Suita, Osaka 565, Japan

and G. H. McCall

Los Alamos National Laboratory, P.O.Box 1663, Los Alamos, NM 87545, USA

ABSTRACT

The soft x-ray emission in the front and the rear side of a gold foil target
irradiated by 0.53 om and 1.06 Um lasers was observed. Radiation temperature
and its laser intensity dependence were investigated in comparison with the
backbody radiation. The preliminary results for a 10.6 pm case is also re-
ported. The ablation depth for high-Z targets is discussed.

INTRODUCTION ing aluminum or mylar filters addtionally.

Radiation emitted in a laser produced high-Z plasma
plays a very important role in energy balance and abla-
tion behavior in the laser fusion research. Generally, EXPERIMENTAL RESULTS
the radiation mean free path becomes much shorter than
the plasma scale length in high-Z plasmas (Te 1 a hun- One couple of XRDs determine the time resolved
dred eV), which infers varidity of the blackbody spec- radiation temperature. Different combinations of XRD's
tra (1). Under this circumstance, the ratio of radi- signal gave the temperature variation of 8% with showing
ation to thermal electron heat flux becomes greater the varidity of the blackbody assumption. The radi-
than one and the contribution of radiation to the ab- ation temperatures as a function of incident laser
lation mechanism will be remarkable. The radiation con- intensity for 0.53 Pm and 1.06 Pm lasers are shown in
version efficiency measured was nearly 40 %, 18 % and Figures 1 Sal (b). Each temperature scales as 0 19
14 % for 0.53 um(l), 1.06 pm(2) ld 0. Um(3) lasers T = 130 I (eV) for a 0.53 pm laser and T = 12910.19
at the same irradiance around 10 W/cm . e 1 0 6  where I s normalzed wLth

_4for p .0 m laser normlize with
The sub-keV x-rays emitted from a gold foil target 10. u L

irradiated by a 0.53 pm or a 1.06 pm laser were observed for the 1.06 pm laser case over 4 x I0 n/cm where the

by the use of x-ray diodes (XRDs). The radiation tem- decrease of absorption and the production of high energy
perature and the power conversion efficiency was obtain- electrons occur (4). The angular distibution of x-rays
ed. The preliminary results of conversion efficiency fits guite well with a 'cos 6' function, which indicates
for a 10.6 pm laser is also reported. The ablation
depth(4) deduced from the signal ratio of XRDs located
in the front and the rear side of targets is compared
with that estimated by the flux limit model for the
thermal electron transport. S a A: 0.53 pm

EXPERIMENTAL ARRANGEMENT C 200TR110,1
2 7

S\

The laser used here was the 
glass laser system 

E 200 L
-

"Gekko II". The experimental conditions are sum- . ---
marized in Table 1. The target was a gold foil of a 50
various thickness. X-ray radiation was monitored by
biplaner-type x-ray diodes. The current of XRD is
qiven for the plane geometry by

1012 1013 IO

F(0)Q S T (c)T(e)D(C)a1 [].
dt D p T b A=1.06rm

where, F(6) is the fraction radiated in a solid angle
at the viewing angle 9 from the target normal, D is
the solid angle of XRD, S is the plasma area size, &200 TR1 2 9L-' (I ; 10

1 4

I is the plankian functon for the radiation tern- E o
perature TR, T() is the filter transmittance (5) and 9 100 0 o
Die) is the diode response (6). Signal ratio of XRDs . o
attaching different filters defines the radiation 1 50

temperature and the plasma area size is given by the
absolute value of the signal and the radiation tem-
perature.

Two couples of XRDs were respectively set in the 1012 1013 1014
front and the rear side of targets on the target normal. Incident Laser Intensity (W/Cm

2
)

They are constructed of the same aluminum photocathode,
and a polypropylene or an aluminum-coated polypropylene r'ig. 1 Radiation temperature vs. incident laser inten-
filter. The varidity of blackbody spectra and the an- sity for (a) 0.53 jim and (b) 1.06 jm lasers.
gular distribution of radiation were determined by us-

0094-243X/81/750261-03$1.50 Copyright 1981 American Institute of Physics
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that the plasma axial size is much shorter than that of
lateral one ( - 180 um typically). 100 ,

The power conversion efficiencies are shown in Fig.
2 (a), (b). It is confirmed that the power conversion
efficiency is almost the same value of the energy rot surface
conversion efficiency which is obtained in the time-
integration data analysis. Saturated values of
the conversion efficiency are respectively ' 35

and 1- 20 % for 0.53 pm and 1.06 pm lasers. Here, the C 10 0 A =0.53 pm
results for a 10.6 Um laser case obtained in the same TR-13OeV
way as mentioned above is also plotted, the experi-

mental conditions are the same as reported elsewhere (4). @ A =1.06 pm
The absorption rate and the conversion efficiency de- 0 TR -l1eV
crease with increasing the laser wavelength 

as shown 
I

in Fig. 4. The discrepancy of the ratio of conversion
efficiency to absorption rate between ours and that of S 102

P.D.Rockett et al. (3) is mainly due to the difference
of target geometry ( They used the spherical targets ). El4-

The peak current ratio of XRDs with same filters

located in the front and the rear side of targets as a E
function of foil thickness is shown in Fig. 3. Solid W
line indicates the calculate4 transmission of x-rays
through the target when 600 A-thick front side gold 163 _
(which is equal to a half of the total ablation thick- 0
ness) is assumed to be ablated and the remainder wo;ks 0L
as a filter. This ablation thickness, i.e. 1 1200 A, C
agrees quite well with that obtained from the spectro- 0
scopic measurements using a Au coated target (4). T en, -W
the miss ablation rate measured is approxmately 4xl0 .40

(g/cm sec). 164

a A=0.531im os e

10'

.4 4b 00._--.,-- 0 5 10

,2 Foil Thickness (pim)
U

* .1

oFig. 3 Ratio of radiation power emitted in a unit of
S. . .solid angle as a function of foil thickness:

1012 1013 1014 Time crresponds to the laser peak.

c1.0 b A=1.06 am
S.61 f2 1

3Z M -1/
3 

2/3$1/
3

W .6 4 e e nc ab- [21
"' .4

0 3
•.2- e O -0GX-- %---O- e -- where f is the limitting factor ( f #. / m n v

Z is the ion charge, M and m is the ion and electronmass, n is the cut off density and 0 is the absorbed

01 laser fdux, here the energy flow intoa8nization and

06' radiation is2neglected. When f is 0.6. then di =
0 P 8x10 (g sec for Z- (Tee 400eV) and

0.04 .. • n = 4xlO ( cm ). This value is almost twenty
1012 1013 1d

4 
times larger than the experimental value. This large

Incident Laser Intensity (W/cm
2

) discrepancy can be attributed to the decrease of the
limitting factor, therefore, the increase of the coronal
temperature. When f-0.03 is assumed, the coronal tem-
erature is estimated tq be -3 keV

Fig. 2 Power conversion efficiency vs. incident laser then, i = 5xl0 ( g/cm sec ). More detailed consider-
intensity for (a) 0.53 um and (b) 1.06 um ations, however, are required for the energy balance

lasers. between the radiation and the particles in over dence
plasmas.

DISCUSSION SUMMARY

When the absorbed laser energy balances with the The wavelength dependence of the radiation tempera-

energy of the isothermal expansion region, the mass ture and the conversion efficiency as a function of

ablation rate at the C-J point can be estimated (4), incident laser intensity were experimentally studied
i.e., for gold foil targets irradiated by 0.53 :im, 1.06 um
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0.53 Usm 1.06 usm

1.0c 1W/cm Pulse duration (ns) 0.5 0.6
C nietAngle (degrees) 45 45

a 0.8- Polarization 6 6
Ems/in Focal Spot Diamter (uim) 'c150 (7I % 150. (6h4%)

Intensity (W/cm) 1 X 10 <3 X10

0 0.6 
I

* Table 1

o 0.4
/E'f.0Erad/Eabs
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SOFT AND ULTRASOFT X-RAY MEASUREMENTS OF AIR FORCE WEAPONS LABORATORY SHIVA IMPLODING PLASMA LINERa )

J.H. DEGNAN and R.J. SAND, Air Force Weapons Laboratory

G.F. KIUTTU and D.M. WOODALL, University of New Mexico

Albuquerque, New Mexico

Measurements of the radiation from high energy density plasmas formed by electromagnetic im-
plosion of aluminized plastic cylindrical foil liners are discussed. The implosions were driven by
the SHIVA capacitor bank - originally a 1.1 NJ, 1.2 microsecond, 100 KV device, later upgraded to
1.9 KJ, 1.4 microseconds, 120 KV. Discharge currents were 7 to 12 MA and implosion times 1.2 to
1.5 microsecon..s.

Photon pulses were observed using arrays of x-ray photodiodes, calorimeters and bolometers,
x-ray pinhole cameras, convex curved crystal and grazing incidence grating spectrographs. Photon
pulse energies from 100 KJ to 240 1(1 were observed (assuming isotropic emission) with FWHM from 80
to 200 nanoseconds. The best combined photon yield and FWHM was 240 EJ, 130 nanoseconds. Bolometer,
calorimeter, x-ray photodiode comparisons, time-resolved spectra deconvoluted from x-ray photodiode
array data and detailed spectrograph data are discussed.

Neutron measurements from deuterated liner implosions (yields up to 4 x 108) are also dis-
cussed.

The X-ray photodiodes (XRD's) used were alumin-
At the Air Force Weapons Laboratory, we have um cathode, 1 cm. gap, 5 KV biased diodes with fil-

been experimentally and theoretically investigating ters such as aluminum, Formvar (C5H802), Kimfoil
imploding plasma liners for production of high energy (C140 1603), Kapton, Saran, and combinations. Res-
density plasmas for several years.1' 2.3 The plasma ponse functions for a variety of filters and filter
liner implosion experiments have resulted in large thicknesses are given in ref. 2. Un filtered res-
photon pulses 2 . 4 in the ultrasoft and soft x-ray ponse functions used were those of Cairns and Samson 8

range. Using the SHIVA capacitor bank - a 1.1 MJ, at low energy, Burns and Day9 from 109 to 1487 eV,
1.2 microsecond, 100 KV device2 ,3 which was later up- Gaines10 et al from 185 to 1487 eV, Gaines10 et al
graded to 1.9 KJ, 1.4 microsecond, 120 KV, plasma and Lyonsll et al above 1.5 Key. These agree close-
liner implosions were driven in Z-pinch like, 7 to 12 ly with those of Day12 et al and Henke'3 et al,
MA discharges. These discharges resulted in .20 cm/ except near the oxygen absorption edge.
microsecond final implosion velocities with 15 to 25%
of the stored electrical energy converted to implo-
sion kinetic energy. Photon pulse energies from Arrays of XRD traces were used to obtain decon-
100 KJ to 240 KJ (assuming isotropic emission) were voluted, or unfolded, time resolved photon spectra
observed with FWHM of the pulses ranging from 80 to using the following technique. Given an array of
200 nanoseconds. The best combined yield and FWHM XRD signals VK(t) and response functions RK(E), the
was 240 KJ, 130 nanoseconds. deconvolution or unfold equations are

Observation geometry is illustrated in Figure 1. VCK = rRK(E)S(E)dE
The photon diagnostics were arrays of x-ray photo- J
diodes6, x-ray pinhole cameras, thermocouple calori- -RK(E)(VK/VCK)
meters, a fast pulsed bolometer4 , and crystal and S K
grating spectrographs. Passive detectors (calori- -ES(E) •
meters, pinhole cameras, spectrograph) were pro-
tected with pneumatic closure shutters

7 from plasma K
and debris blast.

where VCK(t) = calculated signal for Kth XRD,
I- S(E) = trial spectrum,

S'(E) = corrected spectrum
Rk(E) =RK(E)/ IRK(E)dE

- , and E - photon energy.

,44 , 4M A few dozen iterations are generally required before
'-., " S'(E) converges. A flat spectrum is used to initi-
go ate the iteration process.

VIAL This technique js similar to those used by
m-m. Chase and Salisbury , end by Plimpton and Glibert 1 5 .

except for the smoothing routines. The rapid varia-
-UL. tion of XRD response functions made it advantageous

N --=="to use ratio energy zoning and a combined product/
00 -= root - logarithmic interpolation smoother with

r,.m- --. smoothing intervals varying with iteration pass.
Tests with hypothetical spectra such as black bodas,
using flat initial spectra, gave good convergen f6
for 6 or more distinct XRD's. As is well known--,

Fig. 1: Schematic of SHIVA diagrostic geometry with fr6o oedsic R'.A swl nw t-i

Fig.1 rSchatic s o raph dnot eoety wsmoothing is necessary to avoid artificial spectral
grating spectrograph (not to scale). features resulting from dincontinuities or jumps in

the detector response functions.

0094-243X/81/750264-06$1.50 1981 American Institute of Physics
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Table 1. Comparison of deconvoluted spectrum peak
UP? 3Mo power vs. nominal peak power.

SHOT Pdc/Pnos

3125 0.6
3146 1.0
3158 1.57
3169 0.89
3177 1.08
3186 0.95
3187 0.87
3190 1.41
3191 1.79
3213 0.96
3220 0.80

Fig. 2: Unfolded time resolved photon spectrum from
SHIVA plasma liner implosion (direct capa- un $am MMu
citor driven). SPEC - dP/dhv in MW/KeV, e.u...d -n.,-.
ENERGY - photon energy in KeV, TIME in
shakes (10 nanosecond units). -

A three - dimensional plot of the time resolved or o''I j
deconvoluted spectrum obtained from the array of XRD
signals from a representative good shot is shown in
Fig. 2. The two low energy humps merge into a single
hump peaking near 100 eV photon energy at peak sower
(P ,. 1.26 x 1012 watts, maximum dP/dhv A- 2 x 10'
Megawatts/KeV). The highest energy pl@k, near 2 KeV
photon energy, is due to All I+ and At 2 + line and
recombination radiation - the detail of which is un-
resolved using this analysis technique and this XRD
array. Fig. 4: Lead Stearate spectrograph data.

Low energy crystal (lead stearate) 1 7 spectro-
graph data, such as shown in Fig. 4, indicate that

1-; the spectrum below 220 eV in photon energy is do-
minated by continuum or closely packed lines, with
possible absorption features. The lowest enery
strong linesoare A 1 0 + 2p-3d (52.371) and AtI 0 y
2s-3p (48.32A). These are always evident and always
quite strong in aluminum or aluminized plastic liner
implosions. Comparison of stearate spectrograph

-- data with XRD array unfolded spectra gives approxi-
mate (factor of 2) agreement near the carbon absorp-
tion edge (248 eV), as shown in Fig. 5. At this

_____ energy, the spectrograph response is most reliably
- .known. The crystal response reported by Henke' and

A, Kodak RAR 2490 film response reported by Benjamin,
Day, and Lyons 19 were used to absolutely interpret

1000 the spectrograph data.

Fig. 3: Peak power unfolded photon spectra for
several plasma liner Implosions.

Fig. 3 shows peak power deconvoluted spectra
for several representative implosion experiments,
indicating the reproducibility of a low energy hump
peaking near 100 eV photon energy.

A comparison of deconvoluted spectrum peak
power versus nominal peak power for photon emission
is shown in Table 1. Nominal peak power is obtained....... .................... . .

using an aluminum cathode, Forevar filtered (At/FV) ' ,' i

XRD, assuming an average response of 40 amperes/Mega-
watt for 60 micrograms/cm2 Formvar filter. The dif-
ference in all cases is less than factor of 2 and Fig. 5 Comparison of unfolded photon spectra from
often less than 20%. Thus, the At/FV XRD signal en- XRD data (solid lines) with lead stearate
ables a rapid approximate estimate of photon eis- spectrograph data (X's).

sion yield for the spectra we have obtained.
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photon pulse. Such surface photo-ionization, sus-
Bare thermocouple calorimeter data was taken to pected due to elongated rise times for unfiltered

check yields interpreted from XRD array data. The bolometers, is presumably due to lower energy after-
comparison, shown in Table 2, shows that calorimeters glow photons still incident after2 h main (prompt)
indicate yields from 1 to 4 times those obtained photon pulse. Rauch

20 
and Hanson have since used

with XRD data. This suggests that the calorimeter similar bolometers, unfilteied, with magnets to sup-
sensed late time energy in addition to the prompt press photoicnization shunting, which has enabled
photon energy detected by XRD's. This late time faster time response and the use of unfiltered bolo-
energy could be low energy photons from afterglow meters.
or late time discharge plasma and/or plasma and hot
gases reaching the calorimeter. The fast (500 mi-
crosecond) closure shutter may be too slow to stop .
streaming plasma and hot gases on some shots.

Table 2. Calorimeter - XRD comparison.

SHOT Ycal/Yxrd

3187 1.97 1 ,
3190 1.02 1
3191 0.82 -
3222 1.80
3223 2.60
3224 3.90
3226 3.80

51T I M1 SI U SII~u 
ff

is) Fig. 7: Bolometer - XRD comparison.

The interpreted yield for a Formvar filtered
bolometer signal is compared to that for a Cu/FV XRD
signal, versus black body temperature for assumed
black body spectral shape in Fig. 7. The agreement

DOLONTER o16MA. TRACI e was better than or on the order of 30% for a wide
2Y.a8si(AS. ) .* .- range of temperatures, as well as for a variety of

c).,,. .,. other plausible spectral shapes. Thus, both thermal
and photoelectric detectors were in substantial
agreement on photon yield.

Fig. 6: Fast pulsed bolometer signals.
A print of the data record obtained from a 5

meter grazing incidence spectrograph
22 

is shown inA fast, pulsed, large signal bolometer was de- Fig. 8. A ,IU+
, AIl+, A

t 2+, 0 , 
07+, and C

5+ 
smis-

veloped4 
and used to thermally detect photons with sion lines are evident above 230 eV in photon energy.

time resolution adequate to confirm that their origin At lower energies, the spectrum is continuum with
is the implosion pinch. Bolometer signal traces with absorption lines from 04 , 05+, At

4
+
, 
A1

5+ . 
This

and without a photon pulse are shown in Fig. 6. The indicates a hotter interior plasma shining through a
bolometers were used with 60 microgram/cm2 

Formvar cooler (% 40 eV), absorbing plasma. Broadening of
filters to suppress surfse.2 photo-ionization shunt- the A1I 0

+ 2s-5p and 2s-6p lines exceeded instrumen-
Ing of the bolometer foil current after the prompt tal broadening. If this broadening is assumed to be

Amllln u ,s

1I.N

(I(,~ d mm.|

Fig.8m 5. N

Fig. 8: 5 meter grazing incidence spectrograph data.
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Stark broadening, one obtains an estimate of the
electron density - 10

2  cm-3 for the part of the
plasma emitting those lines.

The 5 meter spectrograph was built by Robert
Speer of Imperial College. it employed a 316 line
per mm. holographically formed gold plated silica
lamellar grating. The film was Ilford Q2 spectro- 1,2.,2, 1231,3, Is-I,

graphic plate. A 50 microgram/cm
2 
carbon filter was 7.SA 2 S2A - 1. 6 053A

15-2. 5-
used - resulting in the well defined carbon absorp- 7.176A 6.3JvA

tion edge evident in the continuum spectrum. The
spectrograph slit (20 microns) was approximately 1.2 6'.110A

meters from the source. The plate was underdeveloped
(3 minutes in D19) to reduce overexposure effects.
To protect the expensive spectrograph components Fig. 10: Space resolved KAP Spectrograph Record.
from plasma blast and debris, two fast closure shut-
ters were used in tandem. The first shutter employ- source broadening, while in the other direction it is
ed a 240 microfarad, 5 KV, 7 microsecond quarter cy- one-dimensional pinhole imaging. In the 2 dimension-
cle time theta-discharge to close a 0.25 mm wall, al imaged KAP spectrograph record shown in Fig. 10,
2.5 cm diameter aluminum tube in 30 microseconds, the magnification by source broadening is approxi-
The aluminum tube was part of the diagnostic vacuum mately one third that by slit imaging, so the ellip-
line. The second shutter was an aforementioned pneu- tical "annular" spectral lines are due to circular
matic closure shutter

7 
(re-usable, vacuum tight) with annular line emission regions

22
.

500 microsecond closure time.

In Fig. 11, an uncollimated KAP spectrograph

Data from a KAP spectrograph, collimated to re- densitometer trace is shown, illustrating the degree
duce source broadening, is shown in Fig. 9. The of source broadening. The best fit electron temper-
A£
i
l

+ 
and At

2+ 
K shell line and recombination ra- aucre and density are ' 300 eV and . 1020 cm

-3
,

diation are evident. To the extent that the spectrum based on recombination slope and intensity
22

.
can be characterized by a single electron temperature
Te and electron density ne, Te - 400 eV (from recom-
bination slope) and ne " 1020 cm

-3 
(from He-like =F.[,,.=IsA ,t

resonance line to intercombination line ratio) 2 3 ,24 .

Of course, the radiation is really from a time de- "'" ' t, , 0.
pendent, inhomogeneous temperature and density dis- ' -'r.ie % '* 

-

tribution. Considering or not considering opacity .0-,d

effects makes a factor of 5 difference in the inter- O,4,..
preted density. An opacity effect of a factor of Si.,,, I ".

2.5 reduction in the resonance line (7.757) was ... -..
obtained

23 
by requiring consistency of electron tem-

peratures (, 400 eV) obtained from recombination
slope, ratio of dielectronic recombination to reson-
ance line ratio, and ratio of A

1
1
2
+ ls-2p to Ail'+

1s 2 -ls2p lines. Comparison of observed intensity
with black body limit for the emission volume (0.1-
1 cm3 in this case) indicates a cooler (< 50-100 eV)
outer plasma is required for such an opacity effect.

SW S0IU UY*

r "hw d Fig. 11: Source broadened KAP Spectrograph data.
$.Nd II ,W"

"" V, X-ray pinhole camera images, such as that shown
in Fig. 12, often show an annular or ring shaped

emission regions, as is also evident in some two-

dimensional imaged KAP spectrograph records

Fig. 9: Collimated RAP Spectrograph data.

By removing the spectral collimation slit and

adding a spatial imaging slit, one obtains 2 2 imen- Fig. 12: X-Ray pinhole camera photograph. Outer

sional spatial imaging of the spectral lines . IM- diameter of luminosity region is approx-
aging in the spectral dispersion direction is by imately 2 cm.
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Ongoing and future work includes experiments
Two-dimensional magnetohydrodynanic calcula- with faster Implosions driven by capacitor bank

tions of plama liner Implosions predict electron discharges sharpened using inductive storage, open-
density and Jemperature profiles similar to that shown Ing switch techniques 30,31,32,33. The use of time
in Fig. 13 2 . The axial plume and the ring shaped and space resolved spectrographs will be emphasized
regions with high electron temperature are qualita- in this work.
tively consistent with the annular emission regions
observed experimentally2 2 . Either or both the plume ACKNOWLEDGEMENTS
and off axis peaks in electron temperature features
could explain the ring shape of the ' 1 KeV photon The deconvolution technique is similar to that
emission region. The predicted ,, 40 eV plume tem- used by L. Chase and J. Salisbury of LPARL, and by
perature is consistent with the absorption lines seen J. Plimpton and K. Glibert of SNL.
in lower energy spectrograph data 22 . Gross radiation The related contributions of W.L. Baker, E.J.T.
power, as well as spectral detail and features of Burns, R.H. Day, B.L. Henke, T.W. Hussey, J.D.
pinch structure are in approximate agreement with Letterio, R.E. Reinovsky, N.F. Roderick, and others
pinch conditions predicted by 2D MHD calculations, are acknowledged and appreciated.
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LASER HEATED GAS-JET - A SOFT X-RAY SOURCE
C. Charatis, D. C. Slater, F. J. Mayer, J. A. Tarvin, G. E. Busch,

D. Sullivan, rind D. Musinski

KMS Fusion, Inc.
Ann Arbor, MI 48106

and
D. L. Matthews and Lou Koppel

Lawrence Livermore National Laboratory
Livermore, CA

ABSTRACT

The laser irradiated gas jet developed to study collective scattering
processes has proven to be a useful soft x-ray source. It is a repro-
ducible and stationary source with large yield and plasma properties char-

acterized by conventional diagnostic techniques. With a density gradient
initially set by orifice size and gas pressure, a short (-100-1000 psec)
pulse operating at 1.05 prm (or 0.53 4m) is focused coaxially upstream into
the jet producing a moderate temperature plasma. X-ray pinhole photographs
show an axially symmetric radiating plume located at the electron density
critical surface. The density gradient is obtained by holographic inter-
ferometry using a 0.26 Im wavelength probe pulse. The scale length of
~100-200 pm is measured by 2w and 3/2w photography. Electron temperatures
are determined by using spatially resolving x-ray crystal spectroscopy to
record and analyze line emission from H- and He-like configurations.
Electron temperatures from -200-700 eV were observed at critical electron
densities as high as Ncr -4 x 1021 cm-

3 
for gases of hydrogen, nitrogen,

neon, argon, and SF6.

Experiments on the laser-irradiated gas jet were Not shoi.n in the figure is an x-ray crystal
-riginally

1 
designed to examine stimulated Brillouin spectrograph for photographing time-integrated x-ray

scattering in a prepared density distribution possess- spectra of the irradiated jet located below the
ing longer scale lengths than are generally produced catadioptric lens, in the plane normal to the jet and
off of solid targets. With laser energies as small as 45" below the horizontal.
50 joules in 200 psec and a 90% spot size of -100 Im,
it is possible to generate large numbers of photons in We have irradiated gas jets of hydrogen, nitrogen,

argon, neon, and sulphur hexafluoride at laser wave-the soft x-ray spectrum. It is a reproducible and lengths of 1.05 im and 0.53 I'm and pulse lengths of

stationary source whose plasma properties can be char- l100tps an 1 ndc.
~i00 psec and -1 nsec.

acterized by conventional diagnostic measuring tech-
niques. The density of neutral gas in the jet before To X-Ray
irradiation varies smoothly and is easily character- Critical Detectors 114 Critical
ized. The high density gas required to form a criti- Density Density
cal surface for 1.05 Pm is confined to a comparatively 2 w. 3/2 w.

small volume and the scale length (or density gradient)
can be varied easily by changing the orifice size and
varying the gas pressure.

A schematic diagram of the experimental set-up is
shown in Fig. 1. Of interest in the figure for this
presentation, is the irradiation of the gas jet placed Incident
axially at the focus of an f/5.4 parabolic mirror, an High Pressure Gas Light
x-ray pinhole camera for recording time-integrated )
x-ray images, and the catadioptric lens used in the
interferometric determination of the density distri-
butions.

o, - 31 s,; , To X-Ray

R/2 5oll Parbola Detectors
Fig. 2. Schematic rep zenta~ion of the laser-irradiat-

ed gas jet.
Hole A schematic representatior of the experiment is

-- -,shown in Fig. 2. High pressure gas expands through a

nozzle into a vacuum, forming a very broad jet. The
45 PlarnaCormeter laser light travels upstream, ionizing and heating the

XR.yPihole Carrie gas. Some of the light is absorbed in the underdense
Mouw, lPtei., plasma and some of it is scattered. The remaining

C"iitrcLn V.i P'54 Parabola light is absorbed or reflected at the critical surface.
Purri p.%u \ To gain the maximum amount of information from the ex-

f J -periments, one needs to know the density, temperature,
and velocity profiles of the plasma.

There are several ways in which the density is
s,. ~ measured. Holographic interferograms of the neutral

Fig. 1. Diagnostic placement inside the target chanber gas jet are made in the target chamber prior to irradia-

for the gas jet experiments, top view. tion and these are Abel-inverted to give the density

0094-243X/81/750270-05$1.50 Copyright 1981 American Institute of Physics

.. .. - Im ll llI iw . . .". *-.i -1. . .
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profile. Fig. 3 is such an interferogrn of' a nitrogen
jet. All Abel inversions described here were performed
by D. Sweeney 

2
. Holographic interferograms taken at

the time of the main laser pulse give the density pro-
file of the free electrons. Fig. 4 shows typical in-
terferograms of a nitrogen gas jet irradiated with
46.5 joules in 85 psec at A = 1.053 pm, and a neon gas

jet irradiated with 40.7 joules in 1 nsec at A = 0.5265
pmo.

Fig. (shot 4931) Neon gas je , lrS3 psi; laser Jet

irradiation, A = 0-5265 n, 40.'[ joules in 1 nsec.

Laser holographic probe, A=.6 3 um; duration = 60 psec;
occurring 1.26 nsec into the irradiatinT p lse.

Fig. 3. Hul-graphic interferogram of a nitrogen gas
jet before laser irradiation. Plenum gas
pressure: 2000 psi. Jet orifice: 100 pm.

Another way to obtain the density, at least time
integrated at two positions of its profile, is to
record the position of the second and three-halves
harmonic emissions, which correspond to the positions
of critical and one-fourth critical densities, re-
spectively. The images are recorded separately then
recombined as in Fig. 5 for a hydrogen jet, where the
second harmonic of 1.05 pm is green and the three-
halves harmonic furthest from the nozzle is red. Some
of the 2w emission was reflected by the nozzle. How-
ever, the harmonic emissions are not always present.
Depending on the type of gas, and the density distri-
bution, one or both of the two harmonic emissions may
not be spatially well defined. Fig. 5. Composite image of 2w and 3/2w harmonics of

1.05 pm laser light emitted by a hydrogen jet tar~et.

Both density measuring diagnostics are combined
for a 100 pm diameter orifice gas jet in Fit-. 6. The
solid line is from an interferogram of neutral N2 and
varies exponentially with the distance from the ori-

fice. The data points are from the images of the
harmonics of 1.05 Lm light. Sufficiently far from the
orifice, we expect to find the density varying as 1/r.

• "The dashed curve is a fit of the three data :'oints at
lower densities to a /r

2 
Trofile. The dot-dashed line

is drawn to connect the tw: curves smoothly. The fact
that data from neutral and ionized nitrogen match the
data from ionized hydrogen so well indicates that the
molecular density is independent of the gas and that

r : the nitrogen plasma is fully ionized.

"r r Fig. 7 is an x-ray pinhole photograph of 10 x
# .mmagnification taken on Kodak No-Screen Film through

an 80 pm pinhole and filtered by 3.0 pm of mylar cover-
ed with 1500 A of aluminum and -epresenting an input
laser energy of 76 joules. Notice that a feature
which we have identified with the gas jet nozzle is
visible on the left side of the photograph along with

Fig. 4.(shot 4833) Nitrogen gas jet, 2000 psi; laser a second feature, the "mustach-like" wisp between the

jet irradiation, A = 1.053 pm, 46.5 Joules in 85 psec. nozzle and the gas plume proper. We have also found
that the size of the plume increases with incident

Laser holographic probe, X=.2633 pm; duration=60 psec; energy. Fig. 8 is a film iso-density cont ,ur plot of
occurring 290 psec after peak of' irradiating pulse.

MUMOM
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I
PLENUM DENSITY

'E Harmonic EmissionE I
U 1 0 2 1 -H,

-01\ 4 UN-IONIZED N
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0

Fig. 8. Film iso-density contour plot of Fig. 7.

100 200 300 400 500 function of the electron temperature. They indicate
AXIAL DISTANCE (tm)at the temperature is about 0.5 keY, for 1.05 im

irradiation and about 0.35 key for 0.53 =rn irradia-
tion of a 100 pm scale length nitrogen plasma. Since
hydrogen is a poor radiator, we have been able to

Fig. 6. Molecular density of a gas jet versus axial obtain x-ray data only from nitrogen, argon, neon, and

distance from the orifice, sulphur hexafluoride targets.

X-ray conversion efficiency for the jet can be
.. estimated from the TLD measurements, if we can assume

that the TLD calibration, which is known to -350 eV,
can be extended down to -150 eV. Using "bare" (un-
filtered) TLDs, and extrapolating the measurements
into 47r, we estimate the x-ray generation efficiency
to be -0.2% and -4%, reRpectively, for wavelengths of
1.05 = and 0.53 vm, and an input energy of -30 joules.

1.0

> 0.9
" .... ¢n 0.8

LU 0.

Fig. . X-ray pinho e pho 0.

tion of a nitrogen gas jet at a laser energy

of 76 joules. 2 0.3
Fig. 7, indicating the well defined distribution of 2(,) 3/2 ci
the x-ray emission. A typical axial intensity scn of O 0.2 0
an x-ray pinhole photo Is shown in Fig. 9. Note that .
the peak of the x-ray emission appears upstream of the 0,1
critical surface (2w) where the largest portion of the
laser energy is absorbed, indicating that the thermal 0.0 --
energy is conducting into the higher density gas. 100 200 300 400 5W 600 700

A method of determining the electron temperature
is to measure the bresastrahlung spectrum of soft x- AXIAL DISTANCE (Wm)
rays emitted by the plasma. We have measured the spec-
trum through a set of foil-filtered thermoluminescent
dosimeters (TLDs)s whose spectral response is reason- Fig. 9. Axial microdensitometer scan of a typical
ably well known. The ratio of the measurements through x-ray pinhole image, including the positions
two different filtered TLD dosimeters is known as a of the 2w and 3/2w radiation.
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The difference, a factor of -20, can be accounted for, continuum indicates an electron temperature of -230 eV
in part, since the recombination radiation scales as while the H-like atom recombination continuum gives
nea - 1/A4. -135 eV. Tne discrepancy can be explained by the

observation that the fluences for the two continua
The x-ray pinhole comera and TLD measurements in- arise from different parts of the Jet. That the two

dicate that a sizeable fraction, 3 50% of the energy continua in the plot are both straight lines indicates
incident on the gas jet, is absorbed. The absorption the well-localized and symmetric nature of the
fraction and electron temperature do not depend temperature distribution.
strongly on energ on target. However, additional ex-
periments will be required to accurately determine the
absorption fraction dependence on incident energy,
wavelength, and gas type.

>>
' t 10HW1 Scan A Neon Gms-Jut Spectrum

a...., r "-I-. - -

• 82 To - 230 eV

IL H-Mike moss.
t,,,, usu ltortion

.. ' Ta 135eV
--, - ,9 1.0 1.1 1.2 1.3 1.4

20 gOIUS, , Photon aargy(KaV)

Fig. 10. Spectroscopic determination of gs jet Fig. 12. The fluence of Fig. 11 plotted logarithmic-
Re and Te gradients, ally to enable the Te measurement via re-

combination continua from the intensity ratio
In Fig. 11, a plot is shown of the x-ray fluence of H-like to He-like lines.

(keY/keY-sphere) versus photon energy for a neon gas
jet irradiated with laser energy at XL = 0.53 w6 Note With the slit of the spectrograph oriented normal
that the hydrogen-like and the helium-like lines are to the jet axis, it is possible to spatially resolve
well defined, the He- and H- free-bound continua are spectral lines along the jet axis, and thereby obtain
observed above background and the intercombination the electron temperature distribution along the jet
lines are evident near the He-like resonance lines. axis. In Fig. 13, an axial tfmperature profile
They become more discernible if the fluence is plotted
logarithmically as in Fig. 12. In fact, it is possible
to obtain electron temperatures from the slopes of the 280 1 ' I ' I
free-bound continua." The bare atom recombination

4.0 260-26 NEON GAS

Neon on jot
3.- AL.53 240 - * 0

3.0 -

I2.5 T. -2*4V7. -loops) 220
-

39 0aV (OrL ' 100 loops)

2.0
200 N(?) 1 M4 (?) 0

* 1.5

S180

.160 , I I , I , 1

900 1000 11 1200 1300 140 1000 1200 1400 1600 1800 2000
Photon sowmy (-V) Distance along gas jet axis (microns)

Fig. 11. X-ray fluence (keV/keV-sphere) versus photon Fig. 13. Axial distribution of Te for a neon gas jet
energy (eV) for a nitrogen gas jet irradiat- irradiated at 0.53 tm with 67 Joules in
ed at A = 0.53 Pa. 100 poec.
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obtained for a neon gas jet with laser energy of 67 As in the spectroscopic electron temperature
joules and pulse length of 100 psec is shown. The measurements, no provision was made to locate the re-
position of ner and 1/4 nr are only approximately lative axial position of, say, the peak of the line
known since there are no fiducials in the spectrum to emissions, to the jet orifice. So, for these pre-
indicate the position of the jet orifice. liminary spectroscopic measurements we assume, from

the photographic composites of the pinhole image andIt is also possible to obtain the electron den- 2 and 3/2w emissions (see Fig. 9), that the position
sity from the intensity ratio of resonance to inter- of the critical surface, within experimental error,
combination lines of helium-like ions, as depicted in coincides with, or is slightly upstream of, the spec-
Fig. 10. Boiko, et al. 5 have shown (Fig. 14) that tral line emission peaks. Since these relative posi-
this intensity ratio, a , varies rather sensitively tions are important for thermal transport considera-
with electron density for a large number of ion tions, future experiments will be designed to include
species from Na X to Ti XXI. position fiducials in the spectra.

As a source of soft x-rays, the laser-irradiated
gas jet has proven to be an effective, reproducible

0 3and stationary source. It can be well characterized
.x,,, S XV . xvi, c , and used to study spectroscopic properties of the gas

a xy 0XSV xv in the soft region of the x-ray spectrum, or used with
known spectroscopic information to characterize the
plasma. An example of the latter is the study of
stimulated Brillouin scattering, which we have done
recently. An example of the former, is the determina-

* 2 tion of opacities of selected ionic species, which we
_.- plan to do in the future.

Table I lists some of the principal features of
W . . n 1,1 I the laser-heated gas jet.

ELECTRON DENSITY, N. TABLE I
LASER GAS JET FEATURES

Fig. 14. The dependence of the intensity ratio, a, * The laser-plasma interaction occurs in a region of
f the resonance R jls2  

O - ls 2 p Pi) and inter- long scale length, without requiring the ablation
combination I (ls2 s - ls2p PI) lines of He-like of a solid surface.
ons on the electron aensity N. . Inverse bremstrahlung absorption and stimulated

From Fig. 14, it is evident that if a particular Brillouin scattering are the main couplingelectron density range is expected to be measured, mechanisms.only a few ion species will provide the necessary in-tensity ratio, a . With that in mind, we introduced • No evidence of suprathermal electrons, hard x-rays,

sulphur hexafluoride, SF6, as seed gas in N2 for a stimulated Raman scattering,or resonance absorption.
measure of the electron density in the range from 2 . Absortion -50%to 20 x 102m cmh s . Fig. 15 shows the density distri- Holorphint rbution along the jet axis using this method. . Holographic interferogras provide density distri-

16' T I Scale Lengths: 100-200 ljm.

- Plasma Te - 0.2 to 0.8 keV via foil-filtered TLDs,
Critical films, and spectroscopy.

14
o ture Plasmas (Nc  10 _ 1022 cmS) since density

F +2 profile is time independent.
0 o 12 Plasma is well characterized so theoretical des-
X cription is encouraged--opacity measurements are

-- possible.
Still to be done for the gas jet as an x-ray source:

10-- account for non-equilibrium effects
-- more detailed comparison of V.N e via '" o-

scopy and interferometry
M- time resolution of spectral inform'lUc.

8 streak spectroscopy.
0 References:
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Z (microns)
Fig. 15. The axial distribution of the average elect-
ron density obtained spectroscopically from the inten-
sity ratio, a , for a SFs gas jet irradiated at 0.53 Um
ith 62 joules in 1 nsec.
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A Sensitometric Calibration of the RAR 2497 Film for the Low Eneray X-Ray Region

E. R. Dietz, T. S. urland, B. L. Henke and M. A. Tester

University of Hawaii, Department of Physics and Astronomy, Honolulu, Hawaii 96822

Described here is an operational method which has A Boller-Chivens Model 14213 microdensitometer was
been developed for the calibration of spectroscopic used which has continuously variable primary-illumins-
films for the low energy x-ray region of 100-2000 eV, tion and objective apertures. The data presented here
along with some preliminary photographic density, B, were microdensitometered with primary illumination of
versus exposure, E, measurements for the RAR 2497 films. 0.1 and objective 0.25 numerical apertures. Ten neutral
The 2497 films are the successor to the widely applied density filters (Balzers) of calibrated densities in
2490 films. A comprehensive sensitometric study of the the range .01 to 2.4 were used to establish the micro-
RAR 2490 has been reported by R. F. Benjamin, P. B. densitometer calibration.
Lyons and R. H. Day [1]. (See also their references for The 35 mm 2497 film [5J was developed with agita-
a review of works on the calibration of photographic tion for six minutes in a film tank with full strength
materials for this low energy x-ray region.) D-19. Standard stop bath and fixing solutions were

Our measurements are derived directly from calibra- used. Drying was at room temerature and in still air.
ted spectra of standard x-ray source characteristic
lines as simultaneously dispersed at normal incidence
along a detection circle by elliptically curved crystal/
multilayer analyzers. This type of spectrograph is
described elsewhere in these Proceedings (2]. The
absolute peak counting rate above background is deter- PROPORTIONAL OUNTERN QF L SPECTRUM
mined by a flow proportional counter that is scanned
along the detection circle using a precision goniometer.
Multiple exposures are then taken with the photographic c,-LO(5)
films placed along the same detection circle and under
identical spectrographic conditions in order to obtain A
the required range of values of photographic densities ELLIPTICA LLAD BEHENATE ANALYZER

at the peaks of the calibrated lines. An example of the T. A

corresponding proportional counter and microdensitometer VTTE SLIT
scans for several diffracted orders of the Cu-La (13.3 : .O.Ws,
A/930 eV) radiation (from an elliptically curved lead I, - -S.

behenate analyzer--2d-120 A) is shown in Fig. 1.
For the D vs E measurements that are presented here. 8 P ,PWI T,

appropriately filtered line radiations from the follow-
ing x-ray tube anodes were used: molybdenum, graphited
aluminum, anodized aluminum, copper and aluminum. These
yielded the strong, easily isolated radiations: Mo-MC (6)
(64.4 A/193 eV), C-Ku (44.7 A/ 277 eV), 0-Km (23.6 A/525
eV), Cu-La (13.3 A/930 eV), and Al-KI (8134 A/1487 eV).
Filters were used on the x-ray tube window, on the
entrance aperture (at the center of the detection
circle) to the photographic fiim cassette [3] and on -

the proportional counter window. The filters for the
camera and for the counter were carefully matched so DENSITOMETER SCAN OF uj.SPECTRU h
that their attenuation factors cancel out in these RO R 2497 FILM
absolute measurements. Approximately 800 A of aluminum RAR 2497 FILM
was vacuum deposited upon the light-transparent filters
to block visible and uv background light.

In order to measure the absolute photon intensity Cu-La (5)
at a peak of a given spectral line, pulse height windows
with a "pressure-tuned" flow proportional counter were
used to eliminate high energy radiation components that
might appear as high order diffraction background to
the spectral line. Subatmospheric propane counter gas 0 (6)
was used-for all wavelengths longer than 10 A. Atmos-
pheric P-10 was used for the Al-K radiation. It Is
assumed that all photons of a given energy that are
absorbed within the gas path of the counter will be
counted and with pulse heights characteristic of that
energy. The equivalence of photon absorption efficien- (8)
cy and photon counting efficiency was verified by
measuring count rate vs counter pressure which yielded
the expected pressure dependence [4].

The counter and the effective microdensitometer
slit widths were matched at approximately 100 microns.
which dimension is small as compared with the FWHM of
the spectral lines that were measured. The photographic Figure 1
emulsion granularity may be considered very small at
this 100 micron scale.

0094-243X/81/750275-03$1.S0 Copyright 1981 American Institute of Physics
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RESULTS D(0.1/0.25). The decrease of the measured density values
as the numerical aperture of the objective lens is In-

In Figs. 2 through 6 we present the D vs E curves creased is dependent upon the scattering power (grain
for the five standard laboratory wavelengths in the 193- size) of the particular film. These ratios can also be
1487 eV photon energy region. For three of these used to predict the equivalent optical diffuse density
radiations (277 ev, 525 eV and 1487 eV) we were able to using the results given by Weaver [6].
compare the data with the D vs E curves as reported by In order to describe the photon energy response of
Benjamin, et al [1) for the similar 2490 emulsion (light the 2497 emulsion, we present in Fig. 7 the sensitivity,
lines). It is important to note that the densities that S, vs photon energy, E (eV). Here we have used the
were measured for the 2490 film were optical diffuse definition for sensitivity, S, as the reciprocal of that
densities which are characteristically lower than the exposure value which yields a density of 0.S as measured
corresponding values as measured with an objective lens here with our 0.1/0.25 microdensitoeter numerical
of small numerical aperture (as 0.25 which has been apertures. These values for the sensitivity, S, can be
used in our measurements). used to estimate corresponding values as measured with

For the conventional microdensitometry of photo- other objective lens numerical apertures by using the
graphic spectra, matched numerical apertures for the data presented in Table 1 and the results presented in
illumination and the objective optics are often Ref. 6.
employed, for example, as 0.1 for low resolution, large The sharp drop in this sensitivity curve is the
slit operation and 0.25 for high resolution, fine slit result of the sudden increase in the absorption of the
operation. In order to permit a conversion of our 0 vs gelatine overcoating at the carbon-K edge (280 eV). It
E data to the matched 0.1/0.1 numerical aperture is expected that this sensitivity will continue to in-
measurement, we have determined by measurement on the crease essentially monotonically with photon energy to
2497 filmand presented inTable 1 the ratio D(0.1/0.1)/ about 2000 eV in which region it will begin to drop off

RAR-2497 FILM CALIBRATION RAR-2497 FILM CALIBRATION
FOR Mo-MI (64.4 A/ 193 eV) FOR O-Ka (23.6 A/525 eV)2.4-- II2.4 - -

I~~ II I fIIi ll

D IIII II

0 I!0I200

E(PHOTONS/MICRON) -~ E(PHOTONS/MICRON 2)-
Figure 2 Figure 4

RAR-2497 FILM CALIBRATION RAR-2497 FILM CALIBRATION
FOR C-Ka (44.7 A/ 277 eV) FOR Cu-La (13.3 A/ 930 eV)

2.4- 2.4--

9f - -

D I0 0 100- I fI

I'Hl IIIII

I- Il Ipl

I0I0 20 I100 200

E (PHOTONS/M ICRON 2 ) - E(PHOTONS/MICRON2 )

Figure 3 Figure 5
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TABLE 127

D(O.1)/D(O.25) 1.50 1.36 1.28 1.24 1.21 1.19 1.16 1.14 1.12 1.11 1.09

D(0.25) .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

RAR-2497 FILM CALIBRATION as the silver halide grains become more transmissive
FOR AI-Ka (8.34 A/1487 eV) with increasing photon energy (up to the silver-L edges
FO_ AAat about 3000 eV where the absorption efficiency of the

2.4 silver halide grains is abruptly increased).
IThis work on the characterization of photographic

emulsions appropriate for the low energy x-ray region
is continuing at this laboratory on the RAR 2497 and

- other films including the Kodak 101-01.
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A Study of Bare X-ray Diode Saturation Due to a High Fluence X-ray Pulse
(&)

R. B. Spielman and J. P. Anthes

Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

We have studied the response of bare, aluminum photocathode, x-ray diodes (XRD's)
expoded to a source of pulsed x-rays from a laser produced plasma. Three cross calibrated
detectors were placed at varied distances from the source. Saturation occurred at the
Child-Langmuir predicted value. When low transparency screens were used as attenuators for
the XRD's, saturation occurred at values below those predicted by the Child-Langmuir
formula.

signals on all of the data are characterized by an
abrupt transiti.on to saturation at the same absolute

I. INTRODUCTION detector signal level. It is interesting to note that
the most heavily saturated signal does not exceed the

Saturation of an X-ray diode (XRD) becomes an maximum value allowed by Child-Langmuir space charge
important issue when the detector is exposed to a high limited flow.
intensity, soft x-ray source. Photoelectrons, prodiced
by soft x-rays, leave the surface of the photocathode B. Data From Attenuated Bare XRD's
with relatively little energy and their trajectory to
the anode is susceptible to perturbation by self fields. Our second objective was to study the effect of
When the space charge fields are large the XRD can satu- attenuating screens on detector saturation. A low
rate. This effect must be considered when fielding transparency copper screen (2000 lines per inch,
detectors and analyzing data. T - .24) was used as an attenuator. Because screens

This paper describes the results of experiments attenuate by acting as a dispersed aperture one might
which show that Child-Langmuir space charge effects can suspect that photocathode "hot" and "cold" spots could
cause severe saturation of XRD signals. We also examine affect XRD saturation. A repeat of earlier runs was
the effect of low transparency attenuating screens on made with attenuated XRD's. Figure 2 shows signals
the saturation of x-ray diodes, for three attenuated detectors.

The two closest detectors are saturated. The
I. EXPERIMENTAL DESCRIPTION interesting thing to notice is the subtle saturation

in the second largest signal. The signal saturates
The detectors consisted of three identical, cross "smoothly". Even the heavily saturated signals

calibrated, bare XRD's. Each XRD had a diamond turned, appears smooth and does not have the abrupt look seen
aluminum (99.9% pure) photocathode which was 1.25 cm in in Fig. 1. At very high x-ray fluences the XRD's
diameter. The anode consisted of high transparency yield signals greater than the saturated levels.
(T - .64) copper screen placed .125 cm from the photo- Figure 3 shows data where the signals are larger than
cathode. The detectors were typically operated at the Child-Langmuir space charge flow prediction.
lOOOV. The detector array was exposed to soft x-rays
generated in a laser produced plasma. Rd-Glass laser,
which can deliver up to 50J in 7 x 10 sec-focussable
to 1 x 10 W/cm , was used to illuminate aluminum or
gold targets to generate the hot plasma. 4a

To study XRD saturation we placed the three detec- I I

tors at 58 cm, 98 cm and 228 cm from the source. We
then recorded a large number of signals from shots which 3 -

had different laser energies and different target mate- - -

rials. This procedure enabled us to observe the
response of the detectors over a wide range of x-ray 2 -

intensity. The above technique was carried out for bare o -

XRD's and attenuated (screened) XRD's. The data was - b -

recorded on Tektronix 7912AD's which allowed rapid data i -

reduction.

Ill. EXPERIMENTAL DATA 0 -
/  

- -

A. Data From Unattenusted Bare XRD's 0 20 40 60 80 100

Our first objective was to study the saturation of 1. E-09 SEC
the simplest XRD possible, an unattenuated bare XRD.
For low x-ray fluences the detectors, when corrected
for solid angle, yield nearly identical signals (+ .05).
This is importai because it allows us to see small
deviations from unsaturated behavior. Figure 1 shows Fig. 1. Unattenuated bare D signals showing detector
a typical data set. The data is corrected for detector saturatio. Detectora ab, and c are at distances of
solid angle. The signals from two of the detectors 228 cm, 98 cm. and 58 cm respectively.
show signs of saturation. The saturation is very
distinct and occurs at exactly the level predicted by
Child-Langmuir space charge limited flow. The saturated

0094-243X/81/750278-0251.50 Copyright 1981 American Institute of Physics
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Equation 1 is the traditional form for Child-
Langmuir space charge limited flow. We can cast

1.0 equation I in a more useful form for x-ray diodesI.23x106AiVL 
3 / 2

a---- I= 2.34 x I0-6 A (amperes) (2)

.8 b A is the detector area in cm 
2
, V is the applied diode

W voltage in volts and d is the anode cathode spacing in
6cm. This formula accurately predicts the saturated
.6 -levels of all of our data except for one specific case

-described below.
.4 c An XRD needs charge to provide a signal as it
.- gets it from the capacitance of the detector and

nearby cable. Because the charge in the local

0 - - _ capacitor also provides detector voltage we have the
possibility of charge depletion reducing the "local"
voltage and causing premature detector saturation.

0 20 40 60 80 100 The solution is to reduce the absolute signal size
by decreasing detector aperture. (Note that the

1. E-09 SEC charge available - length of cable - is proportional

to the pulse duration of the radiation.)

V. CONCLUSION

Fig. 2. Attenuated (with screens) bare XRD signals Space charge limited flow is the saturation

showing gradual detector saturation. Detectors a, b, mechanism for x-ray diodes. Unattenuated bare XRDs

and c are at distances of 228 cm, 98 cm, 58 cm saturate abruptly at precisely the value predicted by

respectively. Child-Langmuir space charge limited flow. XRD's which
have been attenuated with low transparency copper
screens begin to saturate at signal levels less than
the predicted value and do so in a gradual fashion.
It is important to realize that this saturation might
not be noticed if no unsaturated reference signal
existed.

Aa

b a) This work supported by the U. S. Dept. of Energy.

Oc

0 20 40 60 80 100

1. E-09 SEC glo w

Fig. 3. Attenuated bare XRD signals showing over-
shoot in the saturated signal. Detectors a, b, and c
are at distances of 228 cm, 98 cm, 58 cm respectively.

IV. CHILD-LANGMUIR SPACE CHARGE LIMITED FLOW

The peak signal from an XRD is determined by
Child-Langmuir space charge limited flow. When there
are large numbers of electrons in the anode-cathode
gap electric fields produced by the electrons in the Rick Spielman of Sandia discussing his poster paper
gap repel other electrons leaving the photocathode. with David Nagel of NRL and Paul Mix of Sandia.
There exists a steady state solution for one-dimension
cold electron flow.

4 (m)
1 / 2  3 / 2 

(esu/sec-cm2) (1)

e 4Ird
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The Reflecting Properties of Soft X-Ray Multiloyers

Alan E. Rosenbluth and J. M. Forsyth

Laboratory for Laser Energetics, University of Rochester, 250 East River Rd., Rochester, N.Y.
14623

ABSTRACT

We treat a variety of problems in the theory of soft x-ray multilayer mirrors. A
characteristic matrix solution to Maxwell's equations is presented that applies to both
periodic and non-periodic reflectors whose layers can possess arbitrary index gradients.
Procedures are derived to maximize multiloyer reflectivity in the kilovolt and sub-kilovolt
regime. A refractive correction to Bragg's law is derived that includes the effect of
absorption as well as the effect of dispersion. Multilayer reflectivity in the presence of
random thickness errors is treated analytically. An analytic treatment of different kinds
of interfacial roughness is described. The reflecting properties of the multilayers may
contain qualitative signatures that are characteristic of the different kinds of roughness.
The effect of interlayer diffusion is discussed.

I. Characteristic Matrix Analysis of X-Ray
Reflectors

Our analysis of x-ray multilayers proceeds from a
solution to Maxwell's material equations, given that KINDem.
the multilayer structure has a spatially varying I

complex dielectric constant a. In this respect our
analysis follows the Ewald-von Laue dynamical theory of o0
crystal diffraction. In the dynamical theory it is ......
assumed that e is three-dimensionally periodic, as in a
perfect crystal. We assume that * is a function only
of the coordinate z normal to the multilayer surface; e K+ lot 1a-
need not be rigorously periodic. tolleft envumm

In this case it is known that the wave equation
can be separated into ordinary differential equations,
whose solutions can be put into characteristic matrix
form.' The characteristic matrix solutions for
homogeneous layers are commonly used in optical
multilayer calculations.

In the visible, these differential equations must
be solved numerically in the case of a general
structural profile, but for the x-ray regime we have
solved them analytically under the assumption that
I-I << l . Essentially, we treat the material medium z.- / z-s z
as giving rise to a perturbation in the vacuum fields. z c f by ----

We now present this solution. 4(zn A(Z)a 12e(Z)-11.
Let the plane of incidence be the y-z plane.

Fig. 1. Decomposition of reflector into unit cells.Define:"
S Polarization P Polarization

E Ex E =  /cose We note that the structure as determined by
y

H /case (1) A(z) i/2( (z)lI) need not correspond to a succession of
y H H x  homogeneous layers, but con have an arbitrary variation

The characteristic matrix solution for the Kth along z.

cell of the multilayer shown at right is: If PK is the amplitude reflectivity of the stack ofo., -#-R 4 (cells K-i, K-2, ... I, then:( ) (cs= .. 3( )Fo ElP= & (4)

. 4 (tg+fl) -co +pK MR (2)

From these we can derive a difference equation
where: that propagates the amplitude reflectance from unit

cell to unit cell. This is analogous to the amplitude
#, a .s 2& Cos !-r 0 dc#JdzAt(zcos ± Cos 0 recursion formula that is used to propagate the

A cell A / reflected amplitude from single layer to single layerin optical multilayer calculations. The equation is:

2. 2 ) -(,.-,,
JXZ) aL[.04).1 P, s me 0 f" dz A(z)sin 1  cs p =e pK-(iy-p)-(iy+p) P2  5>

2 Cll14 K I~ K K

own.2w rceydzA(z) ta-sin#a-m (3) This equation is particularly useful in analysing
ell non-periodic multilayers.

(Here we follow the optics convemion where is measured to the normal.)
0094-243X/81/750280-06$1.50 Copyright 1981 American Institute of Physics
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II. Equivalent Parameter Analysis of Periodic where am A -Sr
Reflectors This is also the reflectivity of an x-ray

multilayer having J cells.

, l. Optimization of Reflectivity

A computer program can be used to determine the

;--- _optimum layer thicknesses in an x-ray reflector viaEstandard optimization algorithms. A study of such
optimized designs shows that if the radiation energy is

I -I 1 above about 100 ev, a bilayer reflector that is
zz. periodic can achieve nearly the maximum reflectivity

z-- -that is possible from given layer materials.
The results of the computer study agree with a

Fig. 2. Structure of unit cell In a bileyer reflector. theoretical analysis we have made. It can be shown
analytically that if J is large, the reflectivity of an

optimized periodic reflector is an extremum with
respect to an arbitrary perturbation in structure.
(The structures of the different cells need not be
perturbed equally). This analysis neglects small terms

A multilayer with a bilayer structure consists of proportional to the square of the difference of the
alternating homogeneous layers of two different index of refraction from one.
materials. If the thicknesses of the different layers
of each material are equal, the multilayer is periodic.
By placing the cell boundaries at the midpoints of the
L layers the cell structure can be made centrosymmetric
as shown in the diagram above.

Then the parameter p is zero, and the
characteristic matrix solution becomes:

)s (6) 10.3

0.2-$

where. 44
IA 4 =-~0 .0 77 + 0.053 1

V' . AL=-.018 + 0.0032 i

(7)w U A0.1- X= 130A

-2y[IrAL + ob. (AN - A0)

This has the form of the well-known characteristic 0.0
matrix solution for a single homogeneous layer having 0 10 20 30 40 so
an index of refraction na and phase thickness A:'

NUMBER OF LAYER PAIRS J

1. n(J)ofne.o dn"s6P1ndsatsechJ (2JdegmoEIruemn)
Ek, cos A .(i/fl)si A\/EK L. R(J) *Ipwkxcdigpmopiutdi~at 9&M J (2 demS of kedm)fl (J )(8) & fl(J)*fsapdicdmd1-opmfhIhdtJ__( I l

HR., -in, in n 0. Co 'A ' HK Fig. 3. Comparison of optimization schemes.

To match this matrix to the characteristic matrix for
the unit cell of an x-ray reflector, eq. (6) we must make the For this reason we now concentrate on the periodic
assignments A r +%/ t'- y' and v,6/ (t-y) , where case. When J is large, the reflectivity of a periodic
t w #-# . The two matricies will be equal to within multilayer with a centrosymmetric structure is given by
first order in #and A.

This matching of matricies is an example of what 6+t
in thin film optics is known as the method of p-. - wbe 6 (10)
equivalent parameters.2  There is a straightforward y

analogy between the properties of the single equivalent Let a dot represent a derivative with respect to
layer and the single cell of an x-ray reflector, some structural parameter. Using p--(6+t)li' one can

A reflector with J cells corresponds to a stack of obtain a general optimization condition on the
J equivalent layers, which is, in effect, a single intensity reflectivity R-pSPe
layer of phase thickness JA. ____

By letting £,mI+P, and Hml.p, ,we can kI-21-Re -2K-ke .0 Q13)
obtain the well-known expression for the reflectivity /(
of a single layer: A similar, but slightly more complicated result can

l(n - I/n,) tan (i) () be .tained If p*iO
2 2.i.,+ I/n.) tan a(J) e show ' , in sec. IV, eq. 16-17, that at the

wo.,, of k reflectivity, 6 Is pure imaginary.



282

The condition for maximizing the peak reflectivity Re (116) = 0
is therefore: or

Im(i-t)-o (12) Re (6) - 0 (17)

As on application of this result, we consider the The some condition is obtained in the general case
problem of optimizing the H to L thickness ratio in a when p$O.
multiloyer with a bilayer structure. The requirement that Re (8) - 0 is the same as

In order to do so we apply our optimization requiring that the real part of the equivalent phase
condition to the parameter thickness A. equal w, which is different from the usual

requirement in the absence of absorption that the real
2.- dn (13) part of the optical phase thickness equal w. The

4 coo Z dL difference is a consequence of the presence of multiply
reflected beams. In an absorbing structure, these

and obtain a condition first obtained by Vinogrodov and beams undergo phase changes upon reflection, causing a
Zeldovich for the case of reflection at normal phase change in the overall oscillation across each
incidence:3  cell.

Since 8 m VTT, we can write our requirement
ta n5,"5.+ WIM(AL) (14) that Re (8) = 0 as im (ea) = 0, which con be shown using

i,-(Au- I) the Schwarz inequality to automatically imply
Re[() < 0 The condition Jm (e) - 0 can be manipulated

More generally, we consider mth order diffraction, to give:

and let A. - w (di/dx+de). We obtain the optimization co s- I y PP 18
condition: Cos 06 -Cos 0 = W +

mgIm(&-)

j'm A. = . + mI(A - AL) (S) where primes and double-primes denote real nd

imaginary parts. This result was first discovered by
F. Millers in the context of crystal diffraction, and

In the plot below, and in the other numerical independently by us in the context of multiloyer
examples of this report, we have used preliminary reflection. P. Lee, of LASL is a collaborator with
values for atomic scattering factors from a forthcoming us in this work.
compilation.' These have generously been provided to In the usual formula for the dispersion
us by B.Henke. correction, the term in square brackets is missing.'

The first term in parentheses, ji', can be considered
to represent dispersion, the term in square brackets
absorption.

The relative magnitude of the two effects are
compared in the plot below. The ratio ploted is

WIC wwUa yw Ratio - - (19)
ad = too A e'-82
x = 23.s A

6 . s mflfl numb i where 1% a-rcos A/2d), 0, is the true Bragg angle as
corrected for absorption and dispersion, and e, is the

2 Bragg angle as corrected for dispersion only.
It can be shown that the absorption correction is

M always smaller than the dispersion correction, but as
the plot shows there ore cases in which the two are0"* ~comparable. The absorption correction must therefore

dbe included whenever an accurate matching of
* 01_ wavelength, angle, and 2d-spacing is required.

Fig. 4. Reflectivity as a function of thicknes ratio. 1.0

Tufngpl-Carbo MuNitiser
2d i00 A
X Is wad"b

0.8

IV. The Absorption Correction to Bragg's Law 02 . R w fi 0 d c ch.wn

e. -e, to o R st echX.
0.6

It is well-known that the Bragg condition for
crystal diffraction, 2d cos 9 - A, must be corrected for
the dispersive effects of the crystalline medium
(following the optics convention, 8 is the angle of 0.4
incidence to the normal). It is less well-known
however, that Bragg's law must be corrected for
absorption as well as for dispersion. A

In our formalism, the parameter # represents the 02
detuning of a multilayer from the simple Bragg angle

• a arcos (A/2d), through the relation:

2 = - (casee - case ) (16) o __o X; __ A_____,

go. g0
o  40. s0

•  
0.

To find the exact angle of maximum reflectivity we MLE oF PEAX REFLECTIVrY
optimize the structure with respect to the parameter#.
Then using the optimization condition introduced above Fig. 5. Comparison of absorption correction to dispersion
(eq.(lI)), aid setting 0 - 0, - I, we get: correction.
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V. The Effect of Random Thickness Errors On < P, > (2u + *2f (25)
Multilayer Reflectivity 2v -wE,

Random thickness errors in an x-ray multilayer can
cause a severe degredation in reflectivity. Even when wiaI (u/D e-2(J-1)u

the errors are small compared to the multilayer's T+(_UII Ej ; =e u ___-(i0__

2d-spocing, they can cause a significant cumulative
dephasing if not compensated for during the fabrication.

Previous theoretical analysis of the effect of The accompanying figure shows <I> plotted as a
random thickness errors is largely limited to the work function of RMS thicness error in a particular example.
u, Shellon on optical Bragg reflectors. '  Shellan We have tested the accuracy of the analysis by
treats thickness errors as a small perturbation in the making a Monte Carlo simulation. A computer program is
structure of dielectric reflectors having a small used to generate a large number of randomly perturbed
coupling constant per cell. X-ray reflectors have a multilayer stacks, and to compute their mean
small coupling constant, but it may not be adequate to reflectivity. Sample results are shown in the plot.
consider the errors in x-ray reflectors to be small The plot also shows a computation of &x/x as a function
perturbations that cause only a small degredation in of RMS thickness error.
reflectivity. In the soft x-ray regime it is also There are no free parameters in the fit of the
important to include absorption, which can be the major analytic expression to the Monte Carlo results.
factor determining the reflectivity.

We have met these requirements using an analysis
based on the amplitude recursion equation introduced
above (eq. (5)). This equation is:

p =2iN P)p -( iy-p)-(iT+p) 0, (20) o.3 0.0714K+1 K (

We treat#as a random variable with mean . .- n

<#K> = r - (2r<d,>/X)cose (21)

and known variance < 60' >. In a bilayer reflector, 1 ow MOM*j //

< -o'0(<A?>+<&'>(22) 02 J .

if the errors in the L and H layers are independent.
We make the problem analytically tractable by .

first dividing PK into a deterministic and a

non-deterministic part, Pr - < AL > + ZK, and then
making use of the inequality: CAM

< I Xz> < <1 'Lt > < 1 (23) 5- _

The right inequality is fairly strong in the soft
x-ray regime, where absorption is fairly large. The O 0 I l

right inequr' ity is also particularly strong when OA IA

< ao > ) I u 1, since the reflectivity is then mm wc m P"m no ML (A)
severely degraded by the thickness errors.

On the other hand, the left hand inequality pFlisuwe ci ng .sesWI.
becomes very strong when < A#'> 4 II, since sto M . d.?AA.-U.-

<10K > U when the errors are small.
For these reasons I X is generally 4 I; in our

analysis we therefore neglect terms that are cubic or Fig. 6. Effect of random thickness errors on multilayer
higher in i. Our approximation is accurate in the reflectivity.

limits < A*> ),- 1land <a> c ll, but is also
fairly accurate in the intermediate region.

In a similar way we treat the K-dependence of Pi
and i'K in an approximate way that is correct in the
limits <a4 > -I Jl,<,&'> ,1,1, K 4 i aI', or when VI. The Effect of Interfacial Roughness On
the absorption is sufficiently large that I pl4 I. Multilayer Reflectivity

The final result for a reflector with J-1 cells
is:

Eastman has developed numerical methods to treat
r I~the effect of layer roughness in optical multilayers.4

<R>=l<>11 1+ 2 [-eaf (24) We have used similar physical assumptions to treat
I -E, 2 1. certain kinds of roughness in x-ray multilayers

analytically. Our model assumes, in effect, that the
near-field reflected beam above any point on the

E E- e, e e4(J-)Re(u) - e multilayer's surface can in principle be calculated by
-Re ~ inserting local values for the layer properties into an

" (;/F /2) 2 Im (Z)+ Re(u) J algorithm that computes the reflectivity of multilayers
with planar interfaces. Such a scalar model of the
roughness requires that the transverse outocorrelation
length of the roughness be large compared to the layer
thicknesses. A more detailed discussion of the
physical assumptions of the scalar model is given in

where: ref. 8.
S -4(J- I~rr(b) Ref. 9 discusses the limitations of scalar

ej J t-(-ip)< P)> scattering theory in comparison with more rigorous
theories. In general the scalar theory is best at

f--it +< &* predicting total specular and diffuse reflectivities
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and at predicting the angular distribution of the level as more and more layers ore added. However in
diffusely reflected beam at angles close to the the case of roughening films the proportion of the
specular beam; it cannot predict polarization effects, reflected light in the specular beam steadily

One kind of multilayer roughness that has been decreases, since the upper surfaces get steadily
treated with the scalar theory is that which Eastman rougher.
calls "identical films", in which all layers are The acceptance angle of rmiiltiloyers with
considered to reproduce a common roughness profile smoothening films is not greatly influenced by the RMS
(generally that of the substrate). The autocorrelation magnitude of the roughness. In Ine case of roughening
length of the roughness in the longitudinal direction films, the acceptance angle is increased in somewhat
is therefore very large. Spiller et al. and Hoelbich the same way as would be caused by an increase in the
et al. have discussed the effect of roughness on x-ray layer bulk absorption constants.
multilayer reflection in terms of the some expression
as results from the identical film model., IZI

We hove modeled two kinds of non-identical 0.3
roughness in which the longitudinal autocorrelation 0.3
length is very small, so that the roughness profiles of
the different layers ore uncorrelated. We refer to the WIC ufllyar
two as "roughening films" and "smoothening films". dw = 7. A d, = 2S. A

In the case of roughening films, we assume that 0= 0 Iftyprl
the errors in the local layer thicknesses above each A= 67.1
point on the surface cause a cumulative dephasing, so
that the absolute roughness of the top layer increases
in a random walk fashion as more layers are added. One 02
may consider the formation of these films to be such
that the granularity in each layer is independently
added to a baseline of roughness established by
preceeding layers.

Under the assumptions of the scolar model, the 0
near-field amplitude is given by the equation for

one-dimensional thickness errors discussed above. The
far field coherent reflectance is obtained by
evaluating: 0.1 'o F"'

Rhco ,Pfo field

J-1 (26)2iKZ1lO(X )  (6

=( Fourier transform(< PD(x)e)12 RoughlFMl'

Here x is a coordinate along the surface, and ptD(x) is 0.II
the near-field amplitude as measured at the upper 0.0 1.0 2.0 3.0 4.0
surface of the multilayer. This upper surface is
rough, so the factor exp(2iY.OK) must be used to RMS ROUGHNESS (A)
propagate pmo(x) to a mean plane, where the for-field
amplitude can properly be evaluated via the Fourier
transform. Fig. 7. Effect of roughness - reflection into specular beam.

The argument of the transform is independent of x,
so Rh will be a delta-function of the angle of
reflection. . can therefore be identified as the
specular beam. Our expression for R. in the soft x-ray
regime is given below (eq.(27)).

A diffuse beam is also present. The total
intensity of the diffuse and specular beams is
determined by the total absorption, which is the same Our expressions for specular reflection in the
as in the case of ID thickness errors discussed above, presence of roughness assume that the absorption has

We have also developed on analytic model for the reached its steady-state value. Our expression for the
kind of roughness we call "smoothening films". Such case of smoothening films assumes a bilayer structure
films may be considered to have a leveling nature and Gaussian statistics for the roughness.
during some stage of formation, but to nonetheless Our expression for roughening films is:
possess an intrinsic roughness after formation is
complete. We therefore assume that an error in the p <=I2 < Ap>V > < ID > (Fj - G ,.,)
local thickness that a layer has at some position on X+ < a#' >
the reflector will be compensated for in the thickness
of the next layer deposited. The roughness height
necessary to cause a given drop in reflectivity is + 2 < Pe> G) H) (F' , -1)12 (27)
therefore much larger than in the case of roughening
films, because the thickness errors do not accumulate where:
(see plot).

It turns out that the smoothening property of this
type of roughness causes the intensities of the diffuse 2= )2ii(J-1)
and specular beams to become equal only at a level of Fj= e ( Gj-e
roughness where the total reflectivity has been
decreased quite substantially (via an increase in
absorption). In contrast, with roughening films, the
two become equal at a roughness level where the total i y+p
reflectivity is only slightly decreased. With j e -- r; <0 D> (28)
identical films, the total reflectivity is unaffected ij DeD(

by the magnitude of the roughness.
With films of both the roughening and smoothening < p > is given by eq. (25),

types, the total absorption reaches a steady-state and the remaining symbols re as defined above.
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ABSTRACT

We have fabricated and tested transmission diffraction gratings with spatial periods
of 0.2 and 0.3 pm and gold thicknesses of 0.25 and 0.65 Pm respectively. The fabrication
process included holographic lithography, ion milling, x-ray lithography and gold micro-
plating. The gratings were coupled to a Wolter-type 22x grazing incidence microscope,
forming a high resolution imaging spectrometer. This spectrometer demonstrated a spatial
resolution of . 1 pm and a resolving power, X/AX, 200 at .69 nm. The observed spectral
resolution, AA, was source size limited.

INTRODUCTION was held in intimate contact with the PMMA by applying

an electrostatic potential between the substrate and

Transmission diffraction gratings complement graz- an aluminum film on the back side of the polyimidemem-
ing incidence reflection gratings, crystals and multi- brane. X-ray exposures were done with the CK x-ray
layer films as spectroscopic tools in the soft x-ray (A - 4.5 nm), in PMMA over a plating base of 10 nm
region. Specifically, transmission gratings are versa- Au/10 nm chromium on a substrate which was either
tile, cover a broad spectral range, require no critical
alignment, and are easy to implement in various spec-
tromet-ic instruments. In this article we discuss the
fabrication of gold transmission gratings with spatial
periods of 0.2 and 0.3 um at gold thicknesses of 0.25
and 0.65 pm, respectively, the coupling of such grat-
ings with a 22x Wolter x-ray microscope to form an
imaging spectrometer, and spectrometric measurements
using the tungsten M lines (1). In previous work (3)
minimum spatial period was 1 pm and gc-d thickness was
0.5 pm.

FABRICATION OF GRATINGS (1)

The fabrication of the gratings began with holo-
graphic lithography. We used a He:Cd laser (X = 325 nm)
and a configuration in which spatial filters were the
final elements in the two interferometer arms. As a
result, the grating period increases as a function of
distance from the center of the interference pattern.
The spatial filters were positioned about 1/2 m from
the substrate. Assuming spherical wavefronts, it is
relatively easy to show that in the plane of the inter-
ferometer the spatial period increased by 1 part in 10

4

at distances or 5 and 7 m from the pattern center for --- m-
0.3 and 0.2 um patterns respectively. This distortion
can be made arbitrarily small by increasing the dis-
tance from tha spatial filters to the substrate.

For the 0.3 mm period gratings we exposed in
50 nm thick AZ 1350J photoresist (2), on \ 70 ra

thick gold, on n 1 um thick polyimide on silicon wafers. Figure 1
The gold was then ion beam etched (Fig. 1) and a polyi-
mide membrane x-ray mask was produced by epoxy bonding An SEM micrograph of an x-ray mask consisting of
the polyimide to a ring and then chemically etching a- a 0.3 om period grating in 70 nm thick gold on polyi-
way the silicon substrate. This mask was then used to mide. This grating was produced by holographic lith-
expose . 1 pm thick films of PNMA. To minimize line ography and ion beam etching.
widening due to diffraction and penumbra the x-ray mask

0094-243X/81/750286-04$1.50 Copyright 1981 American Institute of Physics
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0.5 pm thick polyimide on a Si wafer (for the case of For polyimide-membrane supported gratings, the
membrane supported gratings) or a bare silicon wafer silicon substrate behind the grating area was simply
(for the case of free-standing gratings). After re- etched away chemically. Since polyimide absorbs strong-
moving any resist residue between exposed lines with a ly (i.e. > 10 dB/4m) at wavelengths between 2.5 and
02 plasma, gold microplating was carried out in a com- 4.3 nm and beyond % 7 nm (5), self-supported gratings
mercial solution (Sel-Rex BDT-510) (4) at a tempera- are preferred for spectroscopy at these wavelengths.
ture of 450C and a solution pH of 8.5. A plating rate To accomplish this we photolithographically superim-
of 10 nm/mmn gave the best results. After plating, the posed and microplated a coarse grid on top of the
PMMA was dissolved in chlorobenzene. Fig. 2a shows the 0.3 pm grating. First a 0.5 pm thick layer of AZ 1350B
PMMA after exposure and before microplating. Fig. 2b (2) was spun over a 0.3 pm period, 0.45 jm thick, gold
shows a completed gold diffraction grating, grating on a silicon substrate. Then a second layer

of 3 jm thick AZ 13503 resist (2) was spun on. A 6 im
period grating was exposed perpendicular to the 0.3 Um
period grating and a 160 Um period grating was exposed
parallel to the 0.3 um period grating. This grid was

- then electroplated to a thickness of 3 pm. The line-
width-to-period ratios of 6 pm and 160 pm period gold
gratings were 5 to 8 and 1 to 8, respectively, so that

30% of the area of the 0.3 um period grating was un-
obstructed by the support grid. After plating, the
resist was dissolved and the silicon behind the grating

etched away.
The 199 am period gratings, with slits of 40 nm in

gold 250 am thick, were fabricated by a multistep pro-
cess that permitted piecise control of the linewidth-
to-period ratio. These gratings were fabricated for

use in experiments on spatial-period-division, an ap-
plication where such linewidth control is essential
(1,6,7). The fabrication procedure started with holo-
graphic lithography which produced a grating pattern
in -. 50 am AZ 1350J resist (2) over 10 ma thick Cr over
20 nm thick Si3N4 on (100) Si wafers. Chemical etching

L of the Cr, followed by reactive ion etching of the Si3N4,
followed by KOH anisotropic chemical etching produced
a sawtooth-profile structure in the (100) silicon (8).
A polyimide mold taken from this structure was then
epoxy bonded to a ring and obliquely shadowed with

Figure 2 25 am of tungsten to produce an x-ray mask with 3 dB
contrast, and 40 nm wide lines on 199 mn centers (8).

(a) An SE* micrograph of a 0.3 pm period grating This was then x-ray replicated in 150 ma thick Pl04.
in PMMA, 0.7 pm thick, on a gold plating base, produced over a 1 jim thick polyimide membrane on a Si wafer
by x-ray lithograhv. followed by liftoff of 10 m Cr and 60 nm Au. After

etching away the silicon, this yielded an x-ray mask
with. -i 40 nam wide slits in gold 60 ma thick. This
"polarity-reversed" mask was then replicated into
250 nm thick PHMA over a 1 jim thick polyimide membrane
on a silicon wafer followed by liftoff of 10 am Cr/

'0 '4r0007 0 nm Au to yield a third x-ray mask having the same

00 10000,1 0000 poaiy" as the original sawtooth mask but with much
# -P V V 044 higher contrast (, 8 dB). This third mask was then

0.40 I used to expose 40 nm wide lines, on 199 am centers,

4e 0 in 250 nm thick PHMA over a gold plating base on poly-
imide ovor a silicon wafer. After gold plating to a

thickness between 200 and 250 nm the final grating was
epoxy bonded to a ring, and the silicon was etched away.

IMAGING SPECTROIIETER

We coupled the thick gold transmission gratings
to a Wolter design grazing incidence microscope with a
magnification of 22x (9), thereby producing a high re-
solution imaging spectrometer, Fig. 3. Gratings were
supported on a 0.5 vm thick polyimide membrane. Most
of the work described below used the 0.3 um period
gratings rather than the 0.2 Uim period gratings due to
the thicker gold in the former (8 dB attenuation vs 3.3

dB attenuation at A - 0.69 am).
The theory and performance of the 22x Wolter

microscope used in this work has already been described
in detail (9). The microscope has demonstrated a spa-
tial resolution of 1 um when the full annular aper-

Fig. 2(b) SEM micrograph of a gold grating pro- ture is utilized. In the imaging spectrometer work,

duced by electroplating into the openings of the PNMA the grating subtended only n 2.5% of the annular aper-

grating in (a). ture, (diameter of the grating -. 7 mm), and the re-
mainder of t'ie aperture was obstructed.
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Figure 3

Schematic diagram of the imaging spectrometer. A
gold aperature mask was back-lit by the radiation emit- ZEROTH RDE
ted from a tungsten anode. The 22x Wolter microscope
focuses the transmitted x-rays onto an image plane after
first passing through the grating. The diffraction
pattern is recorded on film.

An electron bombarded tungsten anode was used as
a source for testing the imaging spectrometer. The

characteristic Ma, M6 and MHY lines have wavelengths of
0.698, 0.676 and 0.609 run respectively. A test pattern
mask, consisting of an array of apertures ranging in Figure 4

size from 6 x 9 to about 2 x 2 pm in a 4 pm thick gold
foil, served as the object in the imaging spectrometer. Diffraction pattern showing the d, om and ta
The spectrally dispersed images of the test pattern lines of the tungsten anode. A microdensitometer trace
mask, in addition to the zeroth order image, were re- of this figure indicates a X/AA of 200 at X - 0.69 nm.

corded on a variety of x-ray films (Kodak type M. AA,
KK, No Screen), Fig. 4. As seen in Fig. 4, the tung- thicknesses up to 0.65 um. The gratings were coupled
sten M lines are clearly resolved in the first order
diffraction pattern. The dispersion, da/dA, at the with a Wolter 22x grazing incidence microscope to form

film plane, measured between the No and 
M
6 lines, is an imaging spectrometer. The M., H and M, lines from

19.6 mm/nm, which agrees with the calculated diaper- an apertured tungsten source were recorded on x-ray

sion to within 1/2%. film. A dispersion of 19.6 un/m, and a resolving

The minimum feature in the image plane (image of power of % 200 were measured, the latter being source
the smallest aperture, nominally 2 x 2 um) had a full- size limited. Such thick gold transmission gratings

are highly versatile elements for x-ray spectroscopy
width-at half maximum of 66 pm in the zeroth and Ma  and diagnostics, and cover a broad spectral range.
first orders, as determined by densitometry traces.The spectral resolution, AX, is thus They can be readily coupled with other instruments and

do not require any critical alignments.

X < (66 pm)(
ds - -  

3.37 x 10
- 3 
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A Streaked, X-Ray Transmission Grating Spectrometer
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Abstract

A free standing x-ray transmission grating has been coupled with a soft x-ray
streak camera to produce a time resolved x-ray spectrometer. The instrument has a
temporal resolution of -20 psec, is capable of covering a broad spectral range,
2-120 X, has high sensitivity, and is simple to use requiring no complex alignment
procedure. In recent laser fusion experiments the spectrometer successfully recorded
time resolved spectra over the range 10-120A with a spectral resolving power, X/&%
of 4-50, limited primarily by source size and collimation effects.

A free standing x-ray transmission grating is a line). When detector spatial resolution limits
linear, periodic grid of gold wires or bars with Amine then its value is given by Eq. (3) using the
sub-micron spatial period. The grating structure is detector spatial resolution as the value for T. When
supported by a coarse grid orthogonal to the grating source size and oollimation limit Amin then
lines. Because of its simple geometry, the TG is a Amin = M given y Eq. (1).
uniquely versatile spectroscopic dispersion element. A time integrated x-ray spectrum from a laser
It accepts radiation at all angles of incidence, illuminated, si02 disk target is shown in Fig. 2.
thereby requiring no detailed angular alignment in The spectrometer configuration of Fig. 1 was used
its operation. It can, therefore, be easily coupled with photographic x-ray film as the detector. In
to instruments of high temporal resolution. In this configuration the spectrometer characteristics
addition the TG's have high efficiency, and provide were:
continuous spectra with moderate resolution over a
broad spectral range. d - 3000 1 S 100 Us

Piq. 1 shows a simple x-ray transmission grating D - 63 am A - 100 Va
spectrometer viewing a small laboratory source. In L - 74 am film resolution a 10 Ma
such a configuration the spectral resolution (limited
by source size and degree of collimation) is given by yielding a spectral resolution (Eq. (1)):

A d /L (S +A) + d/D (A) (1) Al 1.31

The spectral range was limited in this case at low
where d is the grating period, D is the grating to energy by the carbon absorption of the polymer

overcoat on the x-ray film, and at high energy by
distance, S is the source size, and A is the source size and collimation effects.
collimation aperture opening. When A free standing x-ray transmission grating has

AD>> -- L (2) been coupled to a soft x-ray streak camera, and used(S + A) to record the first time-resolved (- 20 psec

the second term in Eq. (1) may be neglected. resolution), continuous, soft x-ray spectrum from a
However, in many applications involving limited laser produced plasma. The experimental arrangement
detector size (such as the slit of a streak camera) used is the same as that shown in Fig. 1 with the
Bo. (2) cannot easily be satisfied. The spectral slit of the x-ray streak camera serving as the
range of the spectrometer is typically limited by detector. Fig. 3 is a schematic representation of
detector characteristics1 . The maximum wevelength the experiment along with the data record from a gold
that can be recorded is disk target. In this time-resolved configuration the

A dT (3) spectrometer characteristics were:
D

where T is the linear size of the detector 2 (e.g. d-3000 S=lO0ujo
for a streak camera T would be the slit length). The D - 31 cam A = 100 In

minimum wavelength that can be distinctly recorded L - 76.6 cm Streak camera resol. =- 150 Vm
will be limited either by spatial resolution at the
detector, or by source size and collimation (leading Thlpeal res
to overlap of the D.C. and first order spectral collimation, was

AX = 2

The long wavelength limits to the spectral range were
Slotold& the finite slit length (1.3 cam), and absorption due

to the 50 pJgm/cm2 carbon window at the streak
Z~slh camera slit. In each case the long wavelength limit
wder~ was around 120 A. The short wavelength limit, around

T It ardw 2 A, was established by collimation limitations, and
the limited spatial resolution of the streak camera.

bThe time resolved TG spectrometer has been used
in a number of different geometrical configurations

FG. 1. A simple x-ray transmission grating (,varying resolution and spectral range) to address
spectrometer design, the important issues of radiation production and

0094-243X/81/750290-02$1.50 Copyright 1981 American Institute of Physics
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Fig. 2. A time integrated x-ray spectrum from a
laser produced plasma, recorded by a transmission
grating spectrometer.
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Fig. 3. A time-resolved transmission grating Pig. 4. Time. resolved x-ray spectrum from a "plasma
spectrometer. transport' laser target.

plasma transport in laser fusion experiments. Fig. 4 Technology Submicron Structures Laboratory, and a
shows time resolved spectral data recorded from a number of groups at Lawrence Livermore National
laser Irradiated Al-Ti disk target. In this case the Laboratory. The authors wish to acknowledge the
directly irradiated alumininum disk was surrounded by Skilled contributions of their colleagues both at MI1T
an unirradiated annualar ring of titanium. The and LLNL: G. Howe, G.d. Stone, U.M. Campbell, R.
difference in temporal characteristics (e.g. turn-on Turner, D. Ciarlo, H.I. Smith, J. Melngailis, J.
time) between the Al-K-lines and Ti-L-band provides Carter, HI. Medecki, and E. Pierce.
important Insight into radial plasma transport
phenomena. 1. The other possible limit to spectral range is

the transparency of the grating material at high
C10"CLWSION x-ray energy. In this case, using gold gratings

greater than 0.5 Wm thick, grating
A Marriage Of two powerful technologies has transparency is not the limit to spectral

provided a now spectroscopic capability. An x-ray range. Streak camera characteristics: finite
transmission grating has been coupled with an x-ray slit length, finite spatial resolution at the
streak camera to provide time resolved (-20 pse), slit, reduced sensitivity at high x-ray energy,
continuous x-ray spectra over a broad spectral and low energy x-ray absorption by the carbon
range. This now spectroscopic tool offers insight to window, provide the limiting factors In time
the key issues of radiation production and plasma resolved applications.
transport In laser fusion experiments.

2. We have in practice not found spectral overlap
ACzIMIMLIooarINwrS with higher orders to be a limit to Ame in,

our laser fusion experiments. This is in large
This work is the result of close collaborative part &ie to the reduction in diffraction

effort between the Massachusetts Institute of efficiency in higher order.
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ABSTRACT

Transport of energy in laser-produced plasmas is scrutinized by devising
spectrally and temporally identifiable characteristics in the x-ray emission history
which identify the heat-front position at various times in the heating process.
Measurements of the relative turn-on times of these characteristics show the rate of
energy transport between various points. These measurements can in turn constrain
models of energy transport phenomena. We are time-resolving spectrally distinguishable
subkilovolt x-ray emissions from different layers of a disk target to examine the

transport rate of energy into the target. A similar technique is used to measure the
lateral expansion rate of the plama spot. A soft x-ray streak camera with 15-psec
temporal resolution is used to make the temporal measurements. Spectral discrimination
of the incident signal is provided by multilayer x-ray interference mirrors. These
synthetic x-ray crystals have been characterized for reflectivity and bandwidth and
exhibit resolutions a r of 10 to 90.

AE

INTRUUUCTION THE STREAKED SPECTROMETER

Th~e rate of energy transport in laser irradiated This paper describes a new instrument capable of

targets can be stuaiea using spectrally-Oistinguish- the detaileo measurements requireu for such experi-
able x-ray emitting materials tu signal tne time- ments with five time-resolveo narrow-uand energy
aepenoent heating rate at different positions in the channels below one kilovolt. The energy channels
target. Experiments can be uesignea with either consist of Bragg diffraction oanas on the oroer of
axial or lateral variations in target materials, e.g. 1- 10 eV wide ovtaineo from 1puttered multilayer
layered targets or annular target designs. Time- x-ray interterence mirrors. A soft x-ray streak
resolved measurements of the x-ray emission at appro- camera 4 is used to simultaneously time resolve
priate photon energies can then establish the history tne five side-by-side energy cnannels. A schematic
of energy propagation in the experiment. Such mea- representation of this streakeo spectrometer and the
surements add additional experimental information to layereu target experiment are shown in Fig. I. X-rays
the active research areas of energy transport modeling from the emitting plasma are diffracteo from five
ano hydrodynamic simulation in the inertial confine- separate multilayer strips onto the photocatnode slit
ment fusion conmunity. of a soft x-ray streak camera. Tne diffracted beams

Soft x.rav atd cma

Lawe
ir~dildedFilt m*

X-ray
-0 • -io

Laserd25Thin Be Is Multilolm X-rn

inMr mimna

LALow

Figure 1 The streaked spectrometer system provides narrow-band, time-resolved, measurement of
x-ray emission from laser plasmas. A Be-on-Al layered target is shown here. X-rays
emitted from the laser-irradiated target are diffracted by five separace sputtered
multilayer synthetic crystals onto the photocathode slit of a soft x-ray streak
camera. The diffracted beams are filtered through thin absorption foils before
reaching the photocathode.

**Address: Stanforo University, Stanfora, CA.
***Aadress: University of Hawaii, Honolulu, HI.

0094-243X/81/750292-05$1.50 Copyright 1981 American Inatitute of Physics
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Table 1. Multilayer Interference Mirrors and Filter
Cnaracteristics

Channel energy 1U2 eV 27 eV 6bi eV 737 eV 943 ev

Bragg Angle 250  2b, 27.10 .bo

a-spacing (A) l/b 65 21 21
(eff = 143 A)

Scattering material/ V/C Ti/C W/L W/C wi
spacer

Width AE (eV) 10 7 b lu

Integrated reflec- 3.6 I.e9 U.46 0.40 u. l
tivity (mrao)

Peak reflectivity (%) 10.8 1U.6 5.1 5.1 1.o

Filter material/ Be/I pm C/2.65 m Ai/TuDO A Al/70U A Al/7UUO A
thickness

are passed through absorption filters before reaching at the desireo photon energies and the a-spacings are
the photocathode. Tnis instrument comoines the specified by the Bragg equation,
strengths of both multilayer interference mirrors ano mX =d sin 0 - z
soft x-ray streak camera technology. The multilayer =6/sin )
synthetic crystals can provide hign reflectivity Here 6 is I-n, the index of refraction decre-
(1-406 in the subkeV region), narrow channel width, ment, 0 is the Bragg angle of diffraction, m is the
and versatile channel energy selection (variable diffraction oroer, A is the x-ray wavelength, do
d-spacing). When coupled with the tem oral resolu- is the actyal d-spacing of the material and
tion (15 psec),3,4 large dynamic range5 (103), do(l-6/sin28) is the index-of-refraction-
multichannel detection capability and shot-noise dependent effective d-spacing of the multilayer for
limited sensitivity of the soft x-ray streak camera, the x-ray wavelength of interest.a powerful diagnostic comb~ination is produced for a Diffraction characteristics of the sputtereD-variety of x-ray measurement requirements. Multi- multilayer synthetic crystals are measured using

channel, narrowbana, temporally resolved data from fluorescent line emission6 near the channel
recent energy transport experiments of the design energies at whicn the multilayers are useD. Tne
Described above are presented. Full analysis of efTective d-spacings are obtained from the angle of
these data will be publisned at a later time. the first-order Bragg peak. Integrated retlectivity

The energy channel positions of the five-cnannel (over diffraction angle) and the rocking curve width
sLreaked spectrometer system are very flexible. The pruviue peak retlectivity (Ph) and uragg peak FWHM
initial system was designed to provide coverage of (AE) characteristics. These quanticite' are
the subkilovolt region at 102-eV, 267-eV, b53-eV, tabulated in Table I.
737-eV, and 943-eV photon energies. Multilayer Surface reflection, particularly at low x-ray
designs used in this system are based upon Bragg energies, can impose a significant bacKgrounD ut
angles near Wb. Relatively large Bragg angles broau spectral character on the total signal in eacn
decrease surface reflection anu allow convenient detected channel. This low-energy backgrouna is re-
alignment and instrument positioning. The multilayer ouced to acceptable levels using aosorption filteriny
materials are selected to give optimum reflectivity and large Bragg angles. Figure 2 demonstrates the

Refiectwitv of 55 A Transmision of 2.65 pm Efficiency of
Ti/C multilayer at 25* carbon filter multilyer-filter combination
0.12 0.30

0.10 0.25 0.020-
c
.20.80.20 - .10.015 -

0.06 0.15 - i

.0.04 0.10

0 =10 0
100200300400 100 200 300 100 200 300

Photon enrwegy @V) Photon enew (V) photon enery 1eV)

Figure 2 Absorption filters are used to eliminate the surface (Fresnel) reflection contribu-
tion the diffracted signal. The 267-eV, 55-A spacing Ti/C channel is shown here.
Surface reflection is approximately calculated with a semi-classical model using a 1:1
mix of titanium and carbon. The Bragg diffraction peak superimposed on this surface
reflection is shown in the first box. The transmission function of a 2.65-m thick
carbon foil (second box) is used to filter the signal from the multilayer. The
combined response of the channel in the third box shows that the reflective back-
ground Is reduced to a negligible level.
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1.0 Csl photocathode (15X Au W/C -

" sensitivity) substrate/filter 21 A 23.20
.

0.8 - transmisio included

0.6 21 A 27.80 W/C - -

0,4 T:/C - 15 A 25-
0.4 VC- 55A 25

°  
Figure 4 Raw oata streaks in five channels obtained

143A25' from the x-ray emission of an Au disk
0.2 target. The target was heated by a

1.06-pm,, l.5-dJ 735-psec laser pulse at

0 1%3 x 10lI-w/cm peak intensity.
0 200 400 600 80 1000

Photon energy (eV)

Figure 3 Spectral response of five narrow-uand Bragg-
aiftracteo energy channels below one Kilo- originally recorded on Royal X Pan film, is converted
volt. Measured Bragg peak characteristics to temporal profiles of x-ray intensity using a
of the multilayers are combined with density-to-exposure stepwedge calibration of each
calculations of surface retlectivity, piece of film. These temporal profiles, averaged
filter absorption ano CsI photocatnoue over the spatial extent of tne channel, are displayed
efficiency to obtain these estimates of the in Fig. 5.
total system reponse. Experiments were performed to examine energy

transport oth into the disk target (raoial transport)
anu in tne lateral direction. Disk targets of Al with
Be coatings at a variex of thicknesses were shut at

neeo and effectiveness of this filtering technique an intensity of 3 x lu w/cm. tlear ana repeatable
for the 267-eV channel. The reflectivity of Ti/C temporal modulation of the emittea x-ray flux was
multilayer at 250 is approximated by the reflectivity observed from the layered targets. The character of
of a uniform 1:1 mix of caroon and titanium calculated the modulatiori changes with Be thickness ana is
using a semiclassical dispersion theory.

7 
This consistent frow shot to shot. Figure b is an example

reflectivity added to the Bragg diffraction response of 1 4bU-psec large scale structure on the emittea
of the multilayer is shown in the left-most box of x-ray temporal profile. The target was an Al aisk
Fig. Z. When the total multilayer response is with a 0.27-pm Be coating. The incident 1.06-1m,
multiplied by the transmission efficiency of a 89-J gaussian laser pulse had a 720-psec FWlHM. Tne
?.o5-pm thick carbon absorption filter, the trans- temporal profiles in each of Figs. 6 and 7 are abso-
mittea contribution outside the Bragg peak at 27 eV lutely timed with respect to each other and are
is negligible as shown in the right box of Fig. 2. normalized to unit peak intensity for convenient
Absorption filters used to filter the five channels comparison of relative temporal shapes. The 102-eV,
are listed in Table 1. 737-eV, and 943-eV channels are shown. The 267-eV

The five energy cnannels shown in Fig. 3 are and 653-eV channels exhibit similar structure. The
calculateo using tne measured Bragg diffraction emission history from a bare Al disk irradiated with
characteristics of tne multilayers, calculateo a 742- sec, l.U6-pm, 90-J laser pulse at
estimates of surface reflectivity, filter transmis- 3 x 1014 W/cm

2 
is displayed in Fig. 7 for

sion efficiencies ana the streak camera photocathode comparison. Again the 102-eV, 737-eV and 943-eV
response. The Csl photocathode response is apgroxi- channels are shown. Tne temporal profiles from Al
mated here by an Ej(E) energy oeposition model disks are much flatter on top than the Au disk data
scaled by the 5-pg/cm

2 
carbon-foil-substrate shown in Fig. 4 and have significantly longer

transmission efficiency. Aosolute calibration of tne emission times.
complete system response remains to be oone.

ENERbY TN "NPUkT MEASUREMENTS CUNCLUSION

Time-resolved measurements of x-ray emission from In summary, important narrow-energy-band, tempo-
laser irradiated targets have been made at the Argus r.lly-resolvea information about energy transport in
laser facility. The streaked spectrometer is posi- laser plasmas has been obtained using multilayer
tionea with 98-cm target-to-multilayer path ana a x-ray interference mirrors coupled to a soft x-ray
47-cm separation between the multilayers and the streak camera. This diagnostic technique should
photocathode. Figure 4 is a streaked image of x-ray stimulate much aaitional experimentaton and analysis
emission in the five channels from a 31-J, l.Ub-pm, with emphasis on the spectrally-resolvea temporal
735-psec laser irradiation of a Au disk at emission charcteristics of the plasma to indicate

4 x lO4 w/cm peak intensity. Tnis raw data, energy transport properties.
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10o2

10

a Au disk
31JI735 Psec
No.31061214
SX6, CsI - 7

Tim (puac)
Figure 5 Temporal x-ray emission profiles of the data displayed in Fig. 4. Raw film

density data is converted to intensity using individualized stepwedge
calIibration of the Royal X Pan film. This technique preserves the large
dynamic range characteristics of the data.

C

94 e

Figure b Temporal emission history of a O.27-uam Be
c coated Al disk in three spectral channels.

10-1 Large scale temporal modulation is clearly
- eviaent in the two higher-energy channels.X

The three channels are normalized to unit
O.27MmrnBeon At peak intensity. The target was heated by a

Argus, .06juml.Ob-tai, 89J Z20-pse gaussian laser
E~pu lse at 3 x10'4 W/Cm489J, 720 psec

Z 10-2 3 X 14~ Wicm
31052912SX6, Cs]

Time (psec)
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ABSTRACT

This paper describes an eperimental arrangement utilized at SSRL
for obtaining high-quality Fraunhofer diffraction spectra from a group of
specially-fabricated gold transmission gratings prepared at IBM. The data
taken will ultimately be utilized to estimate the optical constants of gold
in the 120 eV-640 eV range, but in the present paper our focus is on the new
advances achieved in the attained spectral quality of our measurements in thisrange and on the improvements that are plausible in future utilizations of the
same experimental scheme.

I. INTRODUCTION

In recent years, there have been at least three IBM. The motivation for the experiment was the com-
experiments (exclusive of the experiment under present putation of the optical constants of gold from the
discussion) performed at SSRL that have looked at the ratios of the first-to-zeroth order intensities of the
far-field intensity spectra of ultrafine gold trans- measured spectra (5). In this paper we would like to
mission gratings in the soft x-ray range (100 eV - describe the experimental scheme and to show some of
1300 eV) (1,2,3,4). The most recent experiment, de- the spectra obtained with our apparatus. Subsequently,
scribed in this paper, was designed to take precise we will discuss some of the shortcomings of our set-
measurements of the spectra of several specially- up and to indicate areas where improvements in future
prepared gold gratings fabricated by E. Spiller at experiments can be easily implemented.

0094-243X/81/750297-04$1.50 Copyright 1981 American Institute of Physics
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II. THE SOURCE EXPERIMENT principally in the range of thicknesses from 800 9 to

The schematic profile of an ideal grating with about 3500 R. Given these two conditions, it is clear

rectangular translucent bars is shown in Fig. 1. It why gratings with relatively large periods were

has been shown that (5), subject to minor corrections required. Assuming, for a rough estimate, that a 
% 2d,

arising from the real-life gratings' imperfections, and that the thickest grating was about 2500 R thick,
if two gratings are chosen with parameters a, d, the :ondition W<<(a-d), orW<<d, implied that d > 10 W

for our thickest grating, or that a 1 50,000 R f;r our
i, and a2, d2 , W and measurements of the first-to- thickest grating. Since this would lead to an intrac-

zeroth intensity ratios are made tably small dispersion, gratings with a - 25,000 I
were chosen, but with bars wider than a, in order to

A - (1) (o) maintain the condition W<<a-d) reasonably well.
A I h1 (1) Even with a - 25,000 K (i.e., 400 1/m), the dis-
B l -/(o) persion was so small that a dispersion length of 13'

B 2 12 /±2 (2) was found necessary to separate the oth and 1st orders
at about 800 eV (see Fig. 2).

then the optical constants 6 and k (where ri (1-6+ik)
is the complex index of refraction) may be extracted
from the two equations

(1+AI)Cos 2W 16 - cosh 2nW Ik + A1 cosh (27141k+rl) - 0
(3)

(1+Bl)cos 2r 26 - cosh 2irW2k + B1 cosh (27r42k+r2) - 0
(')

where

r1  i In (dI/(a 1 dl)) (5)

r2  i In (d2/(a2-d2)) (6)

and2"

A A [ sin2 , cosih21r]j (7)

-BB [ 1  a2  2 cosh 2 2] (8) 1 t

It has also been shown that wherever the grating
bar edges are not ideally rectangular, then, for
equ.'s (3) and (4) to hold, the condition W<<(a-d) Fig. 1. End view of ideal rectangular grating.
must hold reasonably well (5). In addition, it is

known that observable interference effects arise in
ultrafine gold gratings in the soft x-ray range

TEST GRATINGS

oa11 o:P 83030001/m - MIT A6

t

(up/dowi
mtioe)

. m io . top l

Figure 2. Soh~em of esprimental s, t-up to Manmo optical eo0tmte.s
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III. PRACTICAL CONSIDERATIONS the principal (precision) normalization channel was
damaged during the course of the experiment, and we

The principal factor determining the specific have normalization data only from a secondary normali-
format and the overall dimensions of the experiment zation channel, which will affect the cited accuracy of

was the new Grasshopper monochromator, the source for our results.
our experiment (6). It has been established in
previous work that the output of this instrument is V. THE SPECTRA
very dirty, containing large harmonic components in
the 40 eV-200 eV range, and scattered light components Figures 4,5,6 and 7 show several selected spectra
in the 300 + eV range (2,3,4). As a result it was taken off one of the test gratings. When compared to
decided to place a filter grating at the monochromator's spectra taken in previous experiments, (1,2,3,4) their
output in order to isolate the principal component superiority is striking. The slight assymetries in
spatially (in first order), so as to maximize the the observed orders stem principally from misalignment
monochromaticity of the light hitting the test gratings.
In addition, a double-slit system was used to spatially NsI US *u,31 5-4.t1 aDs-I a.".4 SM-?
resolve the light hitting the gratings of a .3 sm slit tA.Y1aU, M. SLI-. mTlGSesm

soli fSlUT DOSY-FM2 SEP" OF 5before the filter grating and a .65 m slit before the . , . m I I I , g I i
test gratings) so as to minimize the distorting effects
of the refocussing mirror optics on the light hitting
the test gratings. The entire schematic of the to.- 120 EV
experiment is given in Fig. 2. A picture of the sample
grating holder with the gratings in place is given in

*Fig. 3. log.-
As is seen in Fig. 2, the lst order of the filter -

grating was actually unused. This is due to the fact - .

that the monochromator output was an order of magnitude .
below its expected intensity and the lst order power 50.o-
off the filter grating was too small to take reasonable
measurements with. - "; " . -

.00 5O.00 15.00

MM
Fig. 4. Spectrum at 120 eV (Disp. length "13').

M WIN0 - 01-.M-0 MPS'I oJa-4.iSRO LY, NN MOE. gSlIT einT1NG:6.
i
me

' : - 180 EV "

-- 4; 4_.-j
5.00 500

Fig. S. anmple grating holder uteel. Fig. 5. Spectrum at 180 eV (Disp. length -13').

Otl.' 14= MODI E. SL.ITS- GM TING:6.001
XM 0I 120CV. DOW SWP -

I g I I, l , -

IV. DETECTION SCHEME

Since the experimental budget did not permit the 240 EV
purchase and use of a position-sensitive detector, an
existing double-channel-plate detector was modified
and used in an up/down mode. In order to optimize the
counting statistics on the peaks of the intensity 500.0-
spectra, the detector was arranged to sense the
presence of peaks and to sit at a point until a pre-
determined number of counts (nominally 10,000) was
reached, and only then to move to the next point. Be-
tween peaks, the preset count limit was automatically :
changed to a low number (nominally 300), so that de- 0.C0. --4--'\-- .e . 4 -,... - ....... a
tection times would not be prohibitively long. 9 50.00

Measuring the intensity in this manner, it was clear MM
that a normalization channel was necessary (to account
for beam decay, fluctuations, etc.) Unfortunately, Fig. 6. Spectrum at 240 eV (D.sp. length -13')
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IS, Uh Fl, st4a suS-i oNWu.n ue- a position-sensitive detector, the results clearly

*MY=, Pam 10. mLI- 0tnM.i indicate that the experimental technique is valid and

"FX, I I I I should be developed further in subsequent experiments.

Some immediate suggestions for improvement would
- clearly eliminate most of the systematic errors that

- 400 EV - showed up in our experiment:

. -1) Better gratings, with uniform properties over
_--their entire surfaces (this would preclude the
- required misalignment of the gratings with respect

to the horizontal plane).
-0 - 2) A position sensitive detector (this would entirely

obviate the need to monitor intensity for normali-
-- • "zation).

3) A mucb better soft x-ray menochromator (high out-
cam'0 - . '" ' - " 4 " - put, no harmonics and no scattered light would

25.0o 5o.oo obviate the need for a "filter" grating and would
MM cut the experiment length in half).

Fig. 7. Spectrum at 400 eV (Disp. length -13') Since we expect that future developments in the
fields of x-ray instrumentation and grating fabrica-
tion will help to realize the above three requirement
we conclude that the experimental technique tested in

of the sample wheel with respect to the horizontal our described experiment holds great promise for
plane. This causes a "tilt" in the diffracted accurate and efficient measurements of optical con-
spectrum, and if the detector travel axis is not stants in the soft x-ray range.
centered precisely on the Oth order, it can pick up
one order more strongly than its symetric opposite. REFERENCES
In addition, the light direction changes out of the
monochromator versus frequency. Imperfections in the 1. H.W. Schnopper, L.P. Van Speybroeck, J.P.
single spectra (i.e., departures from the ideal Delvaille, A. Epstein, E. K1llne, R.Z. Bachrach,
"Gaussian" shape) are evidently caused by inhomogenei- J. Dijkstra, and L. Lantward, Applied Optics,
ties in the light off the refocussing mirror (Fig.2) Vol. 16, No. 4, April 1977, 1088-1091.
as well as by imperfections (support bars, dust, etc.) 2. J.P. Delvaille, H.W. Schnopper, E. K~llne, I.
on the gratings themselves. However, all these Lindau, R. Tatchyn, R.A. Gutcheck, R.Z. Bachrach,
discrepancies may be accounted for and they do not J.H. Dijkstra, Nuclear Instruments and Methods,
seriously detract from the overall high quality of 172, 1980, 281-285.
the measured spectra. 3. R. Tatchyn, Engineer's Thesis, Stanford University,

March 1980.
VI. CONCLUSIONS 4. Experiment done at SSRL in 1979. Results un-

published.
We have described an experiment done at SSRL in 5. R. Tatchyn, I. Lindau, and E. KRllne, Optics Acts,

February, 1981 designed to measure the optical con- Vol. 27, 1980, 1505-1536.
stants of gold. Even though several initial assump- 6. T.-iStohr, V. Rahn, I. Lindau, and R.Z. Bachrach,
tions were not realized throughout the experiment, Nuclear Instruments and Methods, 152, 1978,
and even though a sparse budget precluded the use of 43-51.
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Canonically Blazed Transmission Gratings:

Analysis and Modelling Results

R. Tatchyn and I. Lindau

Stanford Synchrotron Radiation Laboratory and

Stanford Electronics Laboratories, Stanford University,

Stanford,'California 94305, USA

ABSTRACT

In this paper we present a blazing scheme thay may be generated
on any rectangular grating and that is sufficiently general to cover all
conceivable cases of linear blazing imposed on rectangular transmission
gratings. Characterizing the blazed grating completly by a group of
parameters, we develop the analytical formula for the intensity spectrum
of a blazed grating set perpendicularly to the irradiating light in terms
of these parameters. The analysis given is valid for the regions of
material properties and light energies where refraction may be ignored.
Practical implications of the modelled equations are discussed and are
shown to have great potential in the development of new instrumentation
in the soft x-ray range.

I. INTRODUCTION

In recent years, the manufacture (1) and analysis 6) A E light wavelength
(2,3) of transmission diffraction gratings has shown 7) N E Fourier transform of the field distribution
considerable progress. Experiments performed on such across a bar top surface
gratings have shown excellent agreement between the 8) A E Fourier transform of the field distribution
observed and predicted results in the soft x-ray across an open aperture
range (2,4,5). The fundamental far-field Fraunhofer 9) N E number of illuminated bars
diffraction model has proved to be an excellent pre- For the case where interface effects may be
dictor of observed results in this range, and an ex- ignored,and for a wave of unit amplitude, the follow-
tension of it to cover the case of blazed grating bars ing transforms are directly derived:
is fully warranted.

The principal motivation behind the investigation M = (a-d) (sinc(a-d)s) exp C-2wi(6-ik)W3 (2)
of non-rectangular bar shapes is to identify the bar
shapes and grating operation conditions that maximize A - d sinc ds (3)
first-order diffracted power, since transmission grat-
ings of the type we are considering are excellent Substitution of (2) and (3) into (1) yields the
condidates for use as monochromator dispersion following expression for the far-field intensity of
elements in the soft x-ray range. It is already known the grating shown in Fig. 1.
that even for rectangular bars (see Fig. 1), symmetric
enhancement of both first orders is possible by over
a factor of two at certain energies and at certain
preferred thicknesses of the grating bars (W in Fig. 1)
(2,3,4).

In the following sections we will show that by
blazing the bars in a canonical fashion we can
demonstrate first order enhancement of almost a factor
of three for a typical gold grating and the possibility
of very high efficiency (almost 100%) into first order
for materials that have negligible attenuation and that ... .
are reasonably phase-active in the soft x-ray range. F

II. THE IDEAL RECTANGULAR GRATING

The far-field intensity spectrum of an ideal I I t I
rectangular grating whose bars are characterized by
the complex index of refraction A = n+ik - (1-6)+ik LIOT
is given by (Fig. 1):

(sinirsw:) 2 + exp(wisa) 2 Fig. 1. End view of ideal rectangular grating.= sinwsea

The following definitions apply to Fig. 1 and
eq. (1): @in OR 2

1) a E sine of the observation angle with respect () - ) Ixp(-2U k) *os 231J(a-d)esiW(a-d)s +
to the grating normal. sin ORl'

2) m E observed order. At the'various orders, sn=/a _
3) a E grating period in wavelength units (oolsa)Gemds] - itxp(-W)s I a-4)53(S-4)5]I
4) d E grating aperture size in wavelength units
5) V 2 grating bar thickness in wavelength units (4)

0094-243X/81/750301-03$1.50 Copyright 1981 American Institute of Physics
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2

afinda ( ) 2 
)-2rWk

+) (2 e cns +a(d sinc(d)) )
(2*oosa)axp(-M )d (a-d )umds (ine (amd )a )oo SI+2 _ + a 2(6 2 k 2)]

d2 nine2 do (5) x (cos 2W 06 E(s-a) sin (a-d)(s-6)cosk ir(a-d)kme

I -kacosTr(a-d) (s-a6)sinhTr(a-d) ka]

Equation (5) gives the far-field intensity at the -sin27W 6 [ktsint(a-d)(sU6)cos%(a-d)k
various orders for a wave of unit amplitude and inter- 0
face reflection effects ignored. - (s-a6)cosir(a-d)(s-a-)sinkit(a-d)ka]

III. THE BLAZED GRATING +d2 sin&2 ds)(7)

Computing R for the blazed grating under the same IV. MODELLING
assumptions as for the rectangular grating and assum-
ing refraction to be negligible, yields (Fig. 2): We have run eq. (7) on the computer using gold as

the grating material (i.e., the optical constants of
gold) (6). In order to compare the performance of the
blazed to the unblazed grating we have plotted the

C< = ) BLAZE SLOPE (-01) ii(-1) ,(o) i1 (o) and
blazed unblazed' blazed unblazed'

i(1) /I(I) for an ideal rectangular grating
blazed unhlazed

of thickness W for various degrees of blazing and for
a few period/aperture ratios (a/d=2, a/d-4), for three

ii energies spanning the soft x-ray range (Fig. 3). It

W wo

i.i
P , -- ---- L. 200tV

I .L - 600.v
-10000v

Fig. 2. Schematic description of a canonical 0. 1
blazing schem imposed on a rectangular grating 3
of thickness W 3-

ox:21A(4-ik)] x L. O

ezp(-11i(a -oC(J-ik))(a-d)) - exp(11i(s e(-k)(- 0.2-

2i(o -*L(-ik)) (6) ,, , , .0 o 0.2 0.4 06 0 0.2 0.4 0.6 0 0.2 0.' 0.8

ALPHA ALPHA ALPHA

It is clear from Fig. 2 that the blazing 
scheme

shown is completely general, i.e., any degree of blaz- Fig. 3. Blazing effects on the -1st, Oth, and
ing may be imposed on any rectangular grating config- Ist orders of an unblazed gold grating. The
uration. This reaffirms our original claim that our
proposed blazing scheme is canonical, curves extending out to n-.4 are for gratings

Inserting (3) and (6) into (1) gives the follow- with (a/d)4 and those extending out to a".6

ing expression for the far-field spectrum of the blazed are for gratings with (a/d)-2. Wo-1500 ;
grating (where we indicate the intensity of the irra- a blaze slope.

diating light to be I );

is clear that blazing is very efficacious in enhancing
the first-order efficiency of a typical unblazed

Z grating. From the results in Fig. 3 we can conclude
It) (±ind. that suitable blazing is an important design parameter
T . and, once the current technology becomes capable of

designing transmission gratings with blazed bars, it
o (a-d)fa- *o3(a-d)(s4) is anticipated that blazing will be used as a standard

[26282 enhancement technique for /I()(°) maximization.
Equation (7) contains an important implication

when we follow up the enhancement of the blazing effect
by letting d approach 0. This situation is depicted
in Fig. 4. With d-o, eq. (7) becomes
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2 -4wW k cosl 2waka - coo 2ra(s-a ) V. CONCLUSIONS
I!s) I sinirsNa) ___________cosh________1 0 2 .2 .2-2k)Io07 sn_2sa 8 2w S-2csS + c2(62+k)J We have derived the canonical blazing formula

(eq. 7) and have demonstrated that blazing can be ex-
Og) tremely efficacious in enhancing first-order efficiency

in the soft x-ray range. The condition of almost ideal
If we had a material that fulfilled the conditions efficiency into first order is clearly equivalent in

the limit to the well-known case of a linearly graded
k f 0 (9) phase grating (k = o) or a linearly-phased antenna

array. Fortunately, for most materials in the soft
6>> k (10) x-ray range k < 6, but the conditions k - o, k<<6 are

not very well realized. For most materials k is small-
then cosh2naka + 1 , and eq. (8) would become er enough than 6 so that quite efficient gratings may

be obtained by blazing, - if greater efficiency is de-

iis) n /sinwsNa 2 sired, one must try to either locate or synthesize
- sinf-sa) materials where the conditions k"o k<<S do obtain.

At any rate, we have clearly demonstrated that blazing
is warranted, all things considered.

-4 Wok 1 - (Cos2wa(s-6) -sin 2 (a(s-))) In addition to the above remarks, we would like to
o2 2 suggest that a simple technique may be used to obtain
2iw a-as a blazed configuration such as shown in Fig. 4 in order

to test the analytical results in this paper. Since
blazed (ruled) reflection gratings are available, one

or could utilize a copy of the master grating, made out of
2 4WWok2 some suitable etchable material, as a matrix on which

ii!) (innsNa e a sinc2 a(s-ad) (12) to deposit a gold (or other) film. Once the copy
I sinsa matrix material is etched away, the configuration ofFig. 4 (or one similar to it) should then remain.

Now, it is clear that sinc 2a(s-a) is just the In conclusion, based on our results, we feel that
2 significant future work should be allotted to the

function sinc2 as shifted by the amount a6. But, sinc development of controllable blazing schemes for ultra-
as is zero for all m 0 o, where s - m/a. Therefore, if fine gratings and also to the investigation of struc-
we let tures and materials that fulfill, or come close to ful-

filling, the conditions (9) and (10) over the soft
ad - 1 (13) x-ray range.

we see that (12) will be zero for all orders other than REFERENCES
the first, a condition of 100% efficiency into first 1. J.H. Dijkstr, Space Science Instrumentation, 2.
order. The configuration is shown in Fig. 4. 1976, 363-372.

2. H.W. Schnopper, L.P. Van Speybrueck, J.P. Delvaille,
A. Epstein, E. K1llne, R.Z. Bachrach, J. Dijkstra,
and L. Lantward, Applied Optics, Vol. 16, Nos. 4,

s1007 EFFICIENCY" April 1977, 1088-1091.
__0__EFF________ATN_3. R. Tatchyn and I. Lindau, Nuclear Instruments and

CONFIGURATION Methods, 172, 1980, 287-291.
4. J.P. Delvaille, H.W. Schnopper, E. KHllne, I.

Lindau, R. Tatchyn, R.A. Gutcheck, R.Z. Bachrach,
J. H. Dijkstra, Nuclear Instruments and Methods,
172, 1980, 281-285.ai 5. R. Tatchyn, Engineer's Thesis, Stanford University,

March 1980.
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-Fig. 4. Blazed grating configuration and material
conditions, for attaining -100% efficiency into 1st
order.
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ABSTRACT

Synchrotron radiation facilities (such as SSRL) could be used to-manufacture superfine,

i.e. high line density gratings with -5.104 lines per sm.

SUGGESTED METHOD difference between any two waves will be : fl w

(where fl is some chosen number), provided that
To produce superfine gratings, an interference

pattern is set up between two branches of a bA < f 1 o
sufficiently monochromatic and coherent x-ray beam of -

wavelength A > 100A. o 2 V

The interference line pattern is recorded on a
polymer (e.g. PIEA). Recording with an
accuracy of about 200JL is possible at these values of s) cOLLAnMRITV

i A.

Figure 1 shows a schematic view of the proposed Let a beam contain waves of wavelength Ao"
setup. (Bach wave may travel in a different direction.) The

direction in which the wave travels makes an angle 6
with the 2 axis. All 6 lie within the interval

PURPOSE OF GRATINGS Figure 2b shows that at a point PA all waves

are in phase, than at P3 the phase difference
High line density gratings can be used as (1) between any two will be < f2l (f2 in some chosen

(A) Diffractive or focusing elements in
x-ray imaging number), provided that

(B) Miniaturized circuit element
(C) A research tool in solid state physics f2 (2)

Generate 2-dimensional "crystal"

structure
Study: Bloch oscillations

The fine structure of Landau C) SOURCE SIZE

levels Choose the Z axis to be horizontal. Let the
Narrow stripe of monolayers surface of the *source* (which emits photons) be

rectangular, with horizontal diameter (along the X
axis) Dsx, and vertical diameter (along Y) DBY'

CONECE REQUIEMENTS (GENERAL) The "target" surface (which is illuminated by
photons) is also rectangular, with diameters Dx and

A) NOC MATICMT! Dy.
Let a parallel beam contain wavelengths within Figure 2c shows that if two waves of wavelength

t a tervallel ba ntain wavelengths" wit are in phase at some point P on the source
teinterval A0 ± hj A where &A((A0 .

Figure 2a shows that if at point PA all waves surface, then at the time of their respective impact
on the target surface the phase of the tw6 waves will

in the bean are in phase, than at PE the phase differ by <f 3 s (f3 is some chosen number), if the

source-target distance L, satisfies

recording L [ 2 + A 2 ] F/f 3  i-xy
_9ource surfac

-2 (%nsi + %D 2 if Insi I S. 1nil

- ----------- 2D i Di if Itsil I 1iD (3)

Here F-1. If the surfaces are not rectangular, then
the correction factor F jil, but of order unity.

blo Of CGM= 33g1J1P3NTS (FOR THE GNM OF FIG. 1)silt interference
unit For the geometry shown in Fig. 3, the Dsx,

Fig. I The beam produced by the source is led Day are the horizontal and vertical diameters of

through a double slit. One of the two branches in the source, i.e. that (section of an) electron beam
reflected off a mirror by an angle 2E. The two which emits photons. The DR and Dy are the
brawhe produce an interference pattern on the horizontal and vertical diameters of the illuminated
reording surface. "target surface*, L is the largest optical distance

0094-243X/81/750304-05$1.50 Copyright 1981 Aurican Institute of Physics
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PAT

L"

Fig. 2a Two plane waves with wavelength o -ig. 2c The distance between the enter of the

and, + ( e U < travel M along the source (whose diameter is D.) and the center of the
z axis from point PA to point P.. At PA the plane target* surface to be illuminated (whose

two waves are in phase. Then, clearly, at PB they diameter i. D) by the source, is L. L(Ps,P) is the

will be out of phase by A$- 2f ,1- distance (shom by the dash-dot line) between any
wiloe-u point P of the source, and some point P on the

2wAM AX . illuminated surface. The path difference between two

), 2 photons which travel from a chosen point Ps to any
0 two points Pi and P2 is IL(P s , Pl)-

L(PsP 2) B AL. The maximum (over all Pl, P2

pairs) of AL is AmaxL. When a-- ,also L >> D.,

- and L >> D, then

1 (P. + % D)
2  ' P D

m a 2L a D ; I F IP s l < ID I

, is the viewing angle through which the diameter of
the target surface is seen from Pa. The will be
used later.)

... ._I1 \ '"\-
\I \

X - * This choice is consistent with condition (3), and
_ogether with (3) implies (2a), provided that

16f 2 2

Fig. 2b One plane wave with wavelength X o travels 3 A +

along the z axis from point PA toward'PB. Its

crests and valleys at a certain moment are denoted by
parallel dash-dot lines (the distance between every EXPOSURE TIME: T
second such line is Ao ). A second plane wave with

wavelength )o travels along k. The angle between k nV: Numuer of photons required to impinge

and the z axis is AO. Crests and valleys of this per unit surface of recording material
to imprint a clearly recognizable

wave at the same moment are located along the dashed interference pattern.
lines. This wave produces a field pattern along z n(O): Number of photons emerging from the
which is periodic by Ao/cosAe B '. storage ring at a particular synchrotron

radiation port, during time T
(O
) with

wavelength in the interval (ho ±

hb(O))), emitted into a four
between the source and the recording surface. Then dimensional phase space volume 40)
AL- -h (for I - w/4) and Eqs. (1) and (2) can be Jo) (see Appendix).

rewritten as It is slow. in the Appendix that when Dsx,

Dy, Dx and D. are all fixed, and L is chosen

/ < flAo Ids- optimally, then the phase space volume lilled by
o h "useful" photons (i.e. those which can be used to

produce an interference pattern) is that given by Bq.
(A-4). For such optimally chosen L the exposure time

e& [(A 2 + (A6ey)
1 1  < 2 f2 (oADh)" . (2a) needed to produce the desired interference pattern is

A . A () (o) /1 D 2 2
o w to chose L. ideally, each P. on the source h y 0 * X f o 2h 3
surface should illuminate the entire target (i.e. Ae N(O) 2 J 1

o flf3 2 bx y
S(Dsx + Nx)/L, Aey > (Day + Dy)/L), but o

not more, because that would be wasteful (photons where B is a function of Dsx, Day, Dz, Dy and
missinq target). To minimize waste, choose is give at the end of the Appendix.

N is a factor (<1) included to take into

Ae s . (D + tx)/L , AfO - (Dey + Dy)/L (4) account absorbtion on mirrors and in the
ax y y y monochromator.



306 source shield illuminated:'(electron (target)
i;:,beoo surfaceI

Fig. 3 A slit Dam wide and Day high is placed

between the source (here the electron beam) and the
area to be illuminated. A6 is the maximum angular

divergence permitted by Eq. (2). For large enough L,
the accepted angular divergence is automatically
<he. (The horizontal and vertical diffraction angles
due to the slit are approximately ko/Dax,
Xo/Dsy. For the parameters listed in Table I,

these can be neglected.)

PROPOSE EXPERIMENTAL SETUP TAGT

SOURCE Its surface is perpendicular to the 2 axis. Its
diameters are D., and DBY" We denote by bx andChose Xo " 1001 by the ratios Dx/Dsx and Dy/Dsy

The circulating electron bean (i.e. *source") respectively, and expect bx , by to range betn
parameters are listed in Table I.

To decrease the effective source size, a slit about 0.1 and 20.
Dam wide and DBy high is placed between the
electron beam and the area to be illuminated, at a PHOTO BEAM
distance L. from the bea. When the parameters are

chosen as in Table I, diffraction effects due to the Choose Fl, f2 and f3 as listed In Table 1.
slit can be neglected: The source, as seen from the When the photon distributinm in wavelength, angle and
target is rectangular (so that F - 1 in Eq. (3)), position are all uncorrelated, then the total phase
with diameter Dsx and D B. difference (due to all distributions) between any two

Tobhe 1.

Source Target

(m) .3.2 D3X m) D b.

aOy Wm 1.6 Dy Wm D y by7

Ae0(urad) 1.7

Photon beau requireaents
AY (mad) 1.6

'
(0
) 

2  1  3.91022 lf 3  2-12"1

W.)-2ANyt f2 10-2

D*0(m) 0.3 Awlo -  
5.9" 10'6th

( Dx \2
ry=0 .3 ("' 310 c .,,o

L8 (ce) f 10

Table I The left half of the table lists the assumed
source arameters. The cx, Oy, he1, hey are
the beam radii and angular spreads.

The right half contains the target parameters and

conditions on the beam as a function of b. S

Dx/Ds3 and by -2 D1 /Dz for the assumed
fl' f2 and f3 values.

Ln



photons emitted in phase at any point of the source, SmaU ceocillations of the entire target along the
at their impact on the target is Z axi have negligible effect. Oscillations

perpendicular to Z should be kept to less than 0.1 s-.
2,l Oscillations of individual mirrors in tht

6 + ; 2 interference unit should have amplitude t 25A. It

The monochromator has to produce a bean with (to is desirable to manufacture the entire unit as a

satisfy condition (la)) solid block.

- .. l0-5  (8)
, I. b cwusu

Assuming that L is chosen to satisfy condition (4), At an SSRL port, under the most unfavorable
requirement (lb) in circumstances, A 10-

2
cm x 10-2cm grating with

L0 cline density of 5 104 lines per -- (5 • 103

L <(9 4.65) lines per grating) could be manufactured within a

couple of weeks of exposure. (A 10-2cm x 10-3co
To minimize T, choose L at its minimum value grating with the same line density would require
consistent with condition (3), as listed in Table I several days exposure.)
Then The interference unit may be manufactured in a

single block, could not be disaligned, and so the
7 D exposure time may be accumulated slowly.

T - 4.4 * 10 4 D sc. (10) The required exposure times can be reduced as
ex follows:

(1) Tune SPEAR to a single beam mode operation.
Figure 4 gives the value of T for various target Then the four dimensional phase space Ax

diameters. Foe example, ;to imprint the desired Aj, and with it T, could be reduced by at

interference pattern on a quadrangular surface of least (3) a factor 10.

width =2 c0 (ie Dx - i 10-2 c, b. = 0.236) (2) A wiggler magnet can increase photon
d h - 10 ( D 1 brightness, and decrease T by at least (4) a

and Dy = 10-
2
cm (i.e. by - 0.333), one would factor 102.

need T - 8.3 - 105 sec 4 days if all mirrors (3) Radiation from a wiggler magnet could pump a
were prefectly reflecting (i.e. M-1). When Dh = Li x-ray laser (5). In the &X range of

10-3m, Dy , 10-2cm, M=1, then T - 3.3 • 104 interest the radiation would be about 106
s 9 = times more intense than the radiation from

sec hrs. (Assming n, 5.1014 photons/cm
2
") the wiggler, thus T could be reduced by

With multilayer mirrors one expects a
reflexivity (2) H * 20% for AlOOA. With only one about another factor 1
mirror in one beam, and a monochromator especially

designed for this purpose (e.g. Be mirror and
transmission grating) M1s50. REFURICES
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1012 APPENDIX

1010 b =10- by--20 Photons emerging from a target with diameter
Dsx and at angles (measured from Z) within the

interval (see Fig. 2c) *=D/L fill a (two

t0o dimensional: position, angle) phase space volume:

bA -D
106 b A D (A-la)

0bylO" One can similarly define A7 .

V . -by- 10
"  

A "time-like" phase space volume can also bedefined:

to*, lO" 1 10 bx

Fig. 4 Exposure time, T, as a function of At = - (Alb)

Dx/Dsx and by - Dy/Dsy. It is assumed that A0
the geometry is as shown in Fig. 1 (i.e. Dh Where T is the time during which the photons are

iT DO, that all mirrors are perfectly reflecting produced.
and monoohromator throughput is unity (i.e. K-I), and The total (six dimensional) phase space volume
that the parameters are those listed in Table 1. filled by photons which can be used during time T to
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produce the desired interference pattern is the maximum value of xz permitted by Eq. (7) (as a

"active phase apace": function of independently varied Ax and Ay) is

13. o" 1 , (A-3)

A.xyt z AxAAt" (A-1) A xyt 3 1 A3a)

4 21? h xay

Equation (3) restricts Ax and Ay: But when A, and A. cannot be varied

independently, then this maximum may not be reached.
E.g. when Dsx, Day, D. and Dy are all fixed,

f3 ,__o > xN + ayhy (A-2) and L is varied, then the maximum of the useful phase

space volume is

where ff
2  

) 
3 TDD

J(l + Di/D i) 2 / s if D,/Dsi 1 Llyt 4 2 Dh DasxDy B
2

a I(,+ DiDoi)/4DifDai Di:L/D 
15 Y(A4

i ifDI where
;i i D s<

* -xyB- [a x~ +5yX]

x1 + ay

When conditions (ia), (2a) and (4) hold, then the sy sx

I .. J

Ai . .. .. l I IllIl i. .. . '-
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Evaluation of ultrasoft X-ray optics, sources, and detectors

for high resolution molecular X-ray emission spectroscopy
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ABSTRACT

The general requirements of obtaining high resolution molecular X-ray emission spectroscopy
(0.01 to 0.1 eV) are inspected. Various X-ray optics, sources, and detectors are reviewed in
terms of intensity and resolution. An approximate theoretical formulation is offered to
compare the speed of photographic detection with that obtained by scanning and position
sensing photoelectric detection. The main features of the recently developed, automated
scanning photoelectric attachment for a 5 H grating spectrometer are described. Experimentally
obtained photographic and scanning photoelectric data for first order 0 K emission are compared.

I. INTRODUCTION The following photoelectric PSD devices have the

potential to fulfill the above requirements for detec-

Molecular XES studies with high resolution instru- tion in the 10 to 150 A range: (A) grazing incidence
mentation, 0.1 eV or better, were initiated about ten photocathode-magnetically focussed photoelectrons
years ago by Siegbahn and his coworkers.' Since then a detected by a CCDA (hereafter referred to as GI-FE-
few additional groups have entered this field. These CCDA), (B) phosphor coated self scanning photodiode
high resolution studies may be divided into wo broad array (PC-SSPA), and (C) various microchannel plate
categories, namely, (A) chemical bonding

2 
ana radia- (MCP) devices.

tion damage studies of the type already undertaken by
many other workers with lower resolution

4
, and (B) the A. GI-FE-CCDA

more esoteric studies dealing with X-ray processes,
such as those involving multitly ionized initial and This device relying on the efficient conversion of
final states

5-8
, and even vibrational fine structure soft X-rays to energetic electrons is currently under

investigations
9
. While type (A) studies can be development by Lowrence of the Princeton Univ. Obser-

readily conducted with a resolution of 0.1 eV, and vatory 
2
. It overcomes the insensitivity of a CCDA to

occasionally even with significantly worse resolution, ultrasoft X-rays via their conversion to photoelectrons
type (B) investigations generally require resolution and attempts to maintain spatial resolution via a
in the range of 0.01 to 0.03 eV. Resolution of 0.01 magnetic field. High gain is obtained through the
to 0.1 eV is achievable only above 10 A, and then only focussed and accelerated photoelectrons. While this
with reasonably high focal length grating optics, elegant device is highly promising, the exact resolu-
Table I lists the various installations with grating tion (and efficiency) capabilities are yet to be
optics, focal lengths, sources, detectors, date of announced.
completion, and types of samples studied from the
molecular point of view. In what follows below we B. PC-SSPA
shall evaluate briefly the choices for various key
components for obtaining optimum intensity-resolution With this device Schnatterly's group has found a
performance, clever way to overcome the insensitivity of an SSPA

detector to ultrasoft X-rays by their conversion to
II. RESOLUTION CONSIDERATIONS visible light via a simple red phosphor

1 3, 14
. This

conversion is 100% efficient. Currently, the PC-SSPA
For scanning photoelectric spectrometers the is a flat device. It should be noted, however, that

total instrumental resolution is due to the optics with a 1 cm flat device the optical aberrations in our
involved, i.e. slits and grating. However, where only spectrometer would be about 20 W at the edges

11
. For a

a primary slit is used, and the detection is in terms 2.5 cm device the aberrations at the edges would be
of a position sensing detector (PSD), such as a prohibitive. In order to utilize a PC-SSPA in a high
photographic plate (PP) system, or a photoelectric PSD resolution configuration, it is suggested that fiber
device, then, of course, the instrumental resolution optics with the very high spatial resolution of about
must include the contribution of the PSD system also. 5 W precede th( SSPA, thereby providing the appro-
The fundamental aspects of instrumental resolution due priate curved surface, and that the phosphor coating be
to grating optics is textbook information!

0 
and there- applied to such a surface.

fore, will not be treated here. A brief review of
various PSD devices, however, might be in order. To C. MCP DEVICES
date, the detector spatial resolution Rd on a photo-
graphic plate is still the best, namely, about 10 vi , As is well known, MCP devices consist of capillary
and any high quality densitometer has a resolution photocathodes coupled to any of a wide variety of anode
capability down to 10 V also. In our 5 M grating systems. Meeting the spatial resolution requirement
instrument with a 632 X/mm grating 10 p represents Rd for the photocathode part merely requires that the
values of about 0.06 eV at 20 A, and about 0.007 eV front surface of the capillary array be ground down to
at 80 A

ll
. Corresponding first order slit resolution the Rowland cylinder, and that the bias angle be

Ro values with a 1 v primary slit width are 0.10 eV fabricated around 60* yielding a spatial resolution of
and 0.006 eV. Obviously, with photographic PSD, Rd  16 p with 8 V capillaries. Spatial resolution from
values approach Ro values, the anode is a far more formidable problem. Of the

The above evaluation poses the following require- many possible anode choices only the ones developed for
ments for optimum resolution behavior on the part of astrophysical studies by Timothy and Bybee

15
, and by

any photoelectric PSD system: (1) Rd values should be Kellog et al.
16 

appear to be suitable. The former
near 15 to 20 v, (2) it should conform, just like a PP method is of a brute force nature yielding a spatial
device to the Rowland circle, and (3) for the sake of resolution of about 20 u by using individual wires
convenience it should be reasonably large, say 1 to 2" plus individual amplifiers. The latter relies on an
along the Rowland circle, elegant electronic interpolation technique and

0094-243X/81/750309-05$1.50 Copyright 1981 American Institute of Physics
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TABLE 1

DESCRIPTION OF GRATING SPECTROMETERS

Focal Date of Completion Types of
Location Length (M) Source Detector or Activation Samples

Uppsala 3 Focussed electron beam PP 1971 gases
CEM 1978

MCP ?

DESY 2 DORIS storage ring CEM 1974 solids

Hawaii 5 2 KW Henke tube PP 1978 solids
FPC 1980-81

Munich 11.6 18 KW rotating anode CEM 1978 solids and
FPC 1980 condensibles

Helsinki 6 Semifocussed electron beam CEM 1975 solids

NBS 2.2 Focussed electron beam PP 1980 gases

Uppsala 10.0 Focussed electron beam PP 1978 gases

Virginia 11.2 Grazing incidence electron SSPA 1981 metal surfaces
beam

:esolution values down to 10 p are conceivable, unit, at considerable sacrifice of resolution, toroidal

gratings yield a tremendous gain in intensity even with
III. INTENSITY CONSIDERATIONS short slits

13
.

As already reported previously
22

, by having the
The instrumental factors affecting intensity are grazing incidence angle variable, it Is possible to

sources, source-sample arrangements, optical arrange- gain a sizable factor in intensity for non-holographic
ment, and detectors. The discussion offered below will gratings. In our arrangement, being able to vary the
emphasize detector evaluation. 'line of sight adjustment', i.e., the attitude of the

grating towards the center of the sample, allows, in
A. SOURCES AND SOURCE SAMPLE ARRANGEMENTS addition to utilizing optimum grating diffraction

efficiency, the search for 'hot spots' in the sample,
As Table 1 illustrates there are storage ring, and thereby further improve the flux from the sample.

electron beam, rotating anode, and Henke-stype sources Last. but not least, is the diffraction efficiency of
currently in use by molecular XES workers. Gilberg recently produced gratings, which nowadays ranges from
et al. recently compared his rotating anode source with 10 to 25% routinely, or higher by one to two orders of
the DORIS storage ring'

7
. Andermann expanded this magnitude than what was achievable about 15 years

evaluation by including the Henke-style source and the ago
21
.

Uppsala electron beam source
18

. According to these
evaluations the following may be concluded: (1) Elec- C. DETECTORS
tron beam sources provide the greatest monochromatic
flux. (2) A storage ring provides the highest utili- The discussion shall be restricted to the PSD
zable continuum flux over the range of 10 to 60 A, devices, such as PP, MCP, and PC-SSPA, and to the two
but above 60 A a 18 KW rotating anode with sufficiently detectors commonly used with scanning, namely, thin
high Z for a target will be actually superior to the windowed flow proportional counters (FPC), and channel
DORIS storage ring. (3) A Henke-style source with a electron multipliers (CEM). For the sake of brevity
stationary anode is usually limited to 2.5 KW or less, background noise and densitometer noise problems, etc.,
yet it provides a reasonably high continuum flux with a will not be considered quantitatively, as important as
high Z target and very good monochromatic flux with they may be. Thus, the overall gain in speed in going
low Z targets. Of all of the sources listed in Table I from photographic to photoelectric will be judged
only the Henke-style source uses a gate valve with a purely in terms of signal to peak noise ratio.
thin window resulting in a loss of a factor of 2 or In order to simplify our discussion further we
less in the flux to maintain the integrity of both the shall also assume that the photon flux is uniform
X-ray tube and sample chamber. The sample to anode along the slit height direction and that the grain and
coupling, however, can be as short with the Henke-style pixel response in the PSD devices show only random
source as with the rotating anode one, namely, about variation.
13 me. If we let R stand for the net line to peak noise

ratio, then the gain of a photoelectric scanning
B. OPTICAL ARRANGEMENT system, as compared with a photographic detection

system on the same instrument, Gs, is formulated as
At a given resolution there are three 

aspects to

the intensity throughput in a grating spectrometer. Rs 
2

These are slit height, grating diffraction efficiency, G Rg NT (1),

and in the case of blazed or laminar gratings, varia-

tion of angle of incidence. In order to minimize where the subscripts g and s stand for the photo-
optical aberration with straight slits, it is necessary graphic grain and photoelectric scanner respectively,
to keep the slit height to local length ratio to and N. represents the number of steps taken by the
reasonably low values. Thus, for example, in our 5 M scanner. In this section we shall ignore the improve-
grating spectrometer a 1 cm slit height provides a ment in Rg due to repeated and overlapping averaging
useful compromise between intensity and resolution, by a digitized densitometer. Now
With curved slits, however, such as in Gilberg's unit

19
,

5 to 10 cm tall slits are feasible. In Schnatterly's
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to cover a range of about 20 eV requiring about 200
R a Is (2a), increments at 0.1 eV resolution, thus creating even

lower values for Gs .
and For PSD devices we shall use the subscript p.

Accordingly it can be shown that the gain Gp over
Rg 0g) Ig ng (2b), photographic detection on the same spectrometer is of

the following simplified form:
where 4t(g) involves the emulsion characteristic, I
represents the total number of photons detected, and n G (E) ( f (Wp ( (7),
represents the number of developed grains viewed by thp fg Y g Wde ,g
densitometer slit. Accordingly,

where the asterisk on W indicates the image of the
Is - q A. n, (Ws/W9) (3a), primary slit on the Rowland circle. Wg is adjusted

such that its image Wg* together with Wd' equals ip*,
ana, if we operate in the linear portion of emulsion's i.e.
contrast curve we may take 1(g) = 1. Now for a single d
undeveloped grain Wp* = (Wg

2 
+ Wd

2
)(8).

Ig = q.ag ng (3b). For O K emission, for example, if W is set at 5o,
then with our 632 £/mm grating, W * woul be about

In the previous equations q represents the incoming 125 p. If we were to use Wd' as 5 , then Wg would
photon flux per unit area, n the detector efficiency, have to be about 6 p. The ratio of (Yp/yd) is expected
A is the aroa viewed by the slit, W is the primary slit to be from 5 to 10, and (Wp*/Wd'

) 
about 5. For an MCP

width, and a the area of a single grain. The correc- device (fp/fg) would be 1, but for a PC-SSPA it would
tion factor in (3a) brings the photoelectric instru- be 2. The ratio of (n /ng) is expected to be from 1 to
mentation broadening into equivalence to that from the 3 for an MCPA but about 3 times higher than that for a
photographic primary slit plus the densitometer slit. PC-SSPA. Thus, for an HCP G would be in the range of
The correction factor in (2b) is due to a digitized 30 to 180, but for a PC-SSPA it might be in the range
densitometer slit reducing the noise level by averaging of 180 to about 1000. Clearly this evaluation tends to
over the grains viewed on a single pass without over- favor a PC-SSPA except for the relatively large thermal
lap. Accordingly, and readout noise associated with SSPA. To date no

experimental work has been done to compare Gp for an
ng = (Ad/ag)fg (4), MCP and SSPA device on the same instrumenteven though

such an evaluation would be highly desirable.

where the subscript d stands for densitometer slit,

and f0 is the grain packing factor for the plate. IV. EXPERIMENTAL STUDIES
Using the relationships that

Our instrument was initially developed for photo-
As  = Yaws

'  
(5a), graphic detection and has been described adequately

elsewhere
20
'
2 2

. As already stated previously, it has a
and Henke-style X-ray source closely coupled to the sample.

The present sample holder is a push-pull device and

Ad = Ydlld' (5b), holds two samples. Adequate space exists in the sample
chamber, however, for a rotating sample holder to hold

where Y is the slit height, and Ws ' represents the at least eight samples. The vacuum integrity of the
scanner's secondary slit width, and id' stands for the spectrometer chamber is protected against condensable
densitometer slit width, we obtain by making use of vapors from the sample by a cryogenic trap placed
the previous equations the following highly simplified between the sample and the opening aperture to the
working formula: spectrometer chamber.

1 Y H5 ( Wsl Ws (nsi The development of scanning photoelectric detec-

s f -- -- i ) (6))tion capability has just been completed. In Figure 1
f 8  d Hg d g we show the essential features of the photoelectric

While a detailed evaluation is offered subse- attachment minus the primary slit and grating modules.

quently for 0 K emission intensities with
photographic and scanning photoelectric detection, a
rough evaluation may be worthwhile at this point. We --

estimate fg to be about 0.5. Typically N. may be 100,

(Ys/Yd) from 6 to 10, (Wa/Wg) typically has a value
of about 0.8, and (Wa'/Wd') usually varies from 0.5 to
2.0. For a FPC (ns/ng) would range from about 6 to 15, t
and for a CEM from 3 to 4. Thus, for a FPC Gs would PS

range from about 0.3 to 3.0 with N. - 100, and for a - -'
CEI it would be from about 0.2 to 1.5. An additional

advantage for FPC over CEM, and for that matter over a
PP, would be the capability to discriminate against hard AB
X-rays, and thereby improving the line to background

ratio. Clearly the above values of G. would improve
if the photographic background signal was excessive due LOS
to scattering, fogging, etc., and/or if *(g) values EG
would be appreciably below 1. On the other hand, as
further evaluated in the experimental section,
multiple sampling with a digitized densitometer or
averaging the digital data with a computer program can
improve Rg values appreciably.

It is pertinent, however, to ascertain just what Fig. 1. Photoelectric attachment for the 5 M grating
Ns = 100 represents. If the interval for each step spectrometer. Legend: EG--external gears, RG--
AX, represents 25 p or 0.1 eV at about 20 A, then 100 reduction gears, PS--pivot stand, AB--anchor block,
steps merely covers a span of 2.5 man or 10 eV. Typi- MP--mounting plate, RR-Rowland circle reference rail,
cally, for chemical bonding studies it may be desirable LS--lead screw, N--nut, DC-detector carriage, LOS--

line of sight adjustment.
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Accordingly, the secondary slit is readily mountable on 3 00
any one of three bridge positions on the fairly massive

slit and detector carriage. The secondary slit is L

caunted on retaining plate in such a mnner that it Z
can be focussed to ±2 . The front position allows i
investigations at optimum grazing angles of incidence 0
with the 632 i/am grating down to about 8A, with the ul
rear position up to about 150 A using the 300 i/mm8
grating, while intermediate A's are studied in the 1800
middle position with either grating. At C K (44 A)
Speer's tests indicated

20 
that the first order diffrac-

tion efficiency for our 632 t/m grating was 12%, while A
for our 300 I/mm blazed grating it was 25%.

The detector carriage driven by the lead screw-nut j,""

assembly rides on the Rowland circle reference railing /
very precisely, namely, to plus or minus one micron.
The rotation of the lead screw is monitored by a high
precision, absolute shaft encoder- The lead screw is
driven from the outside of the chamber by a stepping
motor via a gear train to provide steps as small as
1.8 U on the Rowland circle.

The present detector for A > 1OA is a standard
Norelco flow proportional counter modified to accommo-
date thin Formvar films prepared according to Henke's
prescription

2
4o Currently, propane gas is used at

about 75 Torrs of pressure. An HP-85 computer controls, i
via a microprocessor, the stop scan motor and receives
shaft encoder and FPC photon output data.

The initial alignment of the secondary slit was Z
recently accomplished by using a standard Norelco Cr
target X-ray tube mounted temporarily in the normal
sample position 

2 5

Our evaluation of a theoretical Gs vs. an experi-
mental Gs* was carried out by studying 0 K emission
from Li3PO4 . The source setting with a Cu anode was 520 525 50

at 1.5 KW with each type of detection. Photoelectric eV
data were obtained under the following conditions:
Ws = Ws ' = 20 P; Ys = 15 mm and N. = 80 with Us = Fig. 2. 0 K emission spectra from Li3PO4 . A--photo-
25 P. We estimate the value of ns to be about 0.5. electric data with FPC, B--raw photographic digital
The total exposure time ts* was 3.2 hrs., i.e. we data with m = 1, C--photographic digital data with m =
collected counts for 100 seconds for each of the 80 3.
points reaching a maximum value of 3200 at the peak.
The experimental conditions for photographic detection
had Wg = 27 p, Yd = 2.5 m, Wd' = 10 v, and the densi-
tometer sampled the intensity at intervals of AXd of foggling, a Gs* value of 6.6 is in good agreement with
10 N. The digital data were also smoothed out by the theoretically expected Gs value of 2,8. A cursory
averaging all three adjacent points sequentially. The inspection of Figure 2 demonstrates dramatically the
experimental photographic exposure time was 1.0 hour. improvement in R* with computer averaging which yields
If we estimate ng to be about 0.0511 and fg as 0.5, a G * value of about 3.5.
then the use of equation (6) gives us a theoretical G. s The evaluation of resolution with the present
value of about 2.8. photoelectric unit, as well as the correlation of our

Now in order to obtain an experimental value for intensity output with that from the DORIS and Munich
Gs* we need to formulate it in terms of ts*, tg*, Rs*, photoelectric units, awaits the rejuvenation of our
and g,m*, namely, G.* = at */ts*)82 where 8 Henke style source, which during the course of the
(R5 //,m

) , 
and where the sampling parameter m = present study was determined to be down in photon out-

(Wd'/:). In this study the settings provide a value put by a factor of about 1.5. We also envision the
of 1 for m, but clearly %* depends on V. The above use of a new detector for which the present obscura-
sampling can be obtained y the use of a computer tion of about a factor of 2.0 will be eliminated, and
program also which has the additional advantage of with which we should be able to use considerably
averaging out the densitometer's electronic noise, thinner windows than presently in use leading to

Rs* values are relatively easy to estimate since another factor of about 1.5.
it is merely the square root of peak count. The
achievement of Rg* values, however, is not straight- V. CONCLUSIONS
forward. One way to measure R_* values is with a
sufficiently broad band, and thus obtaining an As to the question of which of the three areas,
adequate number of I * values at and near the top of namely, sources, optics, and detectors, are likely to
the band. Accordingly, from an expanded plot of Ig* show the most dramatic future improvements from the
vs. A we obtain the desired experimental deviations of point of view of molecular.XES, it is necessary to
Ig* from a smooth curve, introduce a bit of a historical perspective. Clearly,

In Figure 2 we have plotted the photoelectric, the earliest type of ultrasoft X-ray
and two kinds of photographic data, one wtLh m = 1 and source for molecular XES studies
the other with m = 3. The densitometer data do not namely, the Henke type, has given way to more powerful
indicate the proper photographic line to background modes of excitation, as discussed above. Any future
ratio (L/B) which is about 0.4. This is in direct improvements in sources, however, are bound to be
contrast with the photoelectric data, where (L/B) value severely limited. In other words, a 40 KW rotating
is about 25 times better. The observed Rs* value is anode will only provide a gain of 2 over the present
57, whereas the corresponding Rg* value is 12.3 20 KW rotating anodes. Perhaps more powerful storage
yielding a 0 value of 4.6, and, therefore, a Gs* value rings than DORIS might yield another factor of 3 or 4
of about 6.6. Considering the relatively poor (L/B) in intensity also. The same limitations apply to the
value photographically primarily due to excessive improvements in optics. In other words, the big gains
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Low Energy X-Ray Spectrometer*

Wayne R. Woodruff

Lawrence Livermore National Laboratory, P. 0. BOX 808, Livermore, California 94550

ABSTRACT

A subkilovolt spectrometer haa been produced to permit high-energy-resolution, time-
dependent x-ray intensity measurements. The diffracting element is a curved mica (d
9.95A) crystal. To preclude higher order (n > 1) diffractions, a carbon x-ray mirror
that reflects only photons with energies less than -1.1 key is utilized ahead of the
diffracting element. The nominal energy range of interest is 800 to 900 eV. The
diffracted photons are detected by a gold-surfaced photoelectric diode designed to have a
very good frequency response, and whose current is recorded on an oscilloscope. A thin,
aluminum light barrier is placed between the diffracting crystal and the photoelectric
diode detector to keep any UiV generated on or scattered by the crystal from illuminating
the detector. High spectral energy resolution is provided by many photocathodes between B-
and 50-ev wide placed serially along the diffracted x-ray beam at the detector position.

The spectrometer was calibrated for energy and energy dispersion using the Ni l' 2
lines produced in the LLNL IONAC accelerator and in third order using a molybdenum target
x-ray tube. For the latter calibration the carbon mirror was replaced by one surfaced with
rhodium to raise the cut-off energy to about 3 key. The carbon mirror reflection
dependence on energy was measured using one of our Henke x-ray sources. The curved mica
crystal diffraction efficiency was measured on our Low-Energy X-ray (LEX) machine. The
spectrometer performs well although some changes in the way the x-ray mirror is held are
desirable.

rNTOUCTION an environment where there would be photon energies
at intensities sufficient to result in higher-order

A subkilovolt x-ray spectrometer having a high- diffractions, adding significantly to the signal in
and variable-energy resolution and good frequency the energy interval of interest. These higher
response was needed for making time-dependent energy photons had to be eliminated. To provide for
measurements of diffracted x rays. The nominal this low-pass filter, en x-ray mirror was introduced
photon energy range of interest is 800 to 900 eV in front of the diffracting crystal and is discussed
(15.5 to 13.8 X). We wanted a spectral energy in the following section.
resolution between 8 and 50 eV. The temporal It can be shown that there is a relationship
response of the x-ray detector to a step function between the range of photon energies to be observed,
input should be a few na. Figure 1 shows a cross the radius of curvature of a bent diffraction
section and Fig. 2 a photograph of the total crystal, and the width of a parallel x-ray beam
Spectrometer. incident on the crystal. The relationship is:

DIFFRACTION CRYSTAL Wb = r (Coo G - cos IL

The photon energy range of interest dictated a where
reflection spectrometer to avoid the absorption of
the diffraction crystal. Mica (002 plane) was Wb = beam width (cm) of incident x rays,
selected as the diffracting crystal because it was r - radius of curvature of bent crystal
readily available, easily curved without fracturing, (cm),
and did niot require special handling or =Bagageo ihs nrypoo
environmental conditions. Alternatives to mica are dei redg dngeected, teeryhoo

crystals such as KAP, RAP, and lead sterate. Mica et Bragg angle of lowest energy photon
does have a serious drawback in this planned use; it desired detected.
has strong high-order diffractions, especially in
the odd orders. The spectrometer would be used in

Figure 1. Simplified cross section drawing of Figure 2. Spectrometer body showing ball and socket
spectrometer showing x-ray path along various alignment/attachment flange, access and pump out
internal components. ports, vacuum bellows, and x-ray detector.

*This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract W-7405-Eng-48.

0094-243X/81/750314-06$1.50 Copyright 1981 American Institute of Physic,
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The Bragg angle is: at four energies for first orderl and at a single

energy for fifth order. Typical results can be seen
sin-1 --16.20 x 103 /(d) (h/n)J in Fig. 4 for the various orders, and Fig. 5 showsthe efficiency for two different crystals in first

where order in the photon energy range of interest.
The data points in Figs. 4 and 5 are connected with

d = diffraction crystal spacing (1), straight lines for ease of reading and inferring

3 - photon energy (eV), trends but are not authoritative on intermediate

n = diffraction order, values.

It can also be shown that Ot < 30h, which
precludes photons diffracted from the crystal at the
high energy limit from intersecting the crystal. 40

For the spectrometer design, the mirror length
and angle selected set Wb - 5.28 mm. Other 5.
experimental parameters set are d = 9.95 , Bh = 35
photon energy associated with eh 900 eV, q =

photon energy associated with ey 800 eV, and
n - 1. Applying the above expressions, r - 5.59 cm.
A radius of curvature of r = 5.08 cm was selected to _ 30

allow detection of a somewhat larger energy range, 3
and with the fixed beam width, the resulting energy
range was EL = 794 eV to Rh = 903 eV. The crystal 25
depth selected was 3 cm.

The mica crystal stock received from the vendor
was initially checked for diffraction efficiency. w20
This was done with a flat crystal in each of four
different orientations 900 apart on both sides of
the crystal. By using the same orientation that gave
the highest efficiency when the crystal was flat, it
was felt that one could optimize the chances of 0 2
getting the highest diffraction efficiency when the
crystal was curved. The crystals were mounted in a
picture frame crystal holder appropriately designed 4
to achieve the desired radius of curvature and allow .
for finite crystal thicknesses. Figure 3 shows the 5
bent crystal and associated holder. The thinner E-05

crystals (-5 x 10
- 2 m) appeared to have a more

uniform radius of curvature when bent than those - E M

twice as thick. After mounting, each crystal was
checked in third order with a molybdenum x-ray source PHOTON ENERGY (EV)
to assure the range of energies desired was achieved.

We experimentally determined the diffraction Figure 4. Curved mica crystal (roc = 5.08 an)
efficiency of each bent crystal by the method diffraction efficiencies for n = 1, 2, 3, 4, and 5.
discussed in Ref. 1. The subkilovolt diffractioL,
efficiency measurements were made on the LLNL
IONAC (2) accelerator and the 1- to 4-keY
determinations were made on the Low-Energy X-ray
machine (3). Efficiency measurements were thus made
at two energies for second, third, and fourth orders;

56

-54

- 52

SK-02
50

0

SK- 04_
46

PHOTON ENERGY (EVI

Figure 5. Curved mica crystal (roc = 5.08 am)
Figure 3. Crystal/collimator assembly attached to diffraction efficiencies for two different crystals

stand-off housing. at subkilovolt photon energies, n - 1.
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X-RAY MIRR

The mirror material chosen for the x-ray mirror
was vitreous carbon. Bleryllium would also have been
satisfactory, but because the mirrors required
handling and exposure to air, carbon was selected.
The cut-off energy (-601 reflection) selected was 1.1
keV. At the low energy end of the range of interest
(800 eV), we had to avoid possible second-order
contributions at 1.6 keY, and at the high energy end
(900 eV) we wanted to have a mirror reflection like
that for the rest of the rahge of interest (-701).
The cut-off energy choice was biased toward the 900
eV as the reflection generally falls off rapidly but
has a tail. We wanted the reflection to be as near
to zero as possible at 1.6 keY, while still having a
reasonable reflection at 900 eV.

The 1.1 keY cut-off energy engendered a
calculated 1.30 angle between a parallel incident
beam of x rays and the mirror surface. The vitreous
carbon mirror stock was available in lengths up to
30.48 cm. It was considered too much of a problem to Figure 7. Technician installing mirror holder and
properly align the mirrors in series to get an collimator assembly into spectrometer body.
effective length of multiples of 30.48 cm, so a
single mirror of that length was used. This decision
influenced the rest of the design of the spectrometer
because the mirror length and angle determine the .
maximum x-ray beam width incident on the diffracting
crystal; here that would be 6.92 am. A beam width of
5.28 = was selected to allow some latitude in mirror .
positioning, i.e., + 0.82 mm.

The spectrometer was mechanically designed to
allow us to remove and replace the mirror assembly .6 THEORETICAL
with a high degree of assurance that its physical
position was reproducible; this allowed us to easily
align the whole spectrometer to the source of '-.5
x rays. The vitreous carbon was attached to a glass
substrate to provide for mechanical rigidity. The
mirror was positioned by three registration screws in .4

the protective cover plate of the mirror holder. The
mirror was held against the registration screws and
kept centered in the holder by ball plunger screws. .3 MEASURED
This method of positioning was not completely
satisfactory. The ball plunger screws did not always
keep the mirror in position. During routine handling
on two occasions, the mirror was fotind jamed out of
position. Adjustment of the ball plunger screws
centering the mirror in the holder proved very
critical. If these screws are too tight and the
mirror assembly is jarred, the mirror can jam out ofI
position and the ball plunger screws on the mirror s! 1a e w m .
back do not restore the mirror surface to its a; C
position against the registration screws. The mirror PHTON ENERGY (KEVI

angle was set optically utilizing a transit and
appropriately positioned fiducial cross-hairs on an
alignment fixture at the end of the spectrometer. Figure 8. Experimental and theoretical reflectivity
Figure 6 is a photograph of the mirror and mirror vs energy for a carbon mirror at 1.30.
holder. Figure 7 shows the mirror assembly being
placed in the spectrometer body. The mirror was lapped with 3- and 1-im diameter

diamond polishing ompound to a satisfactory flatness
to achieve a 70% x-ray reflection (4).

The mirror reflectivity was experimentally
determined utilizing one of the Henke x-ray
machines. The mirror was placed on a goniaweter and
the direct and reflected spectrum from a copper
anode x-ray source determined. The reflected

- spectrum was then divided by the direct spectrum to

- determine the x-ray reflectivity as a function of
~photon energy. The mirror reflectivity in also

predicted theoretically using the REFICT code (5).
Figure 8 shows the experimental and theoretical
mirror reflectivity an a function of energy for a
typical carbon mirror at a 1.30 angle.

VIV LIGHT 3A3313R

As the x-ray detectors use a gold cathoAe, which
is sensitive to ultraviolet as well as x rays, there

Figure 6. Carbon mirror mounted in holder with beam was concern that UV emanating from x rays absorbed in
defining collimators attached to each end, the diffraction crystal and (IV reflected off the
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crystal and associated hardware would illuminate the continuous energy coverage where desired. one anode
detector. To mitigate this concern, a UV light screen was in front of all cathodes, and the second
barrier of aluminum was placed between the was between the two cathode layers. The anode acreen
diffraction crystal and some internal collimation had a transmission of -811 (the open area ratio).
ahead of the detector. The barrier was 0.75 ~M The cathodes were operated at -4 kV and, with the
thick and had a transmission of 0.65 at 852 eV as electrode spacing used, gave a calculated Child's Law
measured on the IONAC. The aluminum barrier was space charge limited current of -40 A/an 2 . Figure
glued to a stainless steel frame and can be seen in 10 is an exterior view of the seven-cathode detector;
Fig. 3. It is shown being positioned behind the Fig. 11 is a view of the cathodes looking in the
crystal in Fig. 9. direction fron which the x rays would be incident.

Figure 12 shows the three-element detector mounted on
the standoff connecting the detector and the crystal

holder/collimator section.

Figure LO0 Multi-cathode x-ray detector mounted on
adapter flange with electrical and vacuum
feedthroughs shown on body.

Figure 9. installation of ultra-violet light barrier

behind bent crystal on collimator/crystal assembly.

X-RAY DETECTOR

The detector that sensed the diffracted x rays
was designed to accomsmodate different criteria on
spectral resolution over the energy range under study
and to be a high frequency response detector.

Achieving the desired energy resolution was a
matter of having the x-ray detector sufficiently far Figure 11. Interior view of multicathode x-ray
from the crystal consistent with a detector geometry detector showing individual signal cathodes and one
that could easily be fabricated. The detector background cathode.
cathodes vary from 8 to 55 smn in width, and the
distance from the point of diffraction on the
crystal to the detector cathodes ranges from 46 to 50
cme giving an energy dispersion at the detector of
0.65 to 1.0 ev/nun.

Two detector types were built, one with three
cathodes and another with seven. Both detector types
had a background cathode that would sense xc rays
scattered from the crystal but would be out of the
pattern of diffracted x rays.

Gold was selected as the cathode surface because
of its large photoelectric cross section at the
energies of interest and because of ease of plating.

The detector, of necessity, had to be windowless
and have a vaccum common to that of the spectrometer;
because of this, it was desirable to minimize the
number of vacuum feedthrough electrical connectors.
It was decided to operate the cathodes at a negative
high voltage requiring but one connector per cathode;
however, an isolation capacitor is necessary to
record the signal. The anode was at ground potential
and was made of a nickel screen.e

A prototype detector was made to verify the
design and make measurements of frequency response,
voltage standoff, etc.: refinements to the initial
design were made. We finally built a detector that
had two layers of cathodes and two anode screens. Figure 12. X-ray detector and crystal/collimator
The two layers of cathodes, one behind the other, section attached to stand-off housing. X rays are
permitted differing spectral resolution and incident from right.
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105 detector location was determined with a proportional
counter. There was no significant shift in the line
position recorded, within the resolution of the

100 measurement, when the line was located after the
mirror was reinstalled.

95 Copper gaskets are used at all joints where
vacuum seals are required. The spectrometer is rough
pumped with a cryogenic absorption pump, and then a

9 L LNL valve Is opened connecting the spectrometer to an ion
pump. Typical operating pressures are l0 - torr.

The calibration of the ompleted spectrometer
95 for energy vs position at the detector location is

made with a molybdenum anode x-ray tube. The
calibration is done in third order, necessitating the

E-G&so E use of a rhodium x-ray mirror rather than the carbon
mirror in order to get the cut-off energy above 2.8

75 KeY for the 1.30 mirror angle. The molybdenum
lines were recorded on film. A reference wire
casting a shadow in the bremsatrablung continuum and

70 keyed to the alignment dowel pins and to scribe marks
on the detector allowed us to cross reference the

65 energy calibration with the various hardware parts
for positioning the detector to the desired energy.
The developed calibration film was read with a

60 , , , , , , , scanning microdensitometer.
Data processing resulted in three-dimensionalSIplots of density vs position along the diffracted

PHOTON ENERGY (EV, x-ray beam and depth. The density was averaged over
depth, and the best line position determined by

Figure 13. A typical x-ray detector cathode fitting a polynominal to the average density vs
sensitivity in the subkilovolt photon energy range as diffracted beam position. The line energy was then
measured by EGaG and LLL. compared with the energy calculated utilizing the

appropriate parameters of the spectrometer for that
same position with a code written to model

The detailed design and fabrication of the final spectrometer performance (7). A first-order
detectors was done by the Detector Group at BOAG's least-squares fit in energy space was made between
Las Vegas Atlas facility. They calibrated the the standard line energies (8) and theory, and thevarious cathodes for a variety of photon energies theoretical energy values adjusted by the first-order

The detectors were also calibrated on the IONAC. fit to determine a continuous set of calibrated
Figure 13 shows typical calibration results energy vs position at the detector location. The
determined by the two laboratories. The actual data detector was positioned according to this calibrated
points are plotted and connected by straight lines to set of energy values. Figure 14 shows the
illustrate the trend of sensitivity with energy. theoretical and calibrated energy vs position.

The detector time responses were measured Figure 15 shows the same information on a larger
utilizing bremsstrahlung from a tungsten target on scale so it is easier to see the difference between
the LINAC located at SGAG's Santa Barbara facility the two curves; one can see that the calculation
(6). While not entirely appropriate for determining
the time response in the manner the detectors are
used, the LINAC radiation pulse (FWM -70 ps) and the
detector's response to that pulse were believed to
indicate the detector's temporal response. To the
LINAC pulse, the largest cathode gave a rise time of
-1.1 ns while the rest of the cathodes varied in rise
time between 0.7 to 0.3 ns. m

scTNTHEORY

Internal collimation in the spectrometer first O
defines the x-ray beam incident on the mirror and U
then inhibits x rays scattered from the mirror,
diffraction crystal, or other internal parts from
reaching the detector. The internal collimation is
shown schematically in Fig. 1, and parts of the goo
collimators can be seen in rigs. 3, 6, 7, 9, and 12
attached to the crystal and mirror holders. 0 CALIBRATED

The spectrometer was designed so it could be
disassembled after internal alignment and calibration _ W0
and reassembled with assurance that the alignment
and/or calibration was still valid, This was U
achieved by having all critical alignment mating
faces dowel-pinned. As was mentioned earlier, the boo
spectrometer is aligned to the source with the mirror
removed; this makes for easy setup as one does not ,_ , _,_ _ _•

have to establih an offset for the alignment transit I 0 N . a
to view the reflected source off of the mirror or try
looking through the diffraction crystal. There was 0ISIAHNC FROM AURENMA PIN MuC
sufficient concern *t the reproducibility of the
mirror replacement the mirror was cycled in and Figure 14. The calibrated and theoretical diffracted
out while the spectroweror was attached to the IOUC photon energy vs position at the x-ray detecto
and the position of the nickel La, 1 line at the location.

Iimi I - -- I " ... I m sl "-r .' A . . . ... .. . I - %P - "I I4W.
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m Asmi: rfetvt 3 .

Average photon energy = 2 - 850 eV
Mi N rror reflectivity - Rt -0.7 -
Crystal diffraction efficiency = T 0 5 eVin
Transmission of UV light barrier - T - 0.65

Energy dispersion at detector - dE/dx 0.8 eV/m
Detector cathode area (1 cm wide x 3 cm deep) -

T H E R YA d .3 -.,2

TERDetector Sensitivity - Sd -90 M
Current - i - 1 A

Now the detector current is:
___

50 = / EV (R) WEa M) deL " eVn-'s'keWLJ -

CALIBRATED [cm [s ( )]846 x[A (c~ MW I A

/6,

( 7) (.7 X lo-5(= (0.C65)[IsoX lo- 3 (keV/-m] [3,(cm)

840 x 1
in o. x 10 .6 x 10 14 .s/ke)]

DISTANCE FROM REFERENCO. PIN (CM) 24 keV o10
-10 or -.2 x 101 2Figure 15. The calibrated and theoretical diffracted c W2 s-keV cm2 "keV

photon energy vs position at the x-ray detector
location, repeated here to better illustrate the CNCLUSION
difference.

The spectrometer described has performed
would predict a photon energy of -1 eV higher at a satisfactorily; however, any future version should
given position than the calibrated energy value, have an alternate means of x-ray mirror positioning
Figure 16 is the energy dispersion calculated at the and support. The detector has a better than expected
detector location. No attempt was made to change temporal response.
this curve to reflect the calibration. The
dispersion is useful in sizing cathode lengths along ACINOWLEDGENENTS
the direction of the diffracted x rays for the
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Efficiencies of Bent Mica Crystal X-Ray Spectrometers

Arnold F. Clark*

Lawrence Livermore National Laboratory, P. 0. Box 808, Livermore, California 94550

ABSTRACT

Seven x-ray spectrometers have been built to the same specifications (1). The data
show the degree of reproducibility of the components: 1) amorphous carbon mirrors, 2) mica
crystals bent to a 5 cm radius of curvature for Bragg type reflections, and 3) photo diodes
(XRDs) to measure the x-rays.

The efficiencies agree to about 10%. Calibration numbers are presented. Mirror re-
flectivities were measured from 0.75 keV to 2 keY. The mica spectrometers were measured at
Lo x-ray lines from Co, NI, and Cu at energies of 775, 851, and 930 eV, respectively. The
photo diodes were measured at a similar set of energies.

X-rays pass through filters and lead collimators X-rays diffracted by the crystals pass through cop-
and are reflected from a mirror set at a glancing per collimators to detectors. The detectors are x-ray
angle of 1.3. The mirror eliminates high order Bragg Photodiodes: XRO-45's with gold cathodes to provide
reflections. Mirrors, 30 an x 6.4 cm, are either glassy maximum sensitivity in the 900 eV energy range.
(vitreous) carbon on a pyrex base or 1200 X layer XROs are used because they can be very fast and
of rhodium on a polished pyrex base. An iridium coated are reliable. The measured response times were
mirror was also tested. -0.25 ns. These particular XRDs were designed to

The measured reflectivity, R, agrees with theory provide continuous coverage by having neighboring
to the accuracy of the calibrations, which is ±10%. cathodes staggered and overlapping so that x-rays
R ' 74% at 900 eV for the carbon with a density of missing one cathode would get caught on the next one.

1.54 9/cc The staggered spacing was set to make the inter-elec-
trode capacitance small. A pulsed voltage on one

R _73% at 2.2 keV for rhodium with a density of cathode induces a response of less than 1% on neighbor-11.20 g/cc i ng el ectrodes.A background cathode was positioned to detect
R ' :18% at 3.0 keY for iridium with a density of general scattered radiations.

2.0.2 g/cc The XRDs have been calibrated both on the IONACin Livermore and the x-ray facility at EG&G, Las Vegas.

The reflectivity decreases rapidly at higher energies: The calibrations generally agree and are consistent
R < 1% at 2 keV for carbon at and 3.6 keV for rhodium. with calibrations of previous gold cathodS XRDs. The

After reflection from mirrors, the x-rays with sensitivity for 900 eV x-rays is 1.2 x 10- 0 coulombs/
the proper energies are diffracted (Bragg reflections) key with a variation of about 10%. The sensitivity
by bent crystals, mica or quartz about 0.1 mm thick. at 2.2 keV is 0.4 x 10-20 coulombs/kev.
The crystals are bent, (radius of curvature = 5 cm)
so that different energies can get diffracted (re- ACKNOWLEDGMENTS
flected) from different parts of the crystal.

The diffraction efficiencies have been measured This work was done by a number of people mostlyat a number of energies and are consistent with pre- at Lawrence Livermore National Laboratory. The list
vious experimental measurements of similar crystals. is long and it is difficult to give adequate credit.
For the mica at 900 eV the efficiencies from a dis-
tant source are about 0.5 x 10-  + 10% of the inci- REFERENCE
dent flux per cm length of the diffracted line. The
quartz crystal 4Roc = 11.8 cm) has an efficiency of 1. Wayne Woodruff's neighboring paper, Low-Energy
about 2.3 x 10-3 per cm length at 2.2 keY. X-Ray Spectrometer, June 5, 1981.

CALIRRATION NUMBERS

for X-rays of 900 eV of 2.2 keV

Spectrometer number 1 2 3 4 5 6 7

Mirror 62% 72% 69% 67% 72% 74% 68%t
Reflectivity at 1.30

Mica Crystal, Roc:Scm,
efficiency units: 104 cm 0.48 0.51 0.50 0.49 0.48 0.56 28 tt
XRD coulombs/kev x 1020 1.3 1.15 1.0 1.0 1.2 1.15 0.45

tRhodium mirror at 1.30

ttQuartz crystal: Roc 16.8 cm

5Spectrometer #7 was calibrated for 2.2 keV x-rays

*Work performed under the auspices of the U. S. Department of Energy by the Lawrence
Livermore National Laboratory under contract number W-7405-ENG-48.

0094-243X/81/750320-01$1.50 Copyright 1981 American Institute of Physics
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A New Method for Measuring Thin-Film Optical Constants

Using Transmission Gratings in the Soft X-ray Range

R. Tatchyn and I. Lindau

Stanford Synchrotron Radiation Laboratory and

Stanford Electronics Laboratories, Stanford University,

Stanford, California 94305, USA

ABSTRACT

In this paper we present an analytical study of a rectangular and
translucent diffraction grating composed of a material with known optical
constants covered with a vacuum (in situ) deposit of a thin film of a material
with unknown optical constants. We show that by choosing gratings of the
proper material and dimensions and by measuring the intensity spectra of
the coated gratings, we can use the ratios of the observed orders to calcu-
late the optical constants of the thin-film material. The method's great
advantage is its independence from the absolute intensities of the incoming
and transmitted light, i.e., no measurements need be made of the absolute
intensities.

I. INTRODUCTION

It has been shown in previous work (1) that by 8) A F Fourier transform of the field distribution
measuring the intensity spectra of two or more gratings across an open aperture
of a given material at a given frequency of Lnterest, 9) N E number of illuminated bars
one can extract the optical constants of the given For the treatment in this paper, a few additional
material from the recorded data. Under certain con- definitions are necessary:
ditl'ns (1), almost any material that can be formed in- 10) q E thickness of deposited material in wavelength
to a diffraction grating structure with sufficiently units
good qualities can have its optical constants measured 11) R E complex index of retraction of the grating
this way. Unfortunately, not all existing materials material. ft - (1-6) + ik
that are of interest to researchers in the soft x-ray 12) f' = (1-') + ik' E complex index of retraction
range can be formed into diffraction grating structures of the deposited material
with comparable quality and ease. In order to analyze the grating in Fig. 1 we must

Given the fact that most materials, however, can make a few assumptions (which must be verified for
be deposited in vacuum (by evaporation, or other means) plausibility when the experiment is being performed):
onto a matrix material like gold or platinum (which First, we assume that the bars are coated on one side
make gratings of excellent quality), we undertake to uniformly, and that negligible deposition occurs on
show in this paper that essentially the same technique the sides of the bars (this is a good assumption,
may be used to measure the optical constants of many expecially when WC< (a-d)). If this is not the case,
materials that cannot be formed into free-standing the treatment in this paper may easily be extended t
gratings by themselves, account for any material deposited on the bar sides.

We will analyze a given grating structure with The second important assumption is that negligible re-
known optical constants with a thin film of unknown flections occur at the interfaces between the grating
material on it (Fig. 1) where the dimensions of both and the deposited material and at the vacuum/grating
the grating and the thin film are known, and derive interfaces. Again, reflections of this type may be
the experimental equations from which the optical con- accounted for, but choosing materials where reflections
stants of the unknown material may be extracted, are negligible simplifies the analysis considerably._

The great advantage of this method will be made Examining Fig. 1, we straightforwardly compute A
evident as it is independent of the absolute intensity to be (for a wave of unit amplitude):
of the source light and can be used to monitor the
optical constants of both thin film and bulk-type de- A = d sinc ds (2)
posits of many unknown materials.

R is computed directly from the definition.
II. ANALYSIS OF THE COATED GRATING a- 7iX-k 7rq6-k) 2rR - -2 e- 2 W( -t a- 2 q ( 3 le-k ) - d (3)

The far-field intensity spectrum of a diffraction a-d Jf

grating is easily derived to be (1): 2
I( ) .1 in eaea 2 1 i~ k q l

n(a e(~ a) I R + exp(risa)X 2 (1) i -  I

where (a-d)sincta-d)s [cos27 (w8+q6 ')-isin27r(W6+q6')] (4)

1) a E sine of the observation angle with respect to
the grating normal

2) a E observed order. At the various orders, a = Substituting (2) and (4) into (1), we obtain the ex-
m/a pression for the far-field intensity (generalizing to

3) a E grating period in wavelength units an incoming wave of intensity In):
4) d E grating aperture size in wavelength units 2
5) W E grating bar thickness in wavelength units I(s)= (sineNa 2 r-41(Wk+qk') 2 2
6) X S light wavelength 1 sinTesa e (a-d) sine (a-d)s
7) R E Fourier transform of the field distribution

across a bar top surface

0094-243X/81/750321-02$1.50 Copyright 1981 American Institute of Physics
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-27r(Wk+qk') and

2e cosirsa cos 27r(WS+q6') d(a-d)sincda sinc(a-d)s A A - .2[sin'irA csh~lr1]- (12)

+j 2sinc
2ds 1 (5) 2 s

Bi ( . (13), h f ollowin e t a

1(0) s 1g2 0 4 W( Ibk' (w-d) 2 valid:

z~l) 2 jk:~g( ) 21(11A o@N2W(I$qF') 4 D160uh(2U(121 qk')4 ej)At gal, ('5) become

IL1 .2( v. () (1+3.V oo.0622+%i ) + heh(211(2k q2k')*. rd1

1 ~ ~ ) 0 - oh(2XW 2k +q 2k*)inO (15)

2l - c2N o(IqA' ) + 1 7 )

Equations (14) and (15) are the required experi-
mental equations. Normally, 6, k, a,, a2, d1 , d2, W1V

2' ql, and q2, will be known (or measured) yielding
--- a THIN FILM two equations in the two unknowns, S' and k. Note

___ - that it is not necessary for q, and q2to be different,

as long as W, and y2 are different. This makes the
method easy to implement, since the deposition can then
be done simultaneously on both gratings.

.,IV. CONCLUSIONS

There are many practical considerations that must
4 be examined before the method proposed in this paper

can be considered usefulr Deviations from our ideal
model in Fig. such as surface roughness on the bars
or departures from the rectangular profile must be
accounted for before the equations (14) and (15) can be
considered useful. The analysis of these and other
important departures from the ideal model has been done

LIGHT elsewhere, and is directly applicable to the case con-
sidered here (1).

It should be pointed out that for the reasonable
FIGURE I case of a1 a 2, and ai a2=2dT2d2, and ql-q 2-q,equations

Fig. 1. Schematic of a grating of thickness W (14) and (15) collapse to the simple forms
coated on its top surface with a deposit of thick-rA 1
ness q. The index of refraction of the grating cos 27r(W 16+q6')+j- [ cosh(2w(W 1k+qk')) . 0 (16)
material is R, and that of the deposited material L"V "
is i. [BI-I

cos 27r(W264q4')+ _ cosh(2w(W2k+qk')) -O (17)
M. THE EXPERIMENTAL EQUATIONS

Consider two gratings characterized by different Examination of the above equations shows that if

parameters al,dl , and a2,d 2,W2, but made of the q6  <<Wi 1, W1 2 2; and if qk' <<WIk, W2k,then the effect

same material. Let the thickness of the deposit on on the spectra of the uncoated gratings will be

grating 1 be q1,nnd the thickness on grating 2 be 42. negligible. This shows that care must be taken togratng be l~ad th thcknes o graing2 be42. elect gratings of sufficient thinness if especially
Assume that measurements of the intensity spectrum st gatis o su ei

have been made, and that thin films are to be measured.
In conclusion, if care is taken to select the

i(I)/-(o) A (8) proper materials and parameters for the gratings, we
1 /1 believe that the technique outlined in this paper can

be used to characterize easily and efficiently the
2)(o) B (9) optical constants of many materials otherwise un-measurable in the soft x-ray range.
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An Extended Maximization Technique for Measuring Optical

Constants Using Transmission Gratings in the Soft X-ray Range

R. Tatchyn and I. Lindau

Stanford Synchrotron Radiation Laboratory and

Stanford Electronics Laboratories, Stanford University,

Stanford, California 94305, USA

ABSTRACT

Previous work has shown that careful measurement of the intensity spectra
of two or more rectangular transmission gratings placed perpendicularly to the
irradiating light can yield enough information to calculate the optical con-
stants of the grating material. In this paper we examine the possibility of
estimating the optical constants by rotating a single rectangular grating and
observing the angle at which certain of the diffracted orders peak. Assuming
this method, we examine the criteria under which it remains feasible and in-
vestigate the advantages that can possibly accrue from its use in subsequent
experiments designed to measure optical constants in the soft x-ray range.

I. INTRODUCTION

Until recently, the measurement of optical con- 2. 12

stants of many materials in the soft x-ray range has
been very difficult in the soft x-ray range due to two
reasons:

1) The unavailability of high intensity, broad- 15 .

band sources.
2) The inherent nature of the complex index of

refraction of many materials in the soft .0
x-ray range. 10

In Fig. I we show a typical plot of n and k (for
gold) versus energy. (1) It is seen that above 100 eV
or so, n approaches 1 from below and k approaches zero.
These are in fact the trailing edges of the phase re- 0.5 09
sponse curve and of the Lorentzian absorption curve
associated principally with the plasma resonance of
gold in the high UV range. A great many other mater- i
ials of interest to x-ray researchers process similar 0 I

characteristics. 10 K
Due to the closeness of n to 1, and to considera-

tions like scattered light and surface roughness, the
principal technique for evaluating fi in this range has 1 -
been to measure k directly by measuring the absorption
of a monochromatic x-ray beam at normal incidence in a

thin film of the material of interest at several fre-
quencies, and then to interpolate to achieve a smooth
k vs. eV characteristic, and then to compute n vs. eV
by employl g the Kramers-Kronig relations (2). .ohnson.Chnuy$

It is immediately seen that in order to measure k
well one must carefully measure the incident intensity, A
the scattered intensity,and the efferent intensity at

the thin film sample. In experimental terms, this is
a very critical and precise process, and the
sources of error are many. The computation of n from 1
k is also beset with difficulties concerning assump- 1 2 4 10 20 4. 100 200 400 1000
tions about the precise absorption mechanisms, their eV)
oscillator strengths and their asymptotic behavior ver- Fig. 1. Plots of the optical constants n, k of
sus frequency (3). gold. f E complex index of refraction - n + ik.

In recent years, however, principally due to the
progress made in the manufacture (4) and analysis (5,
6,7) of ultrafine transmission diffraction gratings,
a new technique (8) has been proposed, utilizing tating it to locate the point that determines n and
ultrafine gratings, that makes possible the direct k.
measurement of n and k while avoiding measurements of
the absolute intensities of the irradiating source. II. THE NEW METHOD
An initial experiment based on this proposed technique
has, in fact, been done at SSRL, and a description of We will start by describing the far-field inten-
that experiment is given elsewhere in these proceedings. sity spectrum of a planar transmission grating with

In this paper, we intend to give a brief ideal rectangular translucent bars characterized by
review of the new method and then to demonstrate that the complex index of refraction ft - n+ik - (1-6) + ik.
it may be done even more efficiently, under certain (For a schematic of the grating, see Fig. 2.)
conditions, using only one preselected grating, ro-

0094-243X/81/750323-03$1.50 Copyright 1981 American Institute of Physics
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and define the following quantities

A1 - A 1. 2  [sin 2Wd± coshjr,] 1 (9)

B, -B 1
2 

. in 2 r2 , cosh 2i2-1 (10)

-w 
e g e t : 4 " 2

(14A1) cos 2wW 1 +Alcosh(2'rWlk+rl)-cosh(2rwlk)-O (11)

(1+B d cos 2ir 2 6+B Icosh(2rW 2 k+r) -cosh(2rJ 2k) - 0 (12)

It is clear that, given an accurate knowledge of
a1, dl. a2, d2, WI, W2, and accurate measurements of A

Fig. 2. End view of ideal rectangular grating, and B. we-have two equations in two unkowns, and kF. 2and 
6 may be iterated out of (11) and (12).
Equations (11) and (12) also define the experi-

mental technique. It is seen that two gratings are
required and two measurements of I(M)/I(O) at normal
incidence in order to evaluate k and 6 at a given fre-

IWa - (sin rmN\ 2 1 M + exp (wm) 2 (1) quency. It is clear that the most crucial part of the
sin wm I () experiment is the careful control and measurement of

the diffraction grating parameters.
In order to avoid confusion, we give the follow- For the natural occurence of non-rectangular bar

ing definitions: shapes and for real effects like surface roughness,
1) a - sine of the observation angle with respect to etc. such imperfections must be modelled and in-

the grating normal corporated into our experimental equations. This has,
2) m - observed order. At the various orders, s in fact, been done, and the feasibility of the result-

m/a. ing experiment has been indicated elsewhere (8).
3) a E grating period in wavelength units
4) d 2 grating aperture size in wavelength units III. THE MAXIMIZATION TECHNIQUE
5) W E grating bar thickness in wavelength units
6) X E light wavelength Examining Fig. 3, we can write the expression for
7) M E Fourier transform of the field distribution the intensity of the tilted grating formally as

across a bar top surface (s' = s-sine ):
) A a Fourier transform of the field distribution 2 2

across an open aperture I(s') - (s') Re2(D) + Im (D)]
9) N -number of illuminated bars

For the case where we may ignore surface and -2 rl -() e(j +
4

ePisa) + ImIm(4.Wi5'a') 3
interface reflection effects, the following are easily j (13)
computed (for a wave of unit amplitude): where
R (a-d) rsinc(a-d)sl exp (-2 iriW(6-ik)) (2) D Ed e-wris'(a'-d'+J) e ris'(a'-d'4+) (14)

- d sinc ds (3)

Substituting (2) and (3) into (1),we get the
following expression for the ratio of the mth order
intensity, I(m) of the diffracted spectrum to the Oth
order intensity, I(o):

) =() 0"

d (o)

11 - 2e 'cb4 " ()+e-4" k( ()inc2m(d/a )  (4)

El + 2 (e/le-)e -wWkiAl r,,()+t/4-1)2 _ 4 " k(X)] .

Now consider two gratings of different, non-ali-
quot thicknesses, W

1 and W2 and of different apertures Ls
and periods d, a and d2. a 2 . If we define the
measured values ol the first-to-zeroth intensity ratios
for each grating as:

11(1)/11(0) - A (5)

I(M/11() - (6) Rs
2 2(6

and r1 - ln(d1 /(at-d )) (7)

r- ln (d2/(a2-d2)) (8) Fig. 3. End view of tilted grating.
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'.and Ld " Lr - Ls (15)
and thus, by rotating the grating through a maximum
(or minimum) of the observed first order, we can

d " Rr s precisely establish an auxiliary equation from which
we can also extract the optical constants.

where L , r are the aperture transforms of ideal
rectangularrsegments and L and R are the aperture IV. CONCLUSIONSa a

transforms of the edges brought in by the tilted grat- The principal advantage of our extended maximi-
ing. zation technique is that only one grating is required

It is easy to show and is also intuitively clear and thus all the systematic and random errors ac-
that, when the grating bars are much thinner than the quired in measuring two independently constructed
bar width (i.e., W << (a-d)jtilting the grating (7) gratings are halved. In addition, the observation of
by a small angle eg will cause virtually no change in a turning point in a diffracted order is of great
the ratio a/d and the principal effect will be to assistance in obtaining a precise measurement of the
change the effective bar thickness by a factor sec 6g. angle at which the turning point occurs.
In such a case eq. 13 may be approximated by The disadvantages of this method are that the re-

mainder term$in eq. (13) must be verified to be small,
I(s') a I(s') rem (17) and that an independent additional degree of freedom

and the equation for the order ratios will be approxi- (rotation) must be incorporated into the experiment in
mately: such a way that the rotation will be measured with

high precision. These restrictions, however, should
not prove prohibitive, especially if the grating shape
is well known.

F(m, ( mg) - ,(o) In summary, we feel that our extended technique
d' will prove worthwhile whenever gratings of high

quality are difficult to produce for a given material
and/or whenever only one high-quality grating is

-27r seceg k -4iVsecigk n 2 md' available for the experiment.

1-2e cos 2rVsec~g6 + e ainc a
[ : -27isec~gk a 4msece gk ]REFERENCES

d+2( -1)e cos2iTVsec~g6 4 (, -1)2 e g . H.-J. Hlagemann, W. Gudat, C. Kunz, DESY, Report

(it) SR-74/7, May 1974.
2. Ibid.
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Uranium Soft X-Ray Total Attenuation Coefficients

N. Kerr Del Grande and A. J. Oliver*

Lawrence Livermore National Laboratory, P. 0. Box 808, Livermore, California 94550

ABSTRACT

Uranium total attenuation coefficients were measured continuously from 0.84 to 6.0 keV
and at selected higher energies using a vacuum single crystal diffractometer and flow-propor-
tional counter. Statistical fluctuations ranged from 0.5% to 21. The overall accuracy was
31. Prominent structure was measured within 20 eV of the M5 (3.552 key) and N (3.728
keV) edges. Jump ratios were determined from log-log polynomial fits to data at energies
apart from the near-edge regions. These data were compared with calculations based on a
relativistic HFS central potential model and with previously tabulated data.

It is particularly important to understand devia-INTRODUCTION tions from the generally used single-electron central-
potential approximation. The deviations are due to ex-Experimental data is needed to understand theoreti - change amd correlation effects; the influence of thecal predictions for photoexcitateon and photoi nzaton atomic environment; solid-state structure and bonding.of uranium. The theory of photoeffect above 10 keV has Actinides have special properties that are due to thebeen reviewed by Pratt et al. (1) and at lower energies partially filled 5f shell. Their 6d and 7s electrons

by Fano and Cooper. (2) The major tabulations of theo- form the conduction band in the metal whose energy is
retical cross sections are due to Scofield, (3) to close to the 5f binding energy. In order to under-
Storm and Israel (4) and to Veigele. (5) stand the behavior of the 5f electrons, their degree

Verification of theory by experiment for uranium of localization must be determined. (14) Band struc-
has not been possible below 10 keV. There are no rfas- tures have been developed to explain the electronic
urements from .8 to3.1 keV as shown in Figure 1.(6) properties of the actinide metals. (15) Relativistic
Measurement differences are nearly 801 at 3.8 keV (7,8) Hartree-Foch-Slater (HFS) models have been used to cal-
and more than 401 at 9.0 keV. (9,10) These discrepan- culate oscillator strengths for the 3d 5/ 2 - Sf and
cies have forced authors of compilations which synthe- 3d- - 5f transitions. (3,16-19)
size theory and experiment to contend with large uncer- Measurements of emission and absorption spectra
tainties for uranium. (5;11-13) show prominent resonance lines (14.20) at energies close

to the M5 and M4 edge energies. (21) These energies are
Theory: given in Table 1. They are compared with measurements
.... Rakavy, Ron (1967) discussed in this summary paper.

Synthesized (exp., theor.): Table 1. Resonance absorption line energies and
EndF/B 11 (1970). LRL-NBS (1969) related M edge energies (keV) for photoexcitation

of o-uranium.
- LASL (1970)

100,000,000 9 I E(i Edge Transition Edge Energy Line Energy
92 U- Experiment:

o 678EI o 52WYI M5  3d5/fr5f 71 2  3.5517 (21) 3.5512 (14,20)
10,000,000 - 26 ALl & 52 COI - 3.5554t3.547 (16)

N59 ROI &47MAI 3.605 (19)
o 67PEI &34KEI

1,000,000 M 0 69 DEI Y36 JAI - 4  3d3 /2 -5f 5 /2  3.7276(21) 3.7254 (14,20)
o3.7287tSI33 ST 52ROI 3.728 (16)m e32KUI v54PAI 3.780 (19)

0 100,000 L e66MCl m69MOI tBased on 31 total attenuation measurements by Del
070C01 Grande and Oliver.

10.000 The Lawrence Livermore National Laboratory de-
veloped a technique to obtain absolute-value total

K attenuation coefficients. (22) This technique was ap-
plied to uranium. (11,23) This paper reports new data

1000 i which extend the existing measurement region to include
0.844 to 3.000 key. It gives details of the areas
under the M5 and M4 x-ray absorption peaks. These
areas relate to oscillator strengths for the 3d-Sf

100 bound-bound transitions. They are compared with recent
calculations (16,19). Details of these data and their
implications are discussed here-in.10 I i I

100.1 1.0 10 100 1000 10,000 EXPERIMENTAL PROCEDURE AND RESULTS

Photon energy (keV) Del Grande and Oliver measured the magnitude and
extended range of x-ray K-absorption fine structure
for transition elements Ti-Zn. (22) The procedure forFigure 1. The status of uranium attenuation coeffi- obtaining 11 total attenuation coefficients at selected

cients in 1971. The conversion factor, 395.3, reduces energies from 5 to 45 keV was discussed in detail. A
the ordinate scale to cm2/g. (From reference 6.) double-Be-window demountable-tube x-ray generator by

*This work was performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore Laboratory under contract No. W-7405-Eng-48.
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Hilger and Watts was used in conjunction with two crys- deposited on smooth glass substrates and floated off
tal spectrometers. Figure 2 shows the configuration the substrates. They were weighed. Som foils were
for one of the spectrometers. Figure 3 is a block dia- analyzed for impurities (from the releasing agent)
gram of the electtonic system. using an ion probe. Other foils were mounted on fil-

ter-wheels in shock-proof containers. The uranium sam-
ples contained about 125 ijg/cm2 and 340 hg/cm2 of

s4 uranium. Many of the thin foils did not survive both
Sthe aircraft vibrations and transporting the filter

a2 needed d wheel to the vacuum spectrometer.
ca Several methods were used to estimate the uranium-

. fcontent of the sandwiches (e.g., weights, ion exchange
calorimetry, ultraviolet fluorimetry and controlled po-
tential coulometry). We believe the accuracy of these

- eresults to be between 10 and 15 , although original
20 Mestimates were 51. (23)

Li W e needed to reduce the measurement uncertaintie
crstoa m associated with determining the thin sandwich foil uni

fomity, purity and thickness. Hence, we took more
x-ray measurements using thicker rolled foils. These

d X-reerator foils had average weight per unit areas of about
s X-ray gnertor e34 mg/sn 2 . Their uranium contents and uniformities
t Multielement target were known to within 1%. Their x-ray transmissions
c Soller slit collimators were recorded at 8.000, 9.9615 and 15.000 keY. The

nsturdiest and most uniform Be-U-Be sandwich foil hadMonitor assembly no evidence of damage from releasing or mounting.
a Absorber foil Hence, this foil was used for measurements from 0.844
d Detector to 6.000 key. It was calibrated at 8.000 and 9.9615
sls3 Scatter4slits keY, using the s procedure as was used to calibrate

the rolled U foils, but with one difference. Thes2 Defining slit Be-U-Be sandwich was measured relative to the Be-only

iro4 Acceptance slit foil which had been deposited at the same deposition

time. The uranium content of the sandwich foil was

Figure 2. The single crystal spectrometer, thus determined by comparison with the rolled foils
Te4 lioof known weight per unit area. It was 384 eg/m 2

Th moiefcu.emha, roa~ 0 .n15 h e m) wit aorcins ncrai ckgound 2%.tpial Io

spread at the crystal not shown on the schematic. Usually two or more measurements consisting of

Xry apinPproaten pairs (but occasionally up to twenty) of Be-U-Be
generator Si-ie ut spectrometer counter Pre-amplifie., followed by Be-only measurement periods, provided stan-

dard deviations of the mean error, ranging from 0.2 to
21. These measurements were followed by background

Signal measurements. The backgrounds were determined using

Sample Pre-t Of exit slits 2e 28 on both sides of the diffracted beam.
Pratger Corrections for backgrounds were typically 1 or 2.

sctaat e heht Dead time corrections were less than 1%. Overall
errors were 31 for uranium total attenuation coeffi-
cients at energies from 0.844 to 6.000 key in Table 2.

On gate The additional data from 8.000 to 40.000 keY in Table 2
Pre-set time had overall errors of 21. Most of these data were re-

scalar Puc ae ported previously in Vol. 3 of McMaster et al. (11) and
and as reference 69BEI in Figure 1 (6).

teletype The absolute measurement energies of continuum
radiation were known to 3 or 4 eV. Uncertainties were

Figure 3. A block diagram of the electronic system. 2 eV relative to tabulated emission line energies for
W(M), Nd(L), Mo(L), Cr(K) and Al(K). The alignment

A Ag target was used for measurements at energes was done in first or second order. Multiple orders
above 5 keY. The impurities in the target provided a were separated with discriminators on the multichannel
convenient way to align the spectrometer. These impur- analyzer. Higher order radiations did not affect meas-
ities (e.g., Fe, Ni, Cu and WE) were assumed to have urements because they were eliminated by reducing the
emission line energies tabulated by Dr. J.A. Bearden. target voltage sufficiently.
(24) A LiF crystal was used in the spectrometer. The Previous measurements for the uranium resonance
gas used in the flow proportional counter was P-IO. absorption lines in Figure 4 were 3 or 4 eV lower in

Both a No target and a multielement target were excitation voltage energies (14,20) as shown in Table 1.
used for measurements at eneries below 5 keY. The Also, the clean-surface uranium N and 0 shell binding
multielement target had 104 Aof Al vapor-deposited energies (25) average 3 or 4 eV lower than the tabulated
on a Cr target with additional impurities of Nd and W. x-ray values (21). Measurements apparently specify the
These measurements required a Siemens vacuum spectrom- resonance line and M-edge energies better than present
eter which was used with either a pyrolytic graphite theoretical calculations (16,19).
crystal, a lead stearate "rystal (provided by Dr. Figure 4 shows the transitions of 3d533  electrons
Burton Henke) or a KAP crystal. The soft x-ray meas- ctes. -The acan d 3/ e ler s to be

urmet rqurd siga 9 lim Be window (coated with Nis h 5 and M4 edges fdashed) were assumed to beurements required using a9mBewno(ctd th symmetric about their tabulated energies (21) wIth the
formvar) to separate the x-ray tube from the spectrom- resolution measured at the N3 edge which did not have
eter chamber. The flow proportional counter gas was ructure.o Thesesped totonheat3ongdataiwereisuntae
methane at 10 cm H20 above atmospheric pressure. structure. These pnototontzaton data were subtracted

Thin free-standing Be-U-Be sandwich foils were from the total photoexcitation plus photoionization
vacuum evaporated by the Batelle Columbus Laboratory. peak values to determine the areas under the photoex-
Sixteen foils were prepared at a given time, using a citation resonance lines. These areas were measured to
precision mask. Some foils were Be-only foils. They within f15%. They were each fit to a Gaussian with a
had the same amount of Be as the two protective layers full width at half maximum of 17.5 eV.
of Be, each about 42 ug/cm2 . The Be-coatings prevented
the U sandwich foils from oxidizing. The foils wer.,



38 Table 2. Urani um attenuation coefficients, u(cm2/g) at energies E(keV) fro m 0. 844 to 40.000 keV.

E 11E 11 E P

I .440OC-01 7.97802.03 71 1.5574E-00 3.2550E.03 1.41 3 96.4DE.00 123802.03

2 8.5400E-01 7.95602*03 72 1 5700E-00 3.1400E-03 142 3 to/50E-OO 1 21502.03

3 0.6400E-01 7.85002.03 73 1.5800e.Oo 3.0530E.03 143 3 9870E,00 I 2060E-03

4 a.7400E-01 7 6950E.03 74 I 59002.00 3.0150E-03 144 4 00002.00 1.1960E-03

5 8.64002-01 7.69802*03 75 1.60002.00 3.0270E-03 145 4.0250E,00 I1 760E-03

6 8.9400E-01 7.4320E-03 76 ;.6200e:00 3.00902.03 146 4,0440E-00 1 18002.03

7 9.0400E-01 7,4590E+03 77 1.6400E 00 2.9150E-03 14.7 A 06402.00 I 1550C-03
a 9.15OOE-01 7,4320E-03 78 1.6600E-00 2.8810E-03 140 4 oa30EO0 1.13802.03

9 9.25002-01 7.2740E.03 79 1.68002.00 2.8230E-03 149 4 1030E-00 1,13602.03

10 9.3500E-01 7.1340E-03 s0 1.70002.00 2.7170E-03 150 4,1220E.00 1+12602.03

11 9.45002-01 7 0240E-03 a) 1.7200E-00 2.6360E+03 151 4, 410E-00 I 14 02.03

12 9.55002-01 6.9410E-03 82 1.7400E+00 2.5820E*03 152 4.16IOE-00 I 1170E.03

13 9.6500E-01 0,8370E.03 83 1.76002*00 2.b500203 153 4'1800E-00 1.0860E-03

14 9.75002-01 6.79802.03 84 1.7754E-00 2.4710E-03 154 4 2000E.00 1.08S02.03

15 9.85002-01 6,69002.03 85 1.8349E-00 2+2890E-03 155 4,21002.00 1 07902.03

16 9.9500E-01 6.5240E-03 86 2.00002*00 1. 9020E.03 156 4 22002.00 1 0750E:03

17 1.00602.00 6.46902.03 87 2.0400200 1.8030E-03 157 4 2400E.00 110870E.03

18 1.0160E.00 6.4080E.03 as 2 29321E+00 1.3810E-03 158 4.26002.00 1 05602.03

19 1.0260E.00 6.3520E+03 89 2.5000E00 1,1560E+03 159 4 27002.00 1 07102.03

20 1.0360E.00 8.3490E.03 90 2.8000E .00 8.8720E-02 160 4.28002.00 1.0520E*03

21 1.0460E.00 6,38902.03 9 1 3.00002.00 7,32902.02 161 4.2900E-00 1 08102.03

22 1.05602.00 6.4330E+03 92 3.2000E+00 6.3590E-02 162 4,3000E-00 1.09102.03

23 1.0660E.00 6,2940E-03 93 3.50002*00 5.0030E-02 1 63 4.3100E+00 I 15202-03

24 1.0760E.00 6.2020E*03 94 3.5196E+00 4 89602.02 164 4 3200E.00 1 19402.03

25 1.0660E-00 6.08102*03 95 3.5280E-00 5.0190E-02 ;65 4.33002.00 1 1950E.03

26 1.0970E.00 5.9540E.03 96 3,53S80200 5 85502.02 1 66 4.34002.00 I 650E,03

27 1.1070E.00 5.9050E.03 97 3.5470E.00 1.2430E.03 167 4.3500E#00 I 1660E-03

28 1.1170E.00 5.7940E*03 98 3.5518E*0O 1.9530E-03 168 4.36002.00 1 1800E-03

29 1.1270E.00 5.70902.03 99 3,5560E-00 2.10702.03 1 69 4.37002.00 1.171DE203

30 1.1370E*00 5.63702*03 100 3.56102-00 1.9490E-03 170 4.'3800E.00 1.14902.03

31 i.14702.00 5.59702*03 101 3.56502.00 1.58002.03 171 4.39002.00 1.18002.03

32 1.1570E.00 5 .50002.03 102 3.56902.00 1.I1802.03 172 4 *4000E-00 1.164D2.03

33 1.16702*00 5.4020E-03 103 3.5740E-00 1.0740E-03 173 4.41002*00 1.1440E.03

34 1.17802*00 5.3160E*03 104 3.57802.00 1.0670E*03 17, 5.00002*00 6.4740E.02

35 1.1680E.00 5.20102*03 105 3.5840E*00 i.08402.03 175 5.11602.-00 8.0360E-02
36 1.1960E.00 5.2010E.03 106 3.59402*00 1.0820E-03 176 5.4147E-00 7.4330E.02
37 1.20002.00 5.23602*03 107 3.6030E-00 1.05102*03 177 5.94672.00 6.1730E.02

38 i.210'0r.o 50320 108 3.6130E*00 1.20.3 176 6.00002.00 6.0570E-02

39 1.2200E*00 4.6830E*03 109 3.62302.00 1,04002.03 179 8,00002*00 3.02802.02

40 1.2300E.00 4.8750E.03 110 3.63202*00 1.0310E-03 IS0 9.96152*00 1.8250E.02
41 1.2400E-00 4.8420E*03 III 3.6420E-00 1.0400E.03 181 1.0000-O1 1.8080E:02
42 1.2500E.00 4.8930E.03 112 36020 1 0r1302.03 82 1.50002*01 6.38702*01

43 1.26002*00 4.7830E*03 113 3.6620E-00 9.9640E.02 183 1.70002.01 4.53102.01

44 1.2700E.00 4.68002.03 114 3.6720E-00 9.198202.02 184 17060E-01 4.5420E*01

45 1.28002*00 4.5930E.03 115 3.6820E.00 9.74402-02 165 1.7230E201 9.84902+01

46 1.2900E*00 4.58102*03 116 3.69202-00 9.6030E.02 166 1.72602.01 9 9210E.01

47 1.30002.00 4.5300E*03 117 3.7020E.00 9.41802.02 1 87 1.73802.01 I 00302.02

48 1.31002.00 4.47102*03 110 3.7130E.00 1.0630E.03 188 1.80002.01 9.2420E.01

49 1.32002*00 4.3630E*03 119 3.72302*00 1.7090E-03 189s 2.00002*01 8.9840E.01

50 1.3300E*00 4,3370E*03 120 3.7327E+00 1.8840E.03 190 2.0840E-01 6 4290E.01

51 1.3400E*00 4.2400E.03 121 3.7440E-00 1.43902.03 191 2.0860E.01 6.4660E-01

52 .:35002*00 4.2640E*03 122 3.7540E.00 1 36102*03 192 2.09602-01 8. 16902.01

53 .3600E.00 4.19102*03 123 3.7650E*00 1 36502.03 193 2.10002*01 8.36602.01

54 1.3700E+00 4.1350E*03 1 24 3.77502.00 1.34302*03 194 2.1060E-01 8.40Z02.01

55 1. 38002.00 4.08902*03 1 25 3.7860E.00 .,33706.03 195 2.1140E-01 8.4740E-01

56 1.39002.00 3.9510E.03 126 3.79702*00 1.3340E.03 196 2.1250E-01 8.40802*01

57 1.4000200 4.0020E*03 127 3.8070E.00 1.35602.03 197 2.1360E-01 8.20802.01
58 141002*00 3.9470E*03 128 3.81802*00 1.32802.03 198 2. 1460E.01 8.1330E*01

59 .42002*00 3.81002.03 129 3.8290E.00 1.2970E.03 199 2.;590E-01 8.13002.01

60 14300E400 3.8460E*03 130 3.8400E.00 1.2990E.03 200 2.1600E-01 8.08402.01

81l 1.4400E.00 3.6830E*03 131 3.85102*00 1.2990E*03 201 2.1630E-01 6.0310E-01

82 1.4500E*00 3.72602*03 132 3.86202.00 1.2760E*03 202 2.17802.01 8 98902.01
63 1.4600E*00 3.6900E*03 133 3.87302*00 1.2710E-03 203 2 1850E*01 8.8760E.01

8 40000 3.6100E.03 134 3.88402*00 1.2540E-03 204 2.2000E+01 a8.88402*01
65 3.8620 .5390:03 135 3.8960E.00 1.2630E+03 205 2.21302E0 8.75802*0

86 15000E*00 3.45902*03 136 3.9070E.00 1.2510E+03 206 2.4942E-01 8.5170E.01

67 1.51002.00 3.45202*03 137 3.9180E.00 .240OC-03 20 7 2.50002-01 6. 4590E.01

68 1.5200E.00 3.33.102*03 138 3.93002.00 1.24502.03 208 3.00002*01 4.08002*01

69 1.53002*00 3.3310203 139 3.9410E*00 1.53203 209 3.50002-01 2.70802*01

70 1.400E*00 3.32 3 140 3.9520E.00 1.23002*0 210 4.00002.01 1.94902*0

The relationship of ij(cu2lg) to the oscillator Two relativistic HFS calculations were made to de-
strength per keY. df/dE, is a constant equal to 277.81 termine the Mj and M4 photoexcitation oscillator
&2g-1 keY. The measured oscillator strengths were streng ths (16.19) One used the Dirac equation to calcu-
0.084 t 0.013 for Ms and 0.050 ± 0.008 for M44 late wave functions (16).The other used the Schroedlnger
bound-bound transitions, equation with the Pauli approximation to account for

relativistic effects (19). The differences shown in
Figure 4 were about 8%. The theoretical values were

13ft - 51233.2%- k9Vabout twice the measurement values. This suggests that
2000 - 1 12 5')23.crkV the 5f states are non-localized. Part of the bound-

W) 11fI4,0 M
2

2-
1
keW bound transitions may go to the continuum states (i.e.,

photolonization, in contrast to photoexcitation). This
1500 would explain the unusually high logarithmic slope for

the photoeffect versus energy relationship above the
SA M ede as shown in Table 3.

low~ F igure 5 indicates that there is good qualita-
tive agreement between theory and experiment for the

500 .oscillator srend Oscillator stengths photoexcitation peaks. Since the theoretical calcu-
- lon did not determine the resonance line energies

M6 0.084 ±0.013(nmeu) 0-050±O.008 beag precisely, they were shifted to line up with the meas-
0 0. 154 (Rozsnyai, calc.) 0.102 (Rozmnyas. 1981) - urements. Also, the calculations were folded with a

0.166 (Scofield, calc.) 0.110 (Scof ield. 1981) Gaussion which had a full width at half maximum of

3. . 371 3.8 3.9

3.5564 (peek enrg~y) E (key)

3.7287 (peek enegy)

Figure 4. measured photoexcitatiol of 3d electrons to
vacancies in the partially filled 6f states.
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Table 3. Log si versus log E linear and quadratic regressign fits to
3% measurements of uranium attenuation coefficients, 11F (cm /g) compared
with theory (3) and compilations (11,12).

Energy Log, Fit Coefficientsb )AF(E-) /AF(E+ ) Percent 1vF is above other ji values

Edge keVa Jump % a1  a2  cm2 /g cm2 /g Scofield' 1973 McMaster et al! 1969 Henke & Ebis-',1974

near E- near E+ near E- near E+ near E- near E*

N3  1.0449 1.048 8.788 -1.231 6208 6509 1.3 -0.1 -10.8 -6.5 2.4

N2  1.2726 1.009 8.856 -1.700 4655 4695 2.8 2.3 5.5 6.4 -3.8

N1  1.4408 1.001 8.884 -1.783 3763 3765 4.5 2.6 10.8 8.4 -7.1

3.5517 2.299 8.903 -1.707 -0.3466 484.3 1111 -7.9 -12.2 -7.0 1.9

M4  3.7276 1.478 11.566 -3.593 933.7 1380 -16.2 -12.8 -3.2 5.5

M3  4.303 1.167 9.830 -1.976 1039 1213 -6.6 -6.0 14.5 -0.6

5.182 1.058 10.572 -2.378 779.6 824.6 -4.1 -4.2 2.4 -4.7

5.548 1.024 10.554 -2.333 703.3 720.1 -3.4 -5.1 -3.2 -8.1

L3  17.1663 2.329 9.842 -1.566 -0.1972 44.49 103.6 -4.7 -3.2 -3.1 3.1

20.9476 1.372 11.752 -2.501 62.94 86.3 -0.1 -2.3 1.9 0.3

21.7574 1.158 11.170 -2.206 79.40 91.91 -1.1 -0.4 1.4 1.7

aFrom J.A. Bearden and A.F. Burr, Rev. Mod -Phys. 39, 125 (1967)

bFit parameters for 174 data values with 2% or better precision and 0.4% or better standard errors of the mean (avoiding structure

regions). Fit parameters apply to energy region below edge energy.

log of attenuation coefficients versus log of energy

S I. I I I I ftare given in Table 3.

E 25 -
A 3d 3n - 5f-II I1

20 -Il - I I I 1 1

E 140- Plechatyat al.
12' Compilation, 1978.S 1 0 - g 3 d 5/2 - 5 f o n i

15 r .. Theory, 1973 &1981
100 D expD Grande & Oliver

3% Data, 1981
10 -_ 8 8 -

M M4 edge
60-.. 3d..O-. _f 10-- 1 IL- I48aV ola wt

M5 - com.piltion, Plechsty at at., 1978

Energy in keV 2-

Figure 5. Comparison of 3% experimental data, adjusted -40 -
theoretical data (19) and compiled uranium attenuation
coefficients which ignore structure (13) near the M5  3.50 3.55 3.60 3.65 3.70 3.75 3.80 3.85 3.9Q
and N4 edges of uranium. Energy in keV

NEl DATA COMPARED WITH OTHER RESULTS Figure 6. Coparison of uranium experimental data
with adjusted theoretical data (19) and compiledThe 3% uranium attenuation coefficients near the data (13) for rnhotoionization near photoexcitation

Il and M edges are significantly different from
teory f19) and compilation values (13). The percen- peak energies.

tage differences of the measurements from other re-
sults are shown in Figure 6. Apart from the -edge
region, differences are shown in Figure 7, Figure 8
and Figure 9. Percent differences relative to smooth

ii!iiiiiiiaNC
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1 0 4 ' ' ''" * *,,,I '"I 11,, 1, 160 C I I

140
• ~140 - 10( "ex p  -)

E 100 - -1) %

120- 
coemp

103 100- I,, Del Grande and Oliver
10E 1981

.- -8 empPlechaty etal.
1978

60
oe

, ~ 60-

.2 102 40

. LLNLcompilation, 1978
Plechaty et al. 20

-
LLNL experiment. 

1981

Del Grande and Oliver 0 MIS 4M3 M2M

101 , -,,,I , ,...,i ..... ,, -20 I 1 1 11 1 1 1
101 100 101 102 2 3 4 5 6 7 8

Energy in keV Energy in keV

* Figure 7. Uranium attenuation coefficients. Figure 9. Comparison of uranium experimental data
with compiled data (13) for the attenuation coeffi-

10 I I I I I I cient from 0.84 to 8.0 keY.

x1000 photoionization data are 3-16% lower than theory, from
9 - 3.5 to 5.5 keY (between the N edges) when photoexcita-

E ation is ignored.
8 - Compilation, McMaster et al., 1969 - Measured oscillator strengths were about half the

Tables, Henkeand Ebisu, 1974 predicted values based on two calculations (16,19).
7This suggests that the 5f unoccupied states are in part

N7 o Theoy,Scofield, 1973 andOlivnon-localized.E 6a Experiment, Del Grande and Oliver, 1981
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Epoxy Replication for Wolter X-Ray Microscope Fabrication

W. Priedhorsky

Los Alamos National Laboratory, P.O. Box 1663, MS 10, Los Alaos. W P7545

ABSTRACT

An epoxy replica of a test piece designed to simulate a Wolter x-ray microscope geometry
showed no loss of x-ray reflectivity or resolution, compared to the original. The test piece
was a diamond-turned cone with 1.5* half angle. A flat was flX-cut on one side, then super- and
conventionally polished. The replica was separated at the 1.5 -draft angle, simulating a
shallow angle Wolter microscope geometry. A test with 8.34 A x rays at 0.90 grazing angle
showed a reflectivity of 67% for the replica flat surface, and 70% for the original. No spread
of the reflected beam was observed with a 20-arc second wide test beam. This test verifies the
epoxy replication technique for production of Wolter x-ray microscopes.

INTRODUCTION The sample to be tested Is mounted on a stage, which
can be rotated, and moved in and out of the beam. The

Wolter x-ray microscopes are often the imaging detector is film or a proportional counter, and is
diagnostic of choice for laser fusion applications, mounted on a YYZ mount to scan the reflected beam.
They can provide micron-scale resolution, and
collection solid angles of order 10- 3 sterradian,(1-2) RESULTS
unlike pinhole cameras and Kirkpatrick-Baez x-ray
microscopes.(3) A true image is formed by a Wolter The proportional counter was used for a quanti-
microscope. This image can be time resolved by a tative measurement of x-ray reflectivity. Counter
streak camera(4); time resolution is more difficult acceptance was defined by a 0.51-mm pinhole, which
for images that must be reconstructed, such as from corresponds to an angular resolution of 3.5 arc-mn.
uniformly redundant arrays(5) or zone plate apert-
ures(6). Wolter microscopes have proved difficult to
fabricate, with typical production costs of >$105. The
near-target environment in a laser-fusion target mm--
chamber is not ideal for expensive optics. Target
debris and radiation can damage the high-quality x-ray
reflective surfaces. A large advantage would therefore
accrue from the production of several x-ray optical
elements from a single master.

EXPERIMENT I

We report a test of epoxy replication that
demonstrates essentially perfect replication in a__ I
grazing angle conical geometry. This technique may be 25mm
applied to the "mass" production of Welter microscopes. I I

Our test piece for replication is shown in Fig. 1. FietfI
The "flat cone" mandrel was produced by diamond turning
and conventional polishing. It is a frustum of a cone, I
25 =m high and 20 mm in diameter at the narrow end.
The cone half angle is 1.5. A flat section 3 an wide
was fly cut parallel to the side of the cone. The sub-
strate was aluminum, plated with electroless nickel for
diamond turning. The flat was polished and super-
polished to provide a low-scatter finish. The central
halfwidth of the flat was specified flat to ± 5 arc
seconds. This design was chosen to provide a flat 1- 1-1
surface that can be easily tested for x-ray reflect-
ivity and scatter, superposed on quasi- axi-symmetric
geometry. Problems associated with separating a Fig. 1. Sketch of the "flat cone" test mandrel. The
replica at a grazing angle should be apparent in the test surface is a flat on the side of 1.50 half-angle
replica of the flat sector, cone.

A replica of the test mandrel was produced using a
standard epoxy technique, by Mr. Bernhard Bach of Hy-
perfine, Inc.(7) The nickel mandrel was evaporatively
coated with approximately 2000 A of nickel. A Sample
conventionally machined replica substrate was coated Slit I Slit 2 Detector, him
with epoxy, and mated to the mandrel. The epoxy layer 141Lm wide 141Lm wide or proportional
was approximately 50 um thick, but, since the replica 0.5mm high 10mm high counter
substrate had no flat, the epoxy thickened to 125 um at
the flat sectionc The epoxy was cured at 50 C. When e .
the assembly was cooled to room temperature, themandrel and replies wre separated mechanically. No x-ry 23 9C -/ 4
problems were encountered in separation. source 250mm 230mm

The mandrel and replica flats ware tested with a . ___. mm 500mm to
collimated fan beam of 8.34 A x-rays. The test ap- counter
paratus is shown in Fig. 2. Two adjustable slits col- 550mm to
limate the x-ray emission from a Henke-type x-ray tube. film
The slit spacing of l4 um is chosen to minimize the
angular spread of the emergent beam; this width is a Fig. 2. Plan view of the x-ray test assembly (not to
compromise between geometric and diffraction spreading, scale).

0094-243X/81/750332-02$1.50 Copyright 1981 American Institute of Physics



333

X-ray scattering from imperfect surfaces typically
occurs at angles of ±1-10 arc-min.(8-10) Much of the
scattered flux will thus fall outside the acceptance of
the pinhole, so that the existence of wings in a

horizontal scan of the reflected image indicates 1.0 I I i I i ' *....

surface roughness. Figure 3 shows horizontal scans .

across the direct beam, and the reflected beams from
the flat section on the mandrel and replica. The

grazing angle was 0.920. The scans from the two
reflected beams are very similar. Little energy is
scattered into the wings by the mandrel, and the
replica reproduces this good performance. The specular " O.I
reflectivity was determined from the ratio of the peak c
intensities. Measurements at a series of vertical Q)
positions were taken to average over vertical vari- C
ations in the intensity of the Henke tube, projected- Mandrel
through the slits. Errors in the peak reflectivities

are determined from the scatter of the ratio of the - __
direct and reflected beams at the different vertical 0
positions. The peak reflectivity of the mandrel at 0.01 *. .

8.34 A and 0.92* was 0.700 ± 0.022 (1a); the reflect- Replico
ivity of the replica was 0.668 ± 0.014. The calculated
reflectivity of nickel at the same wavelength and angle
is 0.76. Both surfaces are thus very good, and there Direct/
is no significant degradation of the reflectivity of beam
the replica.

The width of the specular peak in the proportional 0.001 I I I I I I I I I
counter scans is determined by the pinhole diameter. -41 -2' 0 2 4
No widening of this peak is observed, as might be
caused by distortion of the surface figure in manufac- A8(orc-min)
ture or replication. To look with greater sensitivity
for such an effect, high resolution images of the
direct- and replica-reflected beam were taken on 2497
film. In this case, the angular resolution of the test Fig. 3. Horizontal proportional counter scans of the
was set by the divergence of the test beam. Fig. 4 direct and reflected beams. The x-ray wavelength was

shows density scans of the direct and replica reflected 8.34 A; grazing angle was 0.920.
image. There is no broadening of the FWHM of the
reflected beam, which indicates arc-second fidelity of
the surface flatness in replication.

Measurement of a flat surface replicated in a
1.50 grazing incidence geometry shows a low-scatter,
flat replica surface. The epoxy replication technique
thus offers an inexpensive technique of reproducing
Wolter geometry x-ray microscopes. This result 0.6
corroborates tests of replication, at a much larger
scale, for Wolter x-ray telescope fabrication.(11)
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Crossed-Crystal Imaging of X-ray Sources

R.R.Whitlock and U.J.Nagel

Naval Research Laboratory, Washington, D.C. 20375

ABSTRACT

Two separate diffractors are employed in a crossed configuration to achieve two-dimen-
sional spectral imaging. The crossed crystal concept is here generalized to apply to either
Bragg case (surface) or Laue case (transmission) diffractors which may undergo either sym-
metric or asymmetric diffraction, and which may be crystals, pseudocrystals, or multilayers,
and may be flat or curved. The crossed crystal spectrograph offers wide selection of 2d
spacings, crystal R values, resolutions, polarization losses, wavelengths, and magnifications.

INTRODUCTION referred to as the dispersion direction, while the
orthogonal direction is called the fanning direction.

X-ray imaging is an important capability to apply The relationship between dispersion and spatial
to the diagnosing of high temperature plasmas. The most resolution can be understood by considering the basic
significant characteristics of a two dimensional x-ray geometry which applies to x-ray diffraction for flat
imaging system for these experiments are spatial resolu- crystals. In Fig. 2, two monochromatic point sources
tion, sensitivity, and spectral resolution. This paper are depicted as radiating isotropically above a large
considers crystal optics for spectral resolution, planar crystal. Although the radiation is emitted

There are three main techniques for obtaining isotropically, only those photons which strike the
spatial resolution with crystals. The first two crystal at the angle e (within some tolerance)
techniques, interposing a mask, e.g. a slit or a will diffract from the crystal, according to the dragg
pinhole, into the optical path, and curving the crystal, equation. These photons all left the source at an
have found use in either or both spatial dimensions. angle 900-0 to the normal to the plane, forming a
The third technique for spatial resolution, dispersion, conical surface, as drawn in Fig.2. (For simplicity's
is a direct result of the narrow spread of angles to ake, the diffracted rays are not all shown subsequent
which highly perfect crystals can diffract a mono- to the rac te rys a ne.) The ouseofchromatic beam. to their reaching the crystal plane.) The locus of

c hromatrbem. cdiffracting points in the crystal plane is a circleThe three crystal imaging techniques have been (for a sufficiently large crystal). The dispersion

applied by various workers in several ways, as outlined direction extends radially outward from the center of

in Table I. Figures adapted from papers cited in the thecion et e rad i ng dirertom ts cente

table have been reproduced in Fig. 1. Previous single the circle, while the fanning direction is along the

crystal x-ray spectrographs have provided one dimension

of spectral resolution due to the narrow rocking curves
of the crystals employed (1). A second dimension of
spatial resolution has been achieved by the use of a
"crossed" slit with a single flat or convex curved - W...
crystal (2), crystal curvature (3,4,5), double reflec- -
tions from appropriately oriented planes in a single
flat crystal (6), and a crossed flat crystal arrangement ,4 r LASER
using asymmetric diffraction to obtain magnification
(7,8). It is possible to apply two techniques to
the same spatial dimension, as in the work of Azechi, et
al., (9) (masking with a pinhole in the dispersion
direction) and as with a doubly curved crystal (4,5). (C) Anode

BACKGROUND

The two spatial dimensions in an image formed J F
with crystal optics will be represented by reference to Crystall
the crystal's effect on the image. The direction in Crystal
which dispersion of x-ray wavelengths takes place is Film Slit

Cathode
SPATIAL DIMENSIONS COMMENTS, REFERENCE
X Y(d

A. SLIT SLIT Pinhole optics with -A,
flat crystal and a
polychromatic source (9) --

B. DISPERSION NONE Flat crystal (1) Surce ,Images

C. DISPERSION SLIT Slit with flat or
convex crystal (2)

0. DISPERSION CURVATURE Cylindrical curvature (3)

E. DISPERISUN DISPERSION Asymmetrically diffract-
ing crossed crystals (a)

F. DISPERSION DISPERSION Single crystal, double .........
diffraction (6)

G. CURVATURE CURVATURE Applicable only to
one wavelength (4,5) r gur! 1 Previous arrangements for obtaining spatial

resojuton with crystal spectrographs. The reference
Table I. A summary of past approaches to the use of letters (a)-(e) correspond with those in Table I.
Bragg dTffrctors for spatial resolution of x-ray The x-ray sources in (a) and (b) were laser-produced
sources, with representative references. plasmas; in (c), an electric discharge.

0094-243X/81/750334-04$1.50 1981 American Insqltute of Physics
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VCrystal WI(sec) P'W R( rad)(a) (b) (c)! 5rsa (el,.rd

Calcite (cleaved and etched) 14 45 4x1U -

LiF (cleaved) 14 40 x5

Lif (abraded) 120 50 4x1O"4

Uuartz (ground and etched) 
20 30 3xO0

EDOT (sawed and etched) 215 20 2x10"

KAP (cleaved) 70 13 5x10"

Graphite (hot pressed) 18OU 3U 3xIU
-
f

Table II. Diffration properties of a few common
crystals, measured at Cu Ka (except KAP, which was

measured at Al Ke), from Birks (12).

would expect better than 10 micron resolution for a flat

KAP crystal, if the source to detector distance is
kept below 2 or 3 cm.

The diffracted intensity from a crystal is express-
ed as an integral reflection coefficient (11,12)
or R value, which varies with crystal plane, wavelength,

rough estimates, the flat crystal may be considered as
having an acceptance angle W radians in the dispersion

direction, and a diffracted peak relative intensity of

P (dimensionless). The product of the angular width W

(') (in radians) and the peak reflectivity P should be
comparable with R (in radians), as can be verified from

Vigure 2. Schematic of the use of x-ray dispersion to Table II.
obtain one dimension of spatial resolution with a flat Since different source points diffract from
crystal. Monochromatic point sources at (a) and (b) are different portions of the crystal, it is important that
resolved as separate arcs of diffracted radiation by a the crystal be highly perfect. A sample spectrum from
detector placed at (c). Every source (a) of emitted a laser-produced plasma, taken with an abraded and
rays has a virtual focus (a') of diffracted rays. etched LiF crystal, is shown in Fig.3. While abrading

and etching does increase the total reflectivity (the R
value) of LiF, and therefore the signal level, it does

radiating point source with no spatial structure, there so at the expense of introducing large numbers of
is no spatial resolution to be obtained along the dislocations into the crystal, making its structure
circle, i.e. along the fanning direction. (For aniso- highly mosaic and unsuitable for good spatial reso-
tropically radiating point sources, angular structure lution (13).
can still be resolved in the fanning direction.)

If two distinct point sources of the same wave-
length are present, drawn as in (a) and (b) of Fig.2,
each has a different acceptance cone and a different
circular locus of diffracting points. By placing an
x-ray film at (c), as in Fig.2, two arcs of x-ray
exposure will be recorded, indicating that the two
point sources have been resolved at the detector, but
that the image of a point is an arc.

For sufficiently small, but finite, sources, the 111
arcs from different source points within the finite

source will be nearly parallel. Then source points
which are at different locations along the dispersion
direction, as seen in the image, may be resolvable,
while the diffraction from source points, which are at
the same location in the dispersion direction but are at
different locations in the fanning direction, will
overlap and so not be resolvable. For a small source,
then, the spatial resolution is obtained in the disper- Figure 3. Example of the deleterious effect which
sion direction but not in the fanning direction. For crystal imperfections can have on imaging. A perfect
large sources, so much overlap of arcs occurs in the crystal would have produced lines of uniform blackening
case of an unmodified, flat cr~stal as to be of little in the fanning direction, i.e. along the lines.
interest for imaging.

Of course, using the disp Jion direction for
spatial resolution suffers from the potential complica-
tion that images of different wavelength photons may
overlap. CROSSED-CRYSTAL IMAGING

The spatial resolution of a flat crystal in the
dispersion direction is primarily determined by the The configuration presented in this paper employs
angular width W of the crystal's rocking curve and by crossed crystals and diffracted x rays in a manner which
the placement of the detector. The rocking curve is a is conceptually analogous to the Kirkpatrick-Baez
plot of the intensity of diffracted monochromatic crossed mirror configuration using x rays reflected in
radiation versus Bragg angle. Typical widths of crystal grazing incidence (14). The same principles which apply

rocking curves are given in Table 11; they vary with to crossed crystals apply also to other crossed Bragg
crystal type and plane, and also with wavelength and x-ray diffractors, such as Langmuir-Blodgett pseudo-
order of diffraction (10). For superior spatial resolu- crystals or other synthetic multilayers. One crystal
tion, one prefers a small value of W and short distances views the source and provides spatial resolution in its
of observation. For 1.5 key radiation, for example, one dispersion dimension only, and the second crystal views

l .. .. .... __ _ .. .
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the diffracted rays from the first crystal; but the The crossed flat crystals may be replaced with two
second crystal here is to be oriented so that its singly curved, convex crystal planes, as shown in
dispersion dimension, as seen at the image, is at an Fig.5. The curved crystals behave in the same basic
angle to that of the first crystal. Thus, the disper- fashion as flat crystals, but their R, W, and P values
sion dimensions of the two crystals, each having one may change as a function of curvature (15). Increas-
dimension of spatial resolution, are crossed to achieve ed dispersion results from the convexity of the dif-
two dimensional imaging, as shown for planar crystals in fracting planes. Also, owing to the curvature of the
Fig.4. crystals, their positions, both with respect to each

a b a b

Film SOURCE SOURCE CRE~CRYSTALS

FLAT CRYSTALS -

Figure 4. Crossed, flat-crystal imaging spectrograph, Figure 5. Crossed, convex-crystal imaging spectrograph,
schematic (a) and apparatus (b). The crystals are not schematic (a) and apparatus (b), with cylindrically bent
mounted in this view. mica crystals.

At first, one might be reminded of the standard other and to the film, bear increased significance.
double crystal spectrometer. However, the dispersion A further consideration is to use crystal planes
dimensions in such a spectrometer are aligned, although which are not parallel to the crystal surface (asymet-
the dispersion directions (sic) of the two crystals may rical diffraction). It is then possible to have the
be either alike or opposite. But the dispersion incident beam strike the surface at a shallow input
dimensions are never crossed in such spectrometers, angle but diffract from the planes at a larger output

There is a close similarity between the present angle; image magnification in one dimension results
approach and the double reflection method of Fraenkel (7). The magnification is determined by the input and
(6). Both use two dispersions from two sets of crystal output angles and therefore is a function of wavelength.
planes which are oriented to give 20 resolution. For a crossed crystal spectrograph employing two asym-
Fraenkel's method, however, involves two planes within metrical diffractors, two dimensional magnification has
the same crystal. Crystals with screw symmetry show been obtained (8). The optics can be reversed to
this effect. Unfortunately, the selection of such obtain an image reduction. The spatial resolution will
crystals is not large. The main advantage of Frsenkel's still be influenced by the crystal's acceptance angle,
method over the present two crystal approach is the which may be quite different than in the symmetrical
potential of locating the single crystal and the diffraction case, depending on the magnification (8).
detector closer to the x-ray source, with attendant Of course, magnification results in a lower intensity
improved spatial resolution (for a given set of crystal per unit area in the diffracted beam.
planes).

As with any diffracting crystal optic, polarization SUMMARY
losses will generally take place at each Bragg reflec-
tion. For an unpolarized beam incident on a flat A new configuration of doubly diffracting, spatial-
crystal, half the intensity will be in each of two ly and spectrally resolving x-ray spectrograph has been
orthogonal polarizations. The diffracted beam will discussed. In this configuration, the dispersion
suffer a polarization loss in only one of these direc- dimensions of the two crystals are crossed to provide
tions, leaving two dimensional imaging. Either Bragg case or Laue

2 case diffractors may be employed; the diffractors
p=1/ 2 +(1/2)(cos 28) may be crystals, Langmuir-Blodgett films, or other

as the polarization factor. For a second crystal which synthetic multilayer diffractors. The crossed crystal
is orthogonally crossed with respect to the first spectrograph offers a wide selection of 2d spacings,
crystal, the net polarization factor should be crystal R values, resolutions, polarization losses,

p = (1/2)(cos 20) + (1/2)(cos 22), wavelengths, and magnifications.

i.e., p = cos2 e,
so that the fraction of the original intensity which is Work supported by the U.S. Department of Energy.
lost to polarization is
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Monochromatic X-Ray Images of X-Ray Emitting Sources

Benjamin S. Fraenkel

Naval Research Laboratory, Washington, D.C.*

ABSTRACT

Simultaneous X-ray reflections are used to obtain monochromatic images from a laser pro-
duced plasma. Wavelength range and wavelength resolution are being discussed.

INTRODUCTION PRELIMINARY LASER RESULTS

The possibility of obtaining monochromatic x-ray A group of double reflection x-ray images were
images of an x-ray source, using double reflections obtained on the Pharos II Nd laser (at 1.O54p m), with
from a crystal, has been demonstrated (1,2). With this about 4OJ, in a single shot. This was obtained for
method one may expect to obtain multiple, space the He and Li like transitions of sulphur.

resolved images of laser produced plasmas, where each Geometric adjustment was not optimal, so it is too

image represents a wavelength emitted by the laser early to use the images for space resolution of the
plasma. During the past year an effort has been made plasma. However, wavelength resolution was good,
to develop this method, compared with the previously obtained spectrum (3).

For example, the k and j lines, and the w and 1 lines
WAVELENGTH RANGE were completely resolved.

By cooperation with the N.B.S. through Dr. REFERENCES
Deslattes, and by the efforts of Dr. A. Burek, it was
shown that monochromatic images of x-ray emitting I. B.S. Fraenkel, Appl. Phys. Lett. 36, 341 (1980).

sources may be taken in the soft x-ray range, beyond 2. B.S. Fraenkel, X-ray Spectrometry, 9, 189 (1980).
5A. The resolution is dependent on the crystal, and, 3. U. Feldman, G.A. Doschek, D.J. Nagel, R.D. Cowan
with suitable crystals, a resolution (A/dA) of many and R.R. Whitlock, Astrophy. J. 192, 213 (1974).

thousands may be achieved, even in the long wavelength
range.

*On sabbatical from the Racah Institute of Physics,
The Hebrew University, Jerusalem, at the Dept. of
Physics and Astronomy, University of Maryland.

0094-243X/31/750338-01$1.50 1981 American Institute of Physics



339

Ultrahigh-spectral-brightness Excimer Lasers

as Pump Sources for Coherent Soft X-ray Generation

H. Egger, H. Pumner, T. Srinivasan, and C. K. Rhodes

Department of Physics, University of Illinois at Chicago Circle

P. 0. Box 4348, Chicago, Illinois 60680

An intense source of soft x-rays operating in the discharge-pumped ArF* amplifiers to produce output
coherent, narrow-bandwidth, and highly directional pulses -10 ns in duration and of energies up to
mode would meet the needs of an abundance of 300 Ws.
applications. These include spectroscopy of The bandwidth of the 193-nm pulse is within 200
inner-shell states, diagnostics of high-density of the Fourier-transform limit and the beam has a
plasmas, x-ray holography, and lithography. The diffraction-limited divergence of 5 iprad x 15 Urad.
development of such sources has been suffering from a Using aspheric f2 optics, focal intensities in excess
lack of excitation sources which meet the severe
requirements for pump power in the short-wavelength of 1015 W/cm2 can be generated. It should be
range. noted that a setup in which the cw dye laser, which

Rare-gas halide excimer lasers are in principle now forms the front end of the laser system, is
the ideal devices for applying nonlinear optical replaced by a 10-psec dye laser, is close to
processes to the generation of short wavelengths, completion in our laboratory. This should increase
This is due to the high energy of the primary photon, the attainable focal intensities by almost three
its tunability, and the small size of the focal spot orders of magnitude.
which is possible with short wavelengths. The This laser can be used in two ways to generate
exploitation of these features, however, has been shorter wavelengths. First, a multiphoton transition
hindered by the fact that the spectral and spatial can be used to populate an atomic or molecular level
properties of free-running excimer lasers are poor. from which subsequent stimulated mission is
In the tollowing, we describe a laboratory-scale ArF* possible. Second, the laser light can be converted
(193 nm) laser system whose spectral and spatial beam using harmonic generation and optical mixing. In
properties approach the fundamental limits and whose initial experiments we have generated narrow-band-
spectral brightness (the key parameter of optical width tunable radiation at 83 nm (the third harmonic

of KrF* 248-nm radiation), 102.7 n= (mixing of twoquality) represents an improvement of 1010 over the 248-nm photons with one dye-laser photon to L
free-running laser. We also present preliminary a

results of generating tunable narrow-bandwidth and 64 ra (the third harmonic of 193 na). The
radiation at 64 nm with this system, spectral range which can be reached by harmonic

The laser system is illustrated schematically in generation and mixing in processes involving up to
Figure 1. The output of a frequency-stabilized, cw seven photons reaches down to -30 nm. It seems clear
dye laser is pulse-amplified in a three-stage XeF* that ultra-high-spectral-brightness excimer lasers
pumped dye amplifier, producing a -0-ns visible will make possible the generation of coherent tunable
pulse with an energy greater than 20 W at a narrow-bandwidth radiation at all wavelengths between
repetition rate of up to 10 Hz. The linewidth of 30 =a and 130 nm.
these pulses is Fourier transform-limited. Support for special equipment for these studies
Frequency-tripled radiation corresponding to any was provided by the Dept. of Energy under contract
wavelength within the ArF* gain profile is readily no. DE-AC02-79SR10350. Additional support was
generated by focusing into a strontium heat pipe, furnished by the Air Force Office of Scientific
producing ~5-ns third-harmonic pulses with peak Research under grant no. AFOSR-79-0130, the National
power greater than 1 W. This spectrally narrow Science Foundation under grant no. PUY78-27610, and
third-harmonic radiation is subsequently amplified in the Office of Naval Research.
one double and two single passes through three

Swavemeter

21

Figure 1. Tunable, ultrahigh-spectral-
brightness ArF laser 77ArF am

ArF amp

300 MJ41- r m

00424/175390115 Coyrgh 198 Ameica Isitute ofPysc
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Appendix

The Atomic Scattering Factor, fl + if2, for 94 Elements and for the 100 to 2000 eV Photon Energy Region

B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro and B. K. Fujikawa

University of Hawaii, Department of Physics and Astronomy, Honolulu, Hawaii 96822

In a recent work,1 a "state of the art" compilation and fitting of the best available experimental and
theoretical photoionization cross sections has been presented for the 30 to 10,000 eV region. Usir., the quantum
dispersion theory, the atomic scattering factors were then uniquely determined from the photoionization cross
section data for the low energy x-rays. In Ref. 1, the original data were given at fifty laboratory wavelengths
along with compilation references and a description of the fitting procedures. Presented here are the f1 and f2
values which have been interpolated at regular intervals.

As discussed in the review papers of these Proceedings by Henke, the f, and f2 parameters may be applied to
calculate the low energy x-ray interactions--absorption, scattering, specular and Bragg reflection.

The corresponding value for the photoionization cross section is related to f2 by EU(E) = Kf2, where K for a
given element is presented at the end of each f, - f2 table in keV-cm

2/gram u, lbt. For Eij(E) in eV-barns/atom
units, K is equal to 6.987 x l07 for all atoms.

The tables are presented here at 125 values of photon energy, E(eV) and wavelength, X(A) with logarithmically
spaced intervals by truncating to the nearest electron volt the energy as given by

E = 1O0 x 1O(N log 20)/1 24 eV.

This expression may be used for convenient computer calculation and plotting of functions of f, and f2 as indexed
here by N. (f, and f2 have been precisely interpolated for the truncated E values as listed in these tables.) The
approximate K, L and M absorption edge positions are identified within the tables.

"'Low Energy X-Ray Interaction Coefficients: Photoionization, Scattering and Reflection," B. L. Henke, P. Lee,
T. J. Tanaka, R. L. Shimabukuro and B. K. Fujikawa, Atomic Data and Nuclear Data Tables 27, No. 1, (1982).
0094-243X/81/750340-49$1.50 Copyright 1981 American Institute of Physics
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ATOMIC SCATTERING FACTOR, fl+ if 2

HI (1) He (2) Li (3) Be (4)
N E(eV) f___ f__ f, f 2  f, f2  f, f2  X(A)

0 100 1.02 2.76-02 2.14 4.94-01 2.75 2.34 00 0.45 1.67-01 124.0
1 102 1.02 2.65-02 2.14 4.80-01 2.81 2.25 00 0.23 1.63-01 121.5
2 104 1.02 2.54-02 2.14 4.65-01 2.86 2.17 00 -0.06 1.59-01 119.2
3 107 1.02 2.40-02 2.15 4.46-01 2.92 2.06 00 -0.66 1.54-01 115.9
4 110 1.02 2.26-02 2.15 4.27-01 2.97 1.99 00 -2.90 K 1.49-01 112.7

5 112 1.02 2.18-02 2.15 4.15-01 3.01 1.95 00 -2.98 4.21 00 110.7
6 115 1.02 2.06-02 2.15 3.99-01 3.05 1.89 00 -0.41 4.09 00 107.8
7 118 1.02 1.95-02 2.15 3.83-01 3.08 1.83 00 0.43 3.98 00 105.1
8 121 1.02 1.85-02 2.15 3.69-01 3.12 1.76 00 0.96 3.87 00 102.5
9 124 1.02 1.76-02 2.14 3.55-01 3.15 1.70 00 1.33 3.77 00 100.0

10 127 1.02 1.67-02 2.14 3.42-01 3.17 1.65 00 1.64 3.67 00 97.6
11 130 1.02 1.59-02 2.14 3.30-01 3.20 1.60 00 1.90 3.58 00 95.4
12 133 1.02 1.52-02 2.14 3.18-01 3.22 1.55 00 2.12 3.49 00 93.2
13 136 1.02 1.45-02 2.14 3.07-01 3.24 1.49 00 2.29 3.40 00 91.2
14 140 1.01 1.36-02 2.14 2.93-01 3.25 1.43 00 2.51 3.29 00 88.6

15 143 1.01 1.30-02 2.14 2.83-01 3.27 1.38 00 2.65 3.21 00 86.7
16 147 1.01 1.22-02 2.14 2.71-01 3.28 1.32 00 2.82 3.11 00 84.3
17 150 1.01 1.17-02 2.14 2.62-01 3.29 1.29 00 2.93 3.05 00 82.7
18 154 1.01 1.11-02 2.13 2.51-01 3.30 1.24 00 3.07 2.96 00 80.5
19 158 1.01 1.05-02 2.13 2.41-01 3.31 1.19 00 3.21 2.86 00 78.5

20 162 1.01 9.94-03 2.13 2.31-01 3.31 1.15 00 3.33 2.77 00 76.5
21 166 1.01 9.43-03 2.13 2.21-01 3.32 1.11 00 3.44 2.69 00 74.7
22 170 1.01 8.95-03 2.13 2.13-01 3.32 1.07 00 3.53 2.61 00 72.9
23 174 1.01 8.51-03 2.12 2.04-01 3.32 1.03 00 3.61 2.53 00 71.3
24 178 1.01 8.09-03 2.12 1.97-01 3.33 9.97-01 3.68 2.46 00 69.7

25 182 1.01 7.71-03 2.12 1.89-01 3.33 9.65-01 3.75 2.40 00 68.1
26 187 1.01 '7.26-03 2.12 1.81-01 3.33 9.22-01 3.83 2.30 00 66.3
27 191 1.01 6.93-03 2.12 1.74-01 3.33 8.88-01 3.88 2.22 00 64.9
28 196 1.01 6.55-03 2.11 1.66-01 3.33 8.51-01 3.95 2.15 00 63.3
29 201 1.01 6.20-03 2.11 1.59-01 3.33 8.18-01 4.00 2.08 00 61.7

30 206 1.01 5.87-03 2.11 1.52-01 3.32 7.87-01 4.04 2.02 00 60.2
31 211 1.01 5.57-03 2.11 1.46-01 3.32 7.57-01 4.08 1.96 00 58.8
32 216 1.01 5.29-03 2.10 1.40-01 3.32 7.28-01 4.12 1.89 00 57.4
33 221 1.01 5.03-03 2.10 1.34-01 3.32 6.99-01 4.15 1.83 00 56.1
34 227 1.01 4.74-03 2.10 1.28-01 3.31 6.67-01 4.18 1.76 00 54.6

35 232 1.01 4.52-03 2.10 1.23-01 3.31 6.42-01 4.20 1.70 00 53.4
36 238 1.01 4.27-03 2.09 1.17-01 3.31 6.14-01 4.23 1.64 00 52.2
37 244 1.01 4.05-03 2.09 1.12-01 3.30 5.88-01 4.25 1.58 00 50.8
38 250 1.01 3.84-03 2.09 1.07-01 3.30 5.64-01 4.27 1.52 00 49.6
39 256 1.01 3.64-03 2.09 1.02-01 3.29 5.41-01 4.28 1.47 00 48.4

40 262 1.01 3.46-03 2.09 9.80-02 3.29 5.19-01 4.30 1.42 00 47.3
41 269 1.01 3.27-03 2.08 9.33-02 3.28 4.96-01 4.31 1.36 00 46.1
42 275 1.01 3.11-03 2.08 8.93-02 3.28 4.77-01 4.32 1.32 00 45.1
43 282 1.01 2.95-03 2.08 8.48-02 3.27 4.56-01 4.33 1.27 00 44.0
44 289 1.00 2.79-03 2.08 8.05-02 3.27 4.36-01 4.34 1.22 00 42.9

45 296 1.00 2.65-03 2.07 7.66-02 3.26 4.17-01 4.34 1.17 00 41.9
46 303 1.00 2.52-03 2.07 7.30-02 3.26 3.99-01 4.35 1.13 00 40.9
47 311 1.00 2.37-03 2.07 6.91-02 3.25 3.80-01 4.35 1.08 00 39.9

448 318 1.00 2.26-03 2.07 6.60-02 3.25 3.65-01 4.36 1.05 00 39.0
49 326 1.017 2.13-03 2.07 6.27-02 3.24 3.48-01 4.36 1.00 00 38.0

50 334 1.00 2.02-03 2.06 5.96-02 3.24 3.33-01 4.36 9.67-01 37.1
51 342 1.00 1.91-03 2.06 5.67-02 3.23 3.19-01 4.36 9.30-01 36.3

452 351 1.00 1.80-03 2.06 5.37-02 3.23 3.04-01 4.36 8.92-01 35.3
53 359 1.00 1.71-03 2.06 5.13-02 3.22 2.91-01 4.36 8.61-01 34.5
54 368 1.00 1.62-03 2.06 4.87-02 3.21 2.78-01 4.36 8.27-01 33.7

55 377 1.00 1.53-03 2.06 4.63-02 3.21 2.66-01 4.35 7.96-01 32.9
56 386 1.00 1.45-03 2.05 4.41-02 3.20 2.54-01 4.35 7.66-01 32.1
57 396 1.00 1.37-03 2.05 4.17-02 3.20 2.42-01 4.35 7.34-01 31.3
58 406 1.00 1.29-03 2.05 3.95-02 3.19 2.31-01 4.34 7.02-01 30.5
59 415 1.00 1.23-03 2.05 3.77-02 3.19 2.21-01 4.34 6.75-01 29.9

60 426 1.00 1.16-03 2.05 3.56-02 3.18 2.10-01 4.34 6.44-01 29.1
61 436 1.00 1.10-03 2.05 3.39-02 3.18 2.01-01 4.33 6.17-01 28.4
62 447 1.00 1.04-03 2.04 3.21-02 3.17 1.91-01 4.33 5.90-01 27.7
63 458 1.00 9.84-04 2.04 3.05-02 3.17 1.82-01 4.32 5.65-01 27.1
64 469 1.00 9.32-04 2.04 2.90-02 3.16 1.74-01 4.32 5.41-01 26.4
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H (1) He (2) Li (3) Be (4)
Hydrogen Helium Lithium Beryllium

N E(eV) f f2 fE f2 f f2 f f___, _(A)

65 480 1.00 8.84-04 2.04 2.75-02 3.16 1.66-01 4.31 5.19-01 25.83

66 492 1.00 8.36-04 2.04 2.61-02 3.15 1.58-01 4.30 4.96-01 25.20

67 504 1.00 7.91-04 2.04 2.48-02 3.15 1.51-01 4.30 4.75-01 24.60

68 516 1.00 7.50-04 2.04 2.36-02 3.14 1.44-01 4.29 4.55-01 24.03

69 529 1.00 7.08-04 2.03 2.24-02 3.14 1.37-01 4.29 4.35-01 23.44

70 542 1.00 6.70-04 2.03 2.12-02 3.14 1.30-01 4.28 4.16-01 22.87

71 555 1.00 6.35-04 2.03 2.02-02 3.13 1.24-01 4.27 3.99-01 22.34

72 569 1.00 6.00-04 2.03 1.91-02 3.13 1.18-01 4.27 3.81-01 21.79

73 583 1.00 5.68-04 2.03 1.81-02 3.12 1.12-01 4.26 3.64-01 21.27

74 597 1.00 5.38-04 2.03 1.72-02 3.12 1.07-01 4.26 3.48-01 20.77

75 612 1.00 5.08-04 2.03 1.63-02 3.12 1.02-01 4.25 3.32-01 20.26

76 627 1.00 4.81-04 2.03 1.55-02 3.11 9.71-02 4.24 3.18-01 19.77 I
77 642 1.00 4.55-04 2.03 1.47-02 3.11 9.24-02 4.24 3.04-01 19.31

78 658 1.00 4.30-04 2.02 1.38-02 • 3.11 8.75-02 4.23 2.89-01 18.84

79 674 1.00 4.06-04 2.02 1.31-02 3.10 8.29-02 4.23 2.75-01 18.39

80 690 1.00 3.85-04 2.02 1.24-02 3.10 7.93-02 4.22 2.64-01 17.97

81 707 1.00 3.64-04 2.02 1.19-02 3.10 7.58-02 4.21 2.53-01 17.54

82 725 1.00 3.43-04 2.02 1.12-02 3.09 7.19-02 4.21 2.41-01 17.10

83 742 1.00 3.25-04 2.02 1.07-02 3.09 6.86-02 4.20 2.30-01 16.71

84 760 1.00 3.07-04 2.02 1.01-02 3.09 6.52-02 4.20 2.20-01 16.31

85 779 1.00 2.90-04 2.02 9.60-03 3.08 6.20-02 4.19 2.09-01 15.92
86 798 1.00 2.74-04 2.02 9.10-03 3.08 5.89-02 4.19 2.00-01 15.54

87 818 1.00 2.59-04 2.02 8.62-03 3.08 5.60-02 4.18 1.90-01 15.16

88 838 1.00 2.45-04 2.02 8.17-03 3.07 5.32-02 4.18 1.81-01 14.79

89 858 1.00 2.32-04 2.02 7.76-03 3.07 5.07-02 4.17 1.73-01 14.45

90 879 1.00 2.19-04 2.02 7.37-03 3.07 4.82-02 4.17 1.65-01 14.10

91 901 1.00 2.07-04 2.01 6.99-03 3.07 4.58-02 4.16 1.58-01 13.76

92 923 1.00 1.96-04 2.01 6.64-03 3.06 4.35-02 4.16 1.50-01 13.43

93 945 1.00 1.85-04 2.01 6.32-03 3.06 4.14-02 4.15 1.44-01 13.12

944 968 1.00 1.75-04 2.01 6.00-03 3.06 3.94-02 4.15 1.37-01 12.81

95 992 1.00 1.66-04 2.01 5.70-03 3.06 3.74-02 4.14 1.30-01 12.50

96 1016 1.00 1.57-04 2.01 5.42-03 3.06 3.56-02 4.14 1.24-01 12.20

97 1041 1.00 1.48-04 2.01 5.13-03 3.05 3.38-02 4.13 1.18-01 11.91

98 1067 1.00 1.40-04 2.01 4.86-03 3.05 3.21-02 4.13 1.12-01 11.62

99 1093 1.00 1.32-04 2.01 4.61-03 3.05 3.05-02 4.12 1.07-01 11.34

100 1119 1.00 1.25-04 2.01 4.38-03 3.05 2.91-02 4.12 1.02-01 11.08
101 1147 1.00 1.18-04 2.01 4.15-03 3.05 2.76-02 4.12 9.69-02 10.81

102 1175 1.00 1.12-04 2.01 3.93-03 3.05 2.62-02 4.11 9.22-02 10.55

103 1204 1.00 1.06-04 2.01 3.73-03 3.04 2.49-02 4.11 8.77-02 10.30

104 1233 1.00 9.98-05 2.01 3.54-03 3.04 2.37-02 4.11 8.35-02 10.06

105 1263 1.00 9.43-05 2.01 3.36-03 3.04 2.25-02 4.10 7.95-02 9.82

106 1294 1.00 8.91-05 2.01 3.19-03 3.04 2.14-02 4.10 7.56-02 9.58

107 1326 1.00 8.41-05 2.I 3.03-03 3.04 2.03-02 4.10 7.19-02 9.35

108 1358 1.00 7.95-05 2.01 2.88-03 3.04 1.93-02 4.09 6.85-02 9.13
109 1392 1.00 7.50-05 2.01 2.73-03 3.03 1.83-02 4.09 6.51-02 8.91

110 1426 1.00 7.08-05 2.01 2.60-03 3.03 1.74-02 4.09 6.20-02 8.69

ill 1460 1.00 6.70-05 2.01 2.47-03 3.03 1.65-02 4.08 5.91-02 8.49

112 1496 1.00 6.32-05 2.01 2.34-03 3.03 1.57-02 4.08 5.62-02 8.29

113 1533 1.00 5.97-05 2.01 2.21-03 3.03 1.48-02 4.08 5.34-02 8.09

114 1570 1.00 5.64-05 2.01 2.10-03 3.03 1.41-02 4.07 5.08-02 7.90

115 1609 1.00 5.32-05 2.01 1.98-03 3.03 1.34-02 4.07 4.83-02 7.71

116 1648 1.00 5.03-05 2.01 1.88-03 3.03 1.27-02 4.07 4.59-02 7.52

107 1688 1.00 4.76-05 2.01 1.78-03 3.03 1.20-02 4.07 4.37-02 7.34

118 1730 1.00 4.49-05 2.00 1.68-03 3.02 1.14-02 4.06 4.15-02 7.17

119 1772 1.00 4.24-05 2.00 1.59-03 3.02 1.08-02 4.06 3.95-02 7.00

120 1815 1.00 4.01-05 2.00 1.50-03 3.02 1.02-02 4.06 3.75-02 6.83

121 1860 1.00 3.78-05 2.00 1.41-03 3.02 9.70-03 4.06 3.56-02 6.67

122 1905 1.00 3.57-05 2.00 1.34-03 3.02 9.20-03 4.06 3.38-02 6.51

123 1952 1.00 3.37-05 2.00 1.26-03 3.02 8.71-03 4.05 3.21-02 6.35

124 2000 1.00 3.18-05 2.00 1.19-03 3.02 8.25-03 4.05 3.05-02 6.20

EP(E) 41725 10507 6059. 4667 keV- cm
2

r" gram

Atomic 1.008 4.003 6.941 9.012 amu
Weight
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ATOMIC SCATTERING FACTOR, f1 - if2

B (5) C (6) N (7) 0 (8)
N E(eV) f, f, f, f2  f, f2  ft f2  X(A)

0 100 2.90 3.47-01 4.12 6.63-01 5.22 1.45 00 6.13 2.50 00 124.0
1 102 2.89 3.39-01 4.12 6.46-01 5.23 1.42 00 6.16 2.43 00 121.5
2 104 2.88 3.30-01 4.13 6.30-01 5.24 1.38 00 6.19 2.38 00 119.2
3 107 2.86 3.19-01 4.11 6.07-01 5.26 1.34 00 6.22 2.29 00 115.9
4 110 2.84 3.09-01 4.13 5.85-01 5.27 1.29 00 6.25 2.22 00 112.7

5 112 2.82 3.04-01 4.13 5.76-01 5.28 1.27 00 6.27 2.17 00 110.7
6 115 2.80 2.95-01 4.08 5.64-01 5.29 1.23 00 6.30 2.10 00 107.8

7 118 2.77 2.86-01 4.12 5.52-01 5.29 1.19 00 6.32 2.03 00 105.1

9 127 2.68 2.61-01 4.11 5.20-01 5.31 1.09 00 6.37 1.85 00 970.6
10 133 2.61 2.61-01 4.04 4.96-01 5.32 1.03 00 6.41 1.75 00 93.2

16 147 2.38 2.46-01 4.02 4.96-01 5.32 9.09-01 6.45 1.75 00 84.3
17 150 2.32 2.11-01 4.02 4.83-01 5.32 8.87-01 6.45 1.50 00 812I:18 140 2.22 2.30-01 4.02 4.15-01 5.31 8.58-01 6.46 1.4 00 80.5
19 158 2.11 1.96-01 4.01 4.02-01 5.31 8.31-01 6.46 1.40 00 86.5

20 162 1.98 218-01 3.99 439-01 5.31 8.04-01 6.47 1.36 00 76.5
17 166 1.82 218-01 3.97 3.78-01 5.30 7.87-01 6.47 1.31 00 74.7
22 170 1.62 1.74-01 3.95 3.66-01 5.30 7.55-01 6.47 1.27 00 72.9
23 174 213 1.96-01 3.89 3.55-01 5.29 7.33-01 6.47 1.23 00 71.3

24 178 1.02 1.64-01 3.90 3.45-01 5.2187.11-01 6.47 1.20 00 76.7

25 182 0.39 1.59-01 3.83 3.35-01 5.2076.79-01 6.47 1.1 00 68.1
26 170 -.2.4 1.53-01 3.85 3.24-01 5.26 6.67-01 6.47 1.27 00 66.3
27 191 -0.55 4.18-00 3.80 3.15-01 5.25 6.39-01 6.47 1.08 00 64.9
28 196 1.08 4.64-00 3.76 3.05-01 5.24 7.17-01 6.46 1.0 00 63.3

29 12 1.74 3.9-00 3.73 2.95-01 5.23 6.06-01 6.46 1.016 00 681

30 206 -2.19K1.30 3.85 3.69 28-01 5.21 6.67-01 6.45 9.75-00 60.2
31 191 20.55 3.76 00 3.64 2.75-01 5.20 5.68-01 6.45 9.45-01 58.8
28 196 2.8 3.6 00 3.55 2.66-01 5.18 5.50-01 6.44 9.14-0 57.4
33 221 3.06 3.5 00 3.52 2.95-01 5.17 5.33-01 6.43 8.801 61.1

34 227 3.319 3.42 00 3.43 2.47-01 5.1 5.84-01 6.42 8.75-01 54.6

35 232 3.49 3.32 00 3.35 2.70-01 5.13 4.98-01 6.41 8.45-01 53.4
36 238 3.70 3.21 00 3.24 2.31-01 5.10 4.81-01 6.40 7.94-01 52.1
37 244 3.88 3.11 00 3.11 2.23-01 5.08 4.65-01 6.43 7.66-01 50.8
38 250 4.04 3.01 00 2.96 2.15-01 5.05 4.50-01 6.37 7.39-01 54.6

39 256 341 2.92 00 2.76 2.40-01 5.02 4.35-01 6.36 7.14-01 48.4

40 262 4.29 328 00 325 2.01-01 4.99 4.21-01 6.35 6.90-01 47.3
41 269 4.41 2.74 00 2.13 1.94-01 4.96 4.65-01 6.33 6.64-01 46.1
42 250 4.51 2.66 00 1.27 218-01 4.92 3.94-01 6.32 6.39-01 45.1
39 282 4.60 2.57 00 -0.73 K2.8-01 4.88 435-01 6.30 6.20-01 484

44 289 4.68 2.83 00 -0.11 4.481-01 4.83 3.67-01 6.28 5.97-01 42.9

45 269 4.76 2.39 00 2.17 4.33-00 4.78 3.55-01 6.2365.64-01 461
46 303 4.82 2.32 00 127 4.18-00 4.72 3.4-01 6.2 5.56-01 40.9
47 311 4.88 2.23 00 -.3.46 4.02-00 4.65 3.31-01 6.22 5.35-01 39.9
44 389 4.93 2.16 00 30.66 3.8 00 4.583 3.20-01 6.19 5.17-01 329

49 296 4.98 2.38 00 3.98 437 00 4.49 3.09-01 6.16 4.98-01 38.0
50 33 5.03 2.01 00 425 39.62 00 4.39 2.99-01 6.13 4.81-01 37.1
51 342 5.07 1.94 00 344 3.02 00 4.28 2.89-01 6.10 4.64-01 36.3
52 318 5.11 218 00 4.70 3.37 00 4.11 327-01 6.06 4.46-01 35.3
53 359 5.15 1.8 00 4.8 3.26 00 3.932.69-01 6.03 4.31-01 34.5

54 368 5.18 1.75 00 5.04 3.14 00 439 2.60-01 5.98 4.81-01 33.7

55 377 5.21 1.94 00 5.19 3.0 00 3.34 2.51-01 5.94 4.01-01 32.9
a56 386 5.23 1.63 00 5.31 2.937 00 2.69 2.42-01 5.89 3.87-01 32.3

57 359 5.25 1.57 00 5.49 2.826 00 1.223 2.34-01 5.834 37-01 31.3
58 468 5.27 1.5 00 5.52 2.72 00 0.9 3.96001 5.77 3.15-01 30.5

55 415 5.29 1.69 00 5.60 2.63 00 3.10 3.91010 5.70 3.45-01 32.9

56 426 5.23 1.40 00 5.69 2.53 00 3.85 3.42-00 5.62 3.31-01 32.1

61 436 5.31 1.51 00 5.76 2.45 00 4.34 3.78 00 5.53 3.20-01 28.4

62 447 5.33 1.30 00 5.84 2.36 00 4.76 3.72 00 5.42 3.08-01 27.7
63 458 5.33 1.25 00 5.91 2.28 00 5.10 3.67 00 5.30 2.96-01 27.1
64 469 5.34 1.20 00 5.95 2.20 00 5.37 3.55 00 5.13 2.85-01 26.4
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B (5) C (6) N (7) 0 (8)
Boron Carbon Nitrogen Oxygen

N E(e'J) fl__ f__ 2 __ fl __ f2 ff2f, f__ X

65 480 5.35 1.16 00 6.00 2.12 00 5.61 3.43 00 4.94 2.75-01 25.83

66 492 5.35 1.11 00 6.05 2.04 00 5.82 3.32 00 4.67 2.65-01 25.20
67 504 5.35 1.07 00 6.09 1.97 00 5.99 3.20 00 4.29 2.55-01 24.60
68 516 5.36 1.03 00 6.13 1.90 00 6.14 3.10 00 3.62 2.46-01 24.03
69 529 5.36 9.87-01 6.16 1.83 00 6.27 2.99 00 1.37 K 2.37-01 23.44

70 542 5.36 9.47-01 6.19 1.77 00 6.38 2.89 00 3.23 4.43 00 22.87
71 555 5.36 9.09-01 6.22 1.70 00 6.48 2.80 00 4.33 4.28 00 22.34
72 569 5.36 8.73-01 6.24 1.64 00 6.58 2.70 00 5.03 4.12 00 21.79
73 583 5.36 8.38-01 6.26 1.57 00 6.67 2.60 00 5.54 3.98 00 21.27
74 597 5.36 8.05-01 6.28 1.52 00 6.74 2.51 00 5.91 3.85 00 20.77

75 612 5.35 7.71-01 6.30 1.46 00 6.82 2.42 00 6.25 3.72 00 20.26
76 627 5.35 7.40-01 6.31 1.40 00 6.89 2.34 00 6.53 3.60 00 19.77
77 642 5.35 7.09-01 6.32 1.35 00 6.95 2.25 00 6.75 3.47 00 19.31
78 658 5.34 6.76-01 6.33 1.29 00 7.00 2.16 00 6.93 3.34 00 18.84
79 674 5.34 6.45-01 6.34 1.24 00 7.05 2.08 00 7.09 3.21 00 18.39

80 690 5.33 6.21-01 6.35 1.20 00 7.09 2.01 00 7.23 3.11 00 17.97
81 707 5.33 5.97-01 6.35 1.16 00 7.13 1.95 00 7.35 3.02 00 17.54
82 725 5.32 5.71-01 6.36 1.11 00 7.16 1.87 00 7.46 2.90 00 17.10
83 742 5.32 5.48-01 6.36 1.07 00 7.19 1.80 00 7.56 2.80 00 16.71
84 760 5.31 5.24-01 6.36 1.02 00 7.22 1.74 00 7.65 2.71 00 16.31

85 779 5.31 5.02-01 6.37 9.80-01 7.24 1.67 00 7.73 2.61 00 15.92
86 798 5.30 4.80-01 6.37 9.40-01 7.26 1.60 00 7.81 2.51 00 15.54
87 818 5.30 4.59-01 6.37 9.01-01 7.28 1.54 00 7.88 2.41 00 15.16
88 838 5.29 4.39-01 6.37 8.64-01 7.30 1.48 00 7.94 2.31 00 14.79
89 858 5.29 4.20-01 6.36 8.29-01 7.32 1.42 00 8.00 2.23 00 14.45

90 879 5.28 4.01-01 6.36 7.95-01 7.33 1.36 00 8.05 2.15 00 14.10
91 901 5.27 3.83-01 6.36 7.61-01 7.34 1.31 00 8.09 2.07 00 13.76
92 923 5.27 3.66-01 6.36 7.30-01 7.35 1.26 00 8.13 2.00 00 13.43
93 945 5.26 3.50-01 6.35 7.00-01 7.36 1.21 00 8.16 1.93 00 13.12
94 968 5.25 3.35-01 6.35 6.71-01 7.36 1.16 00 8.19 1.85 00 12.81

95 992 5.25 3.20-01 6.34 6.42-01 7.36 1.12 00 8.22 1.78 00 12.50
96 1016 5.24 3.06-01 6.34 6.16-01 7.37 1.07 00 8.25 1.71 00 12.20
97 1041 5.24 2.92-01 6.33 5.90-01 7.37 1.03 00 8.27 1.64 00 11.91
98 1067 5.23 2.79-01 6.33 5.64-01 7.37 9.86-01 8.29 1.58 00 11.62
99 1093 5.22 2.66-01 6.32 5.40-01 7.37 9.46-01 8.31 1.52 00 11.34

100 1119 5.22 2.54-01 6.32 5.17-01 7.37 9.09-01 8.32 1.46 00 11.08
101 1147 5.21 2.42-01 6.31 4.94-01 7.37 8.71-01 8.33 1.40 00 10.81
102 1175 5.21 2.31-01 6.30 4.73-01 7.37 8.35-01 8.35 1.34 00 10.55
103 1204 5.20 2.21-01 6.30 4.52-01 7.37 8.01-01 8.36 1.29 00 10.30
104 1233 5.20 2.11-01 6.29 4.33-01 7.36 7.68-01 8.36 1.24 00 10.06

105 1263 5.19 2.01-01 6.29 4.14-01 7.36 7.37-01 8.37 1.19 00 9.82
106 1294 5.18 1.92-01 6.28 3.96-01 7.36 7.05-01 8.37 1.14 00 9.58
107 1326 5.18 1.83-01 6.27 3.78-01 7.35 6.74-01 8.38 1.10 00 9.35
108 1358 5.17 1.75-01 6.27 3.62-01 7.35 6.46-01 8.38 1.05 00 9.13
109 1392 5.17 1.66-01 6.26 3.45-01 7.34 6.17-01 8.38 1.01 00 8.91

110 1426 5.16 1.59-01 6.25 3.30-01 7.34 5.91-01 8.38 9.69-01 8.69
111 1460 5.16 1.52-01 6.25 3.16-01 7.33 5.66-01 8.38 9.31-01 8.49
112 1496 5.15 1.44-01 6.24 3.01-01 7.33 5.42-01 8.38 8.93-01 8.29
113 1533 5.15 1.38-01 6.24 2.88-01 7.32 5.18-01 8.38 8.56-01 8.09
114 1570 5.14 1.31-01 6.23 2.75-01 7.31 4.96-01 8.37 8.20-01 7.90

115 1609 5.14 1.25-01 6.22 2.62-01 7.31 4.74-01 8.37 7.86-01 7.71
116 1648 5.14 1.19-01 6.22 2.51-01 7.30 4.53-01 8.37 7.53-01 7.52
117 1688 5.13 1.14-01 6.21 2.39-01 7.30 4.34-01 8.36 7.22-01 7.34
118 1730 5.13 1.08-01 6.21 2.28-01 7.29 4.14-01 8.36 6.91-01 7.17
119 1772 5.12 1.03-01 6.20 2.18-01 7.28 3.96-01 8.36 6.62-01 7.00

120 1815 5.12 9.82-02 6.20 2.08-01 7.27 3.79-01 8.35 6.34-01 6.83
121 1860 5.11 9.34-02 6.19 1.99-01 7.27 3.62-01 8.34 6.07-01 6.67
122 1905 5.11 8.90-02 6.18 1.90-01 7.26 3.46-01 8.34 5.82-01 6.51
123 1952 5.11 8.47-02 6.18 1.81-01 7.26 3.30-01 8.33 5.57-01 6.35
124 2000 5.10 8.07-02 6.17 1.73-01 7.25 3.15-01 8.33 5.33-01 6.20

EE)3890. 3502. 3003. 2629. keV-cm'
f2 gram

Atomic101120140160 m
Weight108120140160 U
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ATOMIC SCATTERING FACTOR, fi+ if,

F (9) Ne (10) Na (11) Mg (12)
N E(eV) fl f 2  f, f 2  f, f;, f f, A(A)_
0 100 6.71 3.95 00 6.21 5.50 00 6.23 7.70 00 3.73 7.54 00 124.0
1 102 6.78 3.86 00 6.36 5.42 00 6.42 7.58 00 4.11 7.58 00 121.5
2 104 6.84 3.78 00 6.46 5.34 00 6.59 7.46 00 4.42 7.66 00 119.2
3 107 6.91 3.67 00 6.58 5.23 00 6.83 7.29 00 4.84 7.87 00 115.9
4 110 6.98 3.56 00 6.72 5.27 00 7.04 7.14 00 5.21 8.04 00 112.7

5 112 7.02 3.49 00 6.90 5.30 00 7.16 7.03 00 5.44 8.15 00 110.7
6 115 7.08 3.39 00 7.16 5.15 00 7.34 6.89 00 5.76 8.28 00 107.8
7 118 7.13 3.29 00 7.35 4.97 00 7.51 6.75 00 6.07 8.19 00 105.1
8 121 7.18 3.21 00 7.49 4.75 00 7.67 6.61 00 6.36 8.10 00 102.5
9 124 7.22 3.12 00 7.52 4.55 00 7.81 6.48 00 6.64 7.90 00 100.0

10 127 7.26 3.04 00 7.56 4.46 00 7.96 6.36 00 6.92 7.61 00 97.6
11 130 7.30 2.96 00 7.60 4.39 00 8.10 6.24 00 7.21 7.34 00 95.4
12 133 7.34 2.88 00 7.67 4.32 00 8.23 6.10 00 7.50 7.32 00 93.2
13 136 7.37 2.81 00 7.74 4.24 00 8.34 5.97 00 7.72 7.30 00 91.2
14 140 7.41 2.71 00 7.83 4.13 00 8.48 5.81 00 7.99 7.26 00 88.6

15 143 7.43 2.64 00 7.89 4.05 00 8.58 5.69 00 8.18 7.23 00 86.7
16 147 7.46 2.55 00 7.96 3.95 00 8.69 5.53 00 8.40 7.18 00 84.3
17 150 7.48 2.49 00 8.01 3.89 00 8.77 5.43 00 8.56 7.13 00 82.7
18 154 7.50 2.41 00 8.10 3.79 00 8.87 5.29 00 8.75 7.06 00 80.5
19 158 7.53 2.34 00 8.17 3.69 00 8.97 5.16 00 8.93 7.00 00 78.5

20 162 7.54 2.27 00 8.23 3.59 00 9.06 5.02 00 9.11 6.92 00 76.5
21 166 7.56 2.20 00 8.28 3.49 00 9.15 4.89 00 9.27 6.81 00 74.7
22 170 7.57 2.13 00 8.33 3.40 00 9.22 4.77 00 9.41 6.71 00 72.9
23 174 7.58 2.07 00 8.37 3.32 00 9.28 4.65 00 9.53 6.61 00 71.3
24 178 7.59 2.01 00 8.41 3.24 00 9.35 4.54 00 9.65 6.49 00 69.7

25 182 7.60 1.95 00 8.46 3.17 00 9.40 4.43 00 9.76 6.35 00 68.1
26 187 7.61 1.88 00 8.51 3.06 00 9.48 4.30 00 9.89 6.18 00 66.3
27 191 7.62 1.83 00 8.55 2.97 00 9.54 4.20 00 9.99 6.05 00 64.9
28 196 7.62 1.77 00 8.57 2.88 00 9.60 4.06 00 10.10 5.87 00 63.3
29 201 7.63 1.71 00 8.60 2.79 00 9.65 3.93 00 10.19 5.69 00 61.7

30 206 7.63 1.66 00 8.63 2.71 00 9.69 3.81 00 10.28 5.52 00 6C.2
31 211 7.63 1.60 00 8.66 2.64 00 9.73 3.69 00 10.37 5.34 00 58.8
32 216 7.63 1.55 00 8.69 2.55 00 9.76 3.58 00 10.44 5.16 00 ',7.4
33 221 7.63 1.50 00 8.71 2.47 00 9.79 3.48 00 10.51 4.98 00 56.1
34 227 7.63 1.45 00 8.73 2.38 00 9.82 3.36 00 10.53 4.81 00 5A.6

35 232 7.63 1.41 00 8.74 2.31 00 9.84 3.27 00 10.63 4.68 00 53.4
36 238 7.62 1.36 00 8.75 2.23 00 9.87 3.16 00 10.69 4.55 00 52.1
37 244 7.62 1.31 00 8.76 2.15 00 9.89 3.06 00 10.74 4.41 00 50.8
38 250 7.61 1.27 00 8.77 2.08 00 9.91 2.96 00 10.79 4.29 00 49.6
39 256 7.61 1.22 00 8.78 2.01 00 9.92 2.87 00 10.83 4.17 00 48.4

40 262 7.60 1.19 00 8.78 1.95 00 9.93 2.78 00 10.87 4.06 00 47.3
41 269 7.59 1.14 00 8.78 1.88 00 9.95 2.68 00 10.90 3.95 00 46.1
42 275 7.58 1.11 00 8.79 1.82 00 9.95 2.60 00 10.93 3.86 00 45.1
43 282 7.57 1.07 00 8.79 1.75 00 9.96 2.52 00 10.96 3.76 00 44.0
44 289 7.56 1.03 00 8.79 1.69 00 9.97 2.43 00 10.99 3.67 00 42.9

45 296 7.55 9.95-01 8.79 1.63 00 9.97 2.35 00 11.01 3.58 00 41.9
46 303 7.54 9.62-01 8.78 1.57 00 9.97 2.28 00 11.03 3.50 00 40.9
47 311 7.52 9.25-01 8.77 1.51 00 9.97 2.20 00 11.05 3.39 00 39.9
48 318 7.51 8.96-01 8.77 1.46 00 9.98 2.13 00 11.07 3.29 00 39.0
49 326 7.49 8.63-01 8.76 1.40 00 9.97 2.06 00 11.08 3.19 00 38.0

50 334 7.48 8.33-01 8.75 1.35 00 9.97 1.99 00 11.09 3.08 00 37.1
51 342 7.46 8.04-01 8.74 1.31 00 9.97 1.92 00 11.10 2.99 00 36.3
52 351 7.44 7.73-01 8.72 1.25 00 9.96 1.85 00 11.10 2.89 00 35.3
53 359 7 j 7.48-01 8.71 1.21 00 9.96 1.79 00 11.11 2.80 00 34.5
54 368 7 4~ 7.21-01 8.70 1.17 00 9.95 1.73 00 11.11 2.71 00 33.7

55 377 7.38 6.95-01 8.68 1.12 00 9.94 1.67 00 11.11 2.63 00 32.9
56 386 7.35 6.71-01 8.67 1.08 00 9.93 1.61 00 11.11 2.55 00 32.1
57 396 7.33 6.46-01 8.65 1.04 00 9.92 1.55 00 11.11 2.45 00 31.3
58 406 7.30 6.22-01 8.64 9.97-01 9.91 1.49 00 11.10 2.35 00 30.5
59 415 7.27 6.02-01 8.62 9.61-01 9.90 1.45 00 11.10 2.28 00 29.9

60 426 7.24 5.79-01 8.60 9.21-01 9.88 1.39 00 11.09 2.19 flO 29.1
61 436 7.21 5.59-01 8.58 8.86-01 9.87 1.34 00 11.08 2.11 00 28.4
62 447 7.17 5.38-01 8.55 8.50-01 9.85 1.29 00 11.07 2.03 00 27.7
63 458 7.14 5.18-01 8.53 8.16-01 9.84 1.25 00 11.07 1.96 00 27.1
64 469 7.10 5.00-01 8.50 7.85-01 9.82 1.20 00 11.05 1.88 00 26.4



A 346

F (9) Ne (10) Na (11) Mg (12)
Fluorine Neon Sodium Magnesium

N E(eV) f __ f2 f __f2 fl f2__ fl f2__ ____

65 480 7.05 4.83-01 8.48 7.55-01 9.81 1.16 00 11.04 1.81 00 25.83
66 492 7.00 4.65-01 8.45 7.24-01 9.79 1.12 00 11.03 1.74 00 25.20
67 504 6.95 4.48-01 8.42 6.96-01 9.77 1.08 00 11.02 1.68 00 24.60
68 516 6.89 4.32-01 8.39 6.69-01 9.75 1.04 00 11.00 1.61 00 24.03
69 529 6.82 4.15-01 8.35 6.42-01 9.73 9.99-01 10.99 1.55 00 23.44

70 542 6.75 4.00-01 8.32 6.16-01 9.71 9.62-01 10.97 1.49 00 22.87
71 555 6.66 3.85-01 8.28 5.93-01 9.68 9.27-01 10.96 1.44 00 22.34
72 569 6.56 3.71-01 8.24 5.68-01 9.66 8.91-01 10.94 1.38 00 21.79
73 583 6.44 3.57-01 8.20 5.46-01 9.63 8.58-01 10.92 1.32 00 21.27
74 597 6.30 3.44-01 8.15 5.25-01 9.61 8.26-01 10.90 1.27 00 20.77

75 612 6.12 3.31-01 8.10 5.04-01 9.58 7.98-01 10.88 1.22 00 20.26
76 627 5.89 3.18-01 8.04 4.84-01 9.55 7.72-01 10.86 1.17 00 19.77
77 642 5.58 3.06-01 7.99 4.65-01 9.52 7.44-01 10.83 1.13 00 19.31
78 658 5.00 2.95-01 7.92 4.45-01 9.49 7.11-01 10.81 1.08 00 18.84
79 674 4.17 2.84-01 7.84 4.26-01 9.45 6.80-01 10.79 1.03 00 18.39

80 690 2.36 K 4.22 00 7.76 4.11-01 9.42 6.55-01 10.76 9.94-01 17.97
81 707 5.01 4.09 00 7.66 3.97-01 9.38 6.31-01 10.74 9.58-01 17.54
82 725 5.81 3.98 00 7.54 3.81-01 9.34 6.05-01 10.71 9.17-01 17.10
83 742 6.38 3.93 00 7.42 3.67-01 9.29 5.81-01 10.68 8.81-01 16.71
84 760 6.82 3.84 00 7.26 3.53-01 9.24 5.58-01 10.65 8.46-01 16.31

85 779 7.21 3.71 00 7.06 3.40-01 9.19 5.35-01 10.62 8.10-01 15.92
86 798 7.50 3.57 00 6.78 3.26-01 9.13 5.13-01 10.59 7.77-01 15.54
87 818 7.73 3.43 00 6.40 3.13-01 9.06 4.91-01 10.55 7.44-01 15.16

488 838 7.92 3.30 00 5.65 3.00-01 8.99 4.71-01 10.51 7.14-01 14.79
89 858 8.08 3.19 00 3.62 K 2.88-01 8.91 4.52-01 10.47 6.85-01 14.45

*I90 879 8.22 3.08 00 4.07 4.45 00 8.81 4.34-01 10.43 6.57-01 14.10
9i 901 8.35 2.98 00 6.42 4.29 00 8.70 4.16-01 10.39 6.29-01 13.76
92 923 8.46 2.88 00 7.17 4.14 00 8.57 3.99-01 10.34 6.04-01 13.43
93 945 8.57 2.78 00 7.68 4.00 00 8.42 3.82-01 10.28 5.80-01 13-.12
94 968 8.66 2.69 00 8.09 3.86 00 8.21 3.65-01 10.22 5.56-01 12.81

95 992 8.75 2.59 00 8.40 3.73 00 7.93 3.49-01 10.16 5.33-01 12.50
96 1016 8.83 2.50 00 8.67 3.60 00 7.57 3.34-01 10.09 5.11-01 12.20
97 1041 8.89 2.41 00 8.90 3.46 00 6.91 3.19-01 10.01 4.90-01 11.91
98 1067 8.95 2.32 00 9.08 3.33 00 4.21 K 3.05-01 9.91 4.69-01 11.62
99 1093 9.01 2.23 00 9.24 3.20 00 5.55 4.42 00 9.80 4.50-01 11.34

100 1119 9.)5 2.15 00 9.38 3.09 00 7.82 4.26 00 9.68 4.32-01 11.08
101 1147 0 .0 2.07 00 9.51 2.97 00 8.46 4.10 00 9.52 4.14-01 10.81

*102 1175 t4 2.00 00 9.62 2.86 00 8.94 3.95 00 9.32 3.97-01 10.55
103 1204 C-1 7 1.92 00 9.71 2.75 00 9.30 3.80 00 9.04 3.80-01 10.30
104 1233 9.21 1.85 00 9.79 2.65 00 9.57 3.66 00 8.69 3.65-01 10.06

105 1263 9.23 1.78 00 9.87 2.55 00 9.80 3.52 00 8.02 3.50-01 9.82
106 1294 9.26 1.71 00 9.94 2.45 00 10.00 3.39 00 5.42 K 3.35-01 9.58
107 1326 9.28 1.64 00 10.00 2.36 00 10.17 3.26 00 6.97 4.36 00 9.35
108 1358 9.30 1.58 00 10.05 2.27 00 10.31 3.14 00 8.89 4.21 00 9.13
109 1392 9.32 1.52 00 10.10 2.18 00 10.45 3.02 00 9.52 4.05 00 8.91

110 1426 9.33 1.46 00 10.14 2.10 00 10.56 2.91 00 10.01 3.91 00 8.69
111 1460 9.35 1.40 00 10.18 2.02 00 10.66 2.81 00 10.35 3.78 00 8.49
112 1496 9.36 1.35 00 10.22 1.94 00 10.75 2.70 00 10.64 3.65 00 8.29

113 1533 9.36 1.29 00 10.25 1.86 00 10.83 2.60 00 10.86 3.52 00 8.09I
114 1570 9.37 1.24 00 10.27 1.79 00 10.90 2.50 00 11.05 3.40 00 7.90

115 1609 9.38 1.19 00 10.30 1.72 00 10.97 2.41 00 11.22 3.28 00 7.71
116 1648 9.38 1.14 00 10.32 1.65 00 11.03 2.32 00 11.37 3.16 00 7.52

*117 1688 9.39 1.09 00 10.33 1.59 00 11.08 2.23 00 11.49 3.05 00 7.34
118 1730 9.39 1.05 00 10.35 1.52 00 11.13 2.15 00 11.60 2.95 00 7.17

119 1772 9.39 1.01 00 10.36 1.46 00 11.17 2.07 00 11.70 2.84 00 7.00

120 1815 9.39 9.64-01 10.37 1.40 00 11.21 1.99 00 11.79 2.73 00 6.83I
121 1860 9.39 9.23-01 10.38 1.35 00 11.24 1.91 00 11.87 2.63 00 6.67
122 1905 9.39 8.85-01 10.39 1.29 00 11.26 1.83 00 11.94 2.53 00 6.51
123 1952 9.39 8.48-01 10.40 1.24 00 11.29 1.76 00 12.00 2.43 00 6.35
124 2000 9.38 8.13-01 10.40 1.19 00 11.31 1.69 00 12.06 2.34 00 6.20

EE)2214. 2084. 1829. 1730. gramC2

Atomic
Weight 19.00 20.18 22.99 24.31 amu
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ATOMIC SCATTERING FACTOR, fl+ if 2

Al (13) Si (14) P (15) S (16)
N E(eV) f, f 2  ft f2 fl f2 f, f 2  X(A)
0 100 2.65 7.60 00 -9.22 L 4.47-01 2.93 7.51-01 4.76 1.11 00 124.0
1 102 2.36 6.51 00 -7.27 7.92 00 2.80 7.44-01 4.72 1.10 00 121.5
2 104 2.04 6.36 00 -4.13 8.03 00 2.65 7.37-01 4.67 1.08 00 119.2

3 107 1.48 7.02 00 -2.33 8.21 00 2.41 7.27-01 4.60 1.07 00 115.9
4 110 1.71 7.77 00 -1.39 8.38 00 2.11 7.19-01 4.51 1.05 00 112.7

5 112 2.01 8.12 00 -0.89 8.50 00 1.88 7.14-01 4.45 1.05 00 110.7
6 115 2.50 8.40 00 -0.32 8.67 00 1.50 7.08-01 4.34 1.04 00 107.8
7 118 3.01 8.75 00 0.17 8.84 00 1.02 7.01-01 4.23 1.03 00 105.1
8 121 3.51 8.82 00 0.61 9.01 00 0.38 6.95-01 4.09 1.02 00 102.5
9 124 4.10 9.28 00 1.01 9.18 00 -0.49 6.89-01 3.95 1.01 00 100.0

10 127 4.91 9.08 00 1.38 9.35 00 -1.63 6.83-01 3.79 9.96-01 97.6
11 130 5.38 8.65 00 1.74 9.51 00 -5.96 6.77-01 3.60 9.85-01 95.4
12 133 5.66 8.13 00 2.08 9.68 00 -6.32 L 5.42 00 3.42 9.75-01 93.2
13 136 5.62 7.93 00 2.42 9.84 00 -2.47 6.03 00 3.17 9.63-01 91.2
14 140 5.64 7.87 00 2.87 1.01 01 -0.23 6.93 00 2.81 9.48-01 88.6

15 143 5.69 7.91 00 3.20 1.02 01 0.68 7.68 00 2.47 9.37-01 86.7
16 147 5.79 8.04 00 3.67 1.04 01 1.66 8.76 00 1.96 9.23-01 84.3
17 150 5.95 8.18 00 4.02 1.06 01 2.28 9.27 00 1.47 9.14-01 82.7
18 154 6.25 8.35 00 4.55 1.08 01 2.91 9.25 00 0.55 9.05-01 80.5
19 158 6.63 8.51 00 5.17 1.10 01 3.41 9.20 00 -0.93 8.97-01 78.5

20 162 7.12 8..,'4 00 5.83 1.11 01 3.86 9.16 00 -3.55 8.89-01 76.5
21 166 7.54 8.43 00 6.43 1.09 01 4.25 9.13 00 -7.76 L 1.05 01 74.7
22 170 7.95 8.33 00 6.91 1.07 01 4.58 9.09 00 -2.55 1.05 01 72.9
23 174 8.29 8.00 00 7.32 1.06 01 4.85 9.04 00 0.21 1.04 01 71.3
24 178 8.40 7.70 00 7.69 1.05 01 5.04 8.99 00 1.59 1.04 01 69.7

25 182 8.45 7.53 00 8.04 1.03 01 5.00 8.95 00 2.51 1.04 01 68.1
*26 187 8.56 7.49 00 8.46 1.02 01 5.12 9.49 00 3.41 1.03 01 66.3
27 191 8.70 7.45 00 8.80 1.00 01 5.42 1.01 01 4.05 1.03 01 64.9
28 196 8.9c 7.40 00 9.16 9.80 00 6.37 1.03 01 4.72 1.02 01 63.3
29 201 9.10 7.34 00 9.48 9.60 00 7.00 1.02 01 5.26 1.01 01 61.7

30 206 9.30 7.26 00 9.79 9,40 00 7.53 1.01 01 5.71 1.00 01 60.2
31 221 9.50 7.18 00 10.09 9.20 00 7.99 1.00 01 6.10 9.91 00 58.8
32 216 9.70 7.11 00 10.35 8.98 00 8.38 9.88 00 6.41 9.91 00 57.4
33 221 9.91 7.02 00 10.57 8.77 00 8.73 9.73 00 6.72 9.93 00 56.1
34 227 10.14 6.88 00 10.82 8.53 00 9.11 9.57 00 7.10 9.95 00 54.6

35 232 10.32 6.77 00 11.01 8.34 00 9.40 9.43 00 7.41 9.97 00 53.4
36 238 10.53 6.64 00 11.22 8.12 00 9.71 9.28 00 7.78 9.99 00 52.1
37 244 10.74 6.47 00 11.42 7.90 00 10.01 9.13 00 8.14 1.00 01 50.8
38 250 10.92 6.29 00 11.60 7.68 00 10.29 8.99 00 8.49 1.00 01 49.6
39 25-5 11.08 6.13 00 11.75 7.47 00 10.54 8.86 00 8.85 1.01 01 48.4

40 262 11.23 5.95 00 11.89 7.27 00 10.79 8.73 00 9.21 1.01 01 47.3
41 269 11.38 5.74 00 12.04 7.05 00 11.08 8.58 00 9.66 1.01 01 46.1
wZ 275 11.49 5.57 00 12.16 6.87 00 11.33 8.46 00 10.11 1.01 01 45.1
43 282 11.61 5.36 00 12.28 6.66 00 11.61 8.27 00 10.60 9.96 00 44.0
44 289 11.70 5.15 00 12.39 6.46 00 11.86 8.07 00 11.04 9.75 00 42.9

45 296 11.76 4.95 00 12.49 6.28 00 12.07 7.88 00 11.39 9.55 00 41.9
46 303 11.79 4.78 00 12.58 6.10 00 12.25 7.70 00 11.68 9.36 00 40.9
47 311 11.83 4.62 00 12.68 5.90 00 12.44 7.50 00 11.99 9.14 00 39.9
48 318 11.86 4.48 00 12.75 5.73 00 12.59 7.33 00 12.23 8.97 00 39.0
49 326 11.89 4.34 00 12.82 5.55 00 12.75 7.15 00 12.47 8.77 00 38.0

50 334 11.93 4.20 00 12.89 5.38 00 12.89 6.98 00 12.70 8.59 00 37.1
51 342 11.95 4.07 00 12.95 5.21 00 13.03 6.82 00 12.91 8.41 00 36.3
52 351 11.97 3.94 00 13.01 5.04 00 13.18 6.64 00 13.13 8.22 00 35.3
53 359 11.99 3.84 00 13.06 4.89 00 13.31 6.50 00 13.32 8.06 00 34.5
54 368 12.02 3.73 00 13.10 4.73 00 13.45 6.34 00 13.52 7.89 00 33.7

55 377 12.04 3.63 00 13.14 4.57 00 13.57 6.19 00 13.71 7.72 00 32.9
56 386 12.07 3.53 00 13.18 4.43 00 13.66 6.04 00 13.90 7.56 00 32.1
57 396 12.11 3.43 00 13.22 4.28 00 13.76 5.88 00 14.14 7.38 00 31.3
58 406 12.15 3.32 00 13.24 4.13 00 13.85 5.70 00 14.29 7.17 00 30.5
59 415 12.18 3.21 00 13.26 4.01 00 13.91 5.55 00 14.42 6.98 00 29.9

60 426 12.20 3.09 00 13.29 3.86 00 13.98 5.37 00 14.56 6.77 00 29.1
61 436 12.21 2.98 00 13.30 3.74 00 14.04 5.22 00 14.68 6.59 00 28.4
62 447 12.23 2.88 00 13.32 3.61 00 14.09 5.06 00 14.79 6.40 00 27.7
63 458 12.23 2.78 00 13.33 3.48 00 14.14 4.90 00 14.89 6.21 00 27.
64 469 12.24 2.68 00 13.34 3.37 00 14.18 4.74 00 14.97 6.03 00 26.



Al (13) Si (14) p (15) S (16)
Aluminum Silicon Phosphorus Sulfur

N E(eV) fi I __ f2 f f2  fl f2__ ft fz AM
65 480 12.24 2.59 00 13.35 3.26 00 14.21 4.60 00 15.04 5.85 00 25.83

66 492 12.25 2.50 00 13.36 3.14 00 14.25 4.45 00 15.11 5.66 00 25.20
67 504 12.25 2.41 00 13.36 3.03 00 14.28 4.30 00 15.18 5.49 00 24.60
68 516 12.25 2.32 00 13.36 2.93 00 14.30 4.17 00 15.23 5.32 00 24.03
69 529 12.24 2.23 00 13.36 2.82 00 14.32 4.03 00 15.28 5.15 00 23.44
70 542 12.24 2.15 00 13.36 2.72 00 14.34 3.89 00 15.32 4.99 00 22.87
71 555 12.23 2.07 00 13.36 2.63 00 14.35 3.76 00 15.37 4.84 00 22.34
72 569 12.23 1.99 00 13.35 2.53 00 14.37 3.61 00 15.39 4.67 00 21.79
73 583 12.22 1.92 00 13.34 2.44 00 14.37 3.48 00 15.43 4.51 00 21.27
74 597 12.21 1.84 00 13.33 2.35 00 14.38 3.37 00 15.45 4.37 00 20.77

75 612 12.20 1.77 00 13.32 2.27 00 14.38 3.25 00 15.47 4.22 00 20.26
76 627 12.18 1.70 00 13.31 2.18 00 14.39 3.14 00 15.49 4.08 00 19.77
77 642 12.17 1.63 00 13.30 2.11 00 14.38 3.02 00 15.51 3.94 00 19.31

78 658 12.15 1.56 00 13.28 2.03 00 14.38 2.89 00 15.51 3.78 00 18.84I
79 674 12.12 1.49 00 13.27 1.95 00 14.38 2.77 00 15.53 3.64 00 18.39
80 690 12.10 1.44 00 13.25 1.88 00 14.37 2.68 00 15.53 3.52 00 17.97
81 707 12.08 1.39 00. 13.24 1.81 00 14.36 2.59 00 15.54 3.41 00 17.54
82 725 12.05 1.33 00 13.22 1.74 00 .14.36 2.49 00 15.53 3.27 00 17.10
S3 742 12.03 1.28 00 13.20 1.68 00 14.35 2.40 00 15.53 3.15 00 16.71
84 760 12.01 1.23 00 13.18 1.62 00 14.33 2.31 00 15.53 3.03 00 16.31

85 779 11.98 1.18 00 13.16 1.56 00 14.32 2.22 00 15.52 2.91 00 15.92
86 798 11.96 1.13 00 13.14 1.50 00 14.31 2.13 00 15.51 2.80 00 15.54
87 818 11.93 1.08 00 13.12 1.44 00 14.29 2.04 00 15.51 2.69 00 15.16
88 838 11.90 1.04 00 13.10 1.39 00 14.27 1.96 00 15.50 2.59 00 14.79

89 858 11.87 9.96-01 13.08 1.34 00 14.26 1.88 00 15.49 2.49 00 14.45

90 879 11.84 9.55-01 13.05 1.28 00 14.24 1.81 00 15.47 2.39 00 14.10I
91 901 11.81 9.15-01 13.02 1.23 00 14.22 1.73 00 15.46 2.30 00 13.76392 923 11.77 8.77-01 13.00 1.19 00 14.20 1.67 00 15.44 2.21 00 13.43
93 945 11.74 8.42-01 12.97 1.14 00 14.18 1.60 00 15.43 2.12 00 13.12
94 968 11.70 8.07-01 12.95 1.10 00 14.15 1.54 00 15.41 2.04 00 12.81

95 992 11.66 7.74-01 12.92 1.06 00 14.13 1.48 00 15.39 1.96 00 12.50j
96 1016 11.62 7.42-01 12.89 1.02 00 14.11 1.42 00 15.38 1.88 00 12.20
97 1041 11.58 7.13-01 12.86 9.76-01 14.08 1.36 00 15.36 1.81 00 11.91
98 1067 11.53 6.83-01 12.82 9.38-01 14.06 1.30 00 15.33 1.73 00 11.62
99 1093 11.48 6.54-01 12.79 9.02-01 14.03 1.25 00 15.31 1.66 00 11.34

100 1119 11.43 6.28-01 12.76 8.67-01 14.00 1.20 00 15.28 1.60 00 11.08
101 1147 11.37 6.01-01 12.72 8.33-01 13.97 1.15 00 15.26 1.53 00 10.81

*102 1175 11.30 5.76-01 12.68 8.00-01 13.94 1.11 00 15.24 1.47 00 10.55
103 1204 11.23 5.52-01 12.64 7.69-01 13.91 1.06 00 15.21 1.41 00 10.30

*104 1233 11.15 5.29-01 12.60 7.39-01 13.88 1.02 00 15.19 1.35 QO 10.06

*105 1263 11.06 5.08-01 12.55 7.10-01 13.85 9.76-01 15.16 1.30 00 9.82
106 1294 10.96 4.87-01 12.50 6.82-01 13.82 9.36-01 15.13 1.25 00 9.1-z
107 1326 10.84 4.67-01 12.45 6.55-01 13.78 8.98-01 15.10 1.20 00 9.35
108 1358 10.70 4.49-01 12.39 6.29-01 13.74 8.62-01 15.07 1.15 00 9.13
109 1392 10.52 4.30-01 12.33 6.03-01 13.70 8.27-01 15.04 1.10 00 8.91

110 1426 10.29 4.13-01 12.25 5.79-01 13.66 7.93-01 15.01 1.06 00 8.69
111 1460 10.00 3.97-01 12.18 5.57-01 13.61 7.62-01 14.98 1.02 00 8.49
112 1496 9.54 3.80-01 12.09 5.34-01 13.56 7.31-01 14.94 9.76-01 8.29
113 1533 7.75 3.63-01 11.98 5.11-01 13.51 7.02-01 14.90 9.37-01 8.09
114 1570 6.66 K 4.13 00 11.86 4.90-01 13.45 6.75-01 14.86 9.02-01 7.90

115 1609 9.49 4.00 00 11.72 4.69-01 13.39 6.48-01 14.82 8.66-01 7.71
116 1648 10.23 3.87 00 11.54 4.49-01 13.33 6.23-01 14.78 8.33-01 7.52

*117 1688 10.84 3.74 00 11.30 4.30-01 13.25 5.99-01 14.74 8.01-01 7.34
118 1730 11.24 3.62 00 10.98 4.12-01 13.16 5.75-01 14.70 7.69-01 7.17
119 1772 11.54 3.49 00 10.47 3.94-01 13.07 5.51-01 14.64 7.39-01 7.00

*120 1815 11.79 3.37 00 8.48 3.76-01 12.95 5.29-01 14.58 7.09-01 6.83
121 1860 11.97 3.25 00 6.85 K 4.09 00 12.81 5.06-01 14.52 6.79-01 6.67
122 1905 12.12 3.14 00 8.20 3.96 00 12.65 4.86-01 14.45 6.52-01 6.51
123 1952 12.28 3.03 00 9.61 3.83 00 12.36 4.65-01 14.38 6.25-01 6.35
124 2000 12.44 2.92 00 11.06 3.70 00 12.07 4.46-01 14.30 5.99-01 6.20

E~()1559. 1497. 1358. 1312. gra-m'

Atomic 26.98 28.09 30.97 32.06 a~
Weight
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ATOMIC SCATTERING FACTOR, fl+ if 2

Cl (17) Ar (18) K (19) Ca (20)
N E(eV) f, f2  f, f2_fl f2  fl f2  X(A)
0 100 5.59 1.50 6.21 1.82 6.97 2.10 7.89 2.30 124.0
1 102 5.59 1.50 6.26 1.90 7.01 2.11 7.94 2.30 121.5
2 104 5.58 1.49 6.30 1.88 7.04 2.11 7.98 2.30 119.2
3 107 5.57 1.48 6.33 1.56 7.09 2.12 8.04 2.30 115.9
4 110 5.55 1.47 6.33 1.85 7.12 2.12 8.10 2.30 112.7

5 112 5.53 1.46 6.32 1.85 7.14 2.13 8.13 2.31 110.7
6 115 5.50 1.45 6.33 1.93 7.18 2.13 8.18 2.32 107.8
7 118 5.46 1.45 6.38 1.86 7.20 2.14 8.23 2.33 105.1
8 121 5.42 1.44 6.37 1.86 7.23 2.15 8.28 2.34 102.5
9 124 5.37 1.43 6.36 1.89 7.26 2.15 8.32 2.35 100.0

10 127 5.32 1.42 6.37 1.88 7.28 2.16 8.37 2.35 97.6
11 130 5.26 1.41 6.36 1.88 7.31 2.16 8.42 2.36 95.4
12 133 5.20 1.40 6.36 1.88 7.34 2.15 8.47 2.37 93.2
13 136 5.13 1.38 6.36 1.87 7.36 2.14 8.51 2.37 91.2
14 140 5.02 1.36 6.33 1.85 7.37 2.13 8.56 2.38 88.6

15 143 4.92 1.35 6.31 1.84 7.38 2.11 8.59 2.39 86.7
16 147 4.78 1.33 6.28 1.82 7.38 2.10 8.62 2.40 84.3
17 150 4.66 1.32 6.25 1.81 7.38 2.09 8.65 2.41 82.7
18 154 4.49 1.30 6.20 1.79 7.37 2.08 8.68 2.39 80.5
19 158 4.28 1.29 6.14 1.76 7.36 2.06 8.71 2.37 78.5

20 162 4.06 1.27 6.07 1.74 7.35 2.04 8.74 2.35 76.5
21 166 3.81 1.25 5.99 1.71 7.33 2.02 8.76 2.33 74.7
22 170 3.50 1.23 5.89 1.69 7.30 2.00 8.77 2.32 72.9
23 174 3.14 1.21 5.79 1.67 7.26 1.98 8.78 2.30 71.3
24 178 2.73 1.19 5.67 1.65 7.22 1.96 8.78 2.29 69.7

25 182 2.22 1.17 5.54 1.64 7.17 1.94 8.78 2.28 68.1
26 187 1.35 1.15 5.36 1.61 7.10 1.91 8.77 2.25 66.3
27 191 0.52 1.13 5.19 1.59 7.04 1.89 8.77 2.24 64.9
28 196 -1.47 1.11 4.95 1.56 6.95 1.87 8.75 2.21 63.3
29 201 -7.71 L 1.09 4.67 1.54 6.85 1.84 8.72 2.19 61.7

30 206 -4.62 9.79 4.35 1.52 6.73 1.81 8.69 2.16 60.2
31 211 -1.13 11.17 3.97 1.49 6.60 1.79 8.66 2.14 58.8
32 216 0.82 11'.49 3.49 1.47 6.45 1.76 8.61 2.11 57.4
33 221 2.07 11.*52 2.94 1.45 6.29 1.73 8.55 2.08 56.1
34 227 3.23 11.56 2.05 1.43 6.07 1.70 8.48 2.04 54.6

35 232 4.00 11.59 0.88 1.41 5.85 1.68 8.40 2.02 53.4
36 238 4.76 11.63 -2.15 1.39 5.56 1.65 8.31 1.98 52.1
37 244 5.44 11.66 -8.20 L 1.37 5.22 1.62 8.19 1.95 50.8
38 250 6.07 11.70 -1.96 12.30 4.82 1.59 8.07 1.92 49.6
39 256 6.64 11.73 0.65 12.23 4.33 1.56 7.92 1.90 48.4

40 262 7.19 11.77 2.55 12.16 3.76 1.53 7.75 1.87 47.3
41 269 7.84 11.81 3.97 12.08 2.91 1.50 7.54 1.84 46.1
42 275 8.42 11.84 4.85 12.01 1.89 1.47 7.33 1.81 45.1

443 282 9.08 11.70 5.71 11.94 -0.09 1.44 7.04 1.78 44.0
44 289 9.65 11.49 6.45 11.86 -3.00 1.41 6.71 1.76 42.9

45 296 10.13 11.29 7.08 11.79 -10.45 L 30.98 6.33 1.73 41.9
46 303 10.54 11.10 7.64 11.73 -2.91 26.19 5.85 1.71 40.9
47 311 10.97 10.89 8.23 11.65 2.11 21.73 5.23 1.68 39.9
48 318 11.31 10.72 8.69 11.59 3.82 18.52 4.51 1.65 39.0
49 326 11.67 10.52 9.17 11.51 5.25 15.50 3.31 1.63 38.0

50 334 12.00 10.34 9.63 11.45 6.42 14.00 1.33 1.60 37.1
51 342 12.31 10.16 10.07 11.38 7.41 13.62 -2.35 1.58 36.3
52 351 12.64 9.97 10.52 11.30 8.37 13.22 -7.24 L 14.62 35.3
53 359 12.91 9.81 10.91 11.24 9.10 12.88 0.00 14.34 34.5
54 368 13.21 9.64 11.34 11.17 9.88 12.90 3.64 14.05 33.7

55 377 13.51 9.47 11.76 11.11 10.61 12.97 5.53 13.76 32.9
56 386 13.83 9.31 12.23 11.04 11.38 13.04 6.93 13.49 32.1
57 396 14.19 9.01 12.76 10.90 12.18 13.02 8.24 13.22 31.3
58 406 14.42 8.75 13.21 10.64 12.67 12.68 9.11 13.19 30.5
59 415 14.62 8.53 13.54 10.41 13.15 12.38 9.77 13.17 29.9

60 426 14.85 8.26 13.91 10.14 13.70 12.04 10.26 13.14 29.1
61 436 15.04 8.02 14.22 9.91 14.16 11.74 10.87 13.11 28.4
62 447 15.21 7.76 14.52 9.67 14.59 11.44 11.71 13.08 27.7

64 469 15.50 7.28 15.06 9.17 15.31 10.81 13.39 12.54 26.4



.4 350

Cl (17) Ar (18) K (19) Ca (20)
Chlorine Argon Potassium Calcium

N E(eV) fli 2f f 2  fl f2__ f, f 2  X(A
*65 480 15.63 7.07 15.28 8.93 15.63 10.52 14.02 12.21 25.83

66 492 15.75 6.83 15.49 8.68 15.93 10.21 14.60 11.87 25.20
67 504 15.85 6.61 15.69 8.44 16.21 9.92 15.08 11.54 24.60
68 516 15.95 6.40 15.87 8.22 16.46 9.64 15.52 11.24 24.03
69 529 16.04 6.18 16.05 7.98 16.71 9.35 15.94 10.92 23.44

70 542 16.12 5.97 16.22 7.75 16.92 9.07 16.31 10.61 22.87
71 555 16.19 5.78 16.38 7.54 17.11 8.80 16.64 10.32 22.34
72 569 16.25 5.57 16.53 7.29 17.29 8.50 16.97 10.00 21.79
73 583 16.31 5.38 16.65 7.05 17.46 8.23 17.25 9.70 21.27
74 597 16.36 5.20 16.76 6.84 17.60 7.98 17.50 9.42 20.77

75 612 16.41 5.02 16.87 6.62 17.75 7.72 17.74 9.14 20.26
76 627 16.44 4.85 16.97 6.41 17.87 7.48 17.96 8.87 19.77
77 642 16.48 4.68 17.06 6.21 17.98 7.24 18.16 8.60 19.31
78 658 16.51 4.52 17.15 5.98 18.09 6.97 18.34 8.30 18.84
79 674 16.53 4.36 17.21 5.77 18.18 6.72 18.51 8.02 18.39

80 690 16.55 4.21 17.26 5.60 18.26 6.53 18.65 7.81 17.97
81 707 16.57 4.06 17.32 5.44 18.34 6.34 18.79 7.59 17.54
82 725 16.58 3.91 17.39 5.25 18.40 6.11 18.92 7.33 17.10
83 742 16.59 3.77 17.44 5.07 18.46 5.91 19.03 7.10 16.71
84 760 16.60 3.64 17.49 4.90 18.52 5.71 19.13 6.86 16.31

85 779 16.61 3.51 17.54 4.73 18.56 5.51 19.23 6.63 15.92
86 798 16.61 3.38 17.58 4.55 18.60 5.31 19.31 6.39 15.54
87 818 16.61 3.25 17.61 4.37 18.64 5.12 19.38 6.17 15.16

* 88 838 16.61 3.13 17.63 4.21 18.67 4.94 19.45 5.95 14.79
89 858 16.60 3.02 17.64 4.05 18.70 4.76 19.51 5.75 14.45

90 879 16.60 2.91 17.65 3.90 18.71 4.59 19.56 5.55 14.10
91 901 16.59 2.80 17.66 3.75 18.73 4.43 19.60 5.35 13.76
92 923 16.58 2.70 17.66 3.62 18.75 4.27 19.64 5.17 13.43
93 945 16.57 2.60 17.66 3.48 18.76 4.15 19.68 4.99 13.12
94 968 16.55 2.50 17.66 3.35 18.76 4.05 19.71 4.82 12.81

*95 992 16.54 2.41 17.66 3.22 18.77 3.94 19.73 4.65 12.50
96 1016 16.52 2.32 17.65 3.10 18.77 3.84 19.75 4.49 12.20
97 1041 16.51 2.23 17.64 2.98 18.77 3.69 19.77 4.32 11.91
98 1067 16.49 2.14 17.63 2.86 18.76 3.54 19.78 4.16 11.62
99 1093 16.47 2.06 17.62 2.75 18.75 3.40 19.79 4.01 11.34

100 1119 16.45 1.98 17.61 2.64 18.75 3.27 19.79 3.86 11.08
101 1147 16.43 1.91 17.59 2.54 18.74 3.14 19.79 3.72 10.81
102 1175 16.41 1.83 17.57 2.44 18.72 3.01 19.79 3.58 10.55
103 1204 16.38 1.76 17.55 2.34 18.71 2.90 19.79 3.45 10.30
104 1233 16.36 1.69 17.53 2.25 18.69 2.78 19.78 3.32 10.06

105 1263 16.34 1.63 17.51 2.16 18.68 2.67 19.78 3.20 9.82
*106 1294 16.31 1.57 17.49 2.07 18.66 2.57 19.77 3.08 9.58

107 1326 16.28 1.50 17.46 1.99 18.64 2.47 19.75 2.97 9.35
108 1358 16.26 1.45 17.43 1.91 18.62 2.37 19.74 2.86 9.13
109 1392 16.23 1.39 17.40 1.83 18.60 2.28 19.73 2.75 8.91

110 1426 16.20 1.33 17.37 1.76 18.57 2.19 19.71 2.65 8.69
111 1460 16.17 1.28 17.34 1.69 18.55 2.10 19.69 2.56 8.49
112 1496 16.14 1.23 17.31 1.62 18.53 2.02 19.67 2.46 8.29
113 1533 16.11 1.18 17.28 1.56 18.50 1.94 19.65 2.36 8.09
114 1570 16.08 1.14 17.25 1.50 18.48 1.87 19.63 2.27 7.90

115 1609 16.04 1.10 17.21 1.44 18.45 1.80 19.61 2.17 7.71
116 1648 16.01 1.05 17.18 1.39 18.42 1.73 19.59 2.09 7.52
117 1688 15.97 1.01 17.15 1.33 18.39 1.66 19.56 2.00 7.34
118 1730 15.94 0.98 17.11 1.28 18.36 1.60 19.54 1.92 7.17
119 1772 15.90 0.94 17.08 1.23 18.33 1.53 19.51 1.84 7.00

*120 1815 15.86 0.90 17.05 1.18 18.30 1.48 19.49 1.77 6.83
121 1860 15.81 0.87 17.01 1.14 18.27 1.42 19.46 1.69 6.67
122 1905 15.77 0.83 16.97 1.09 18.23 1.36 19.44 1.63 6.51
123 1952 15.72 0.80 16.93 1.05 18.20 1.31 19.41 1.56 6.35
124 2000 15.66 0.77 16.89 1.01 18.16 1.26 19.38 1.50 6.20

S()1186. 1053. 1076. 1049. key- cm2
P- gram

Weight 35.45 39.95 3 9.09 40.08 azu



4 351

ATOMIC SCATTERING FACTOR, fl+ if 2

N Ee)Sc (21) Ti (22) V (23) Cr (24)
N_ _____ f___ f 2  fl f 2  fl f, fl__ f 2  X(A)

0 100 8.50 2.88 9.23 3.46 9.84 4.20 10.55 5.66 124.0
1 102 8.56 2.88 9.29 3.44 9.93 4.16 10.65 5.59 121.5
2 104 8.62 2.88 9.36 3.43 10.00 4.12 10.75 5.53 119.2
3 107 8.69 2.89 9.44 3.41 10.10 4.06 10.88 5.44 115.9
4 110 8.76 2.90 9.52 3.40 10.18 4.03 11.02 5.39 112.7

5 112 8.80 2.91 9.57 3.40 10.25 4.04 11.11 5.38 110.7
6 115 8.87 2.91 9.65 3.41 10.35 4.04 11.22 5.36 107.8
7 118 8.93 2.92 9.73 3.41 10.44 4.03 11.36 5.33 105.1
8 121 8.99 2.92 9.80 3.40 10.52 4.02 11.47 5.31 102.5
9 124 9.05 2.92 9.87 3.40 10.61 4.01 11.58 5.28 100.0

10 127 9.11 2.93 9.94 3.40 10.70 4.00 11.70 5.26 97.6
11 130 9.18 2.93 10.02 3.40 10.79 4.00 11.82 5.23 95.4
12 133 9.25 2.93 10.09 3.40 10.90 3.99 11.91 5.21 93.2
13 136 9.30 2.94 10.16 3.39 10.97 3.98 12.04 5.19 91.2
14 140 9.37 2.94 10.24 3.39 11.06 3.97 12.17 5.16 88.6

15 143 9.42 2.94 10.30 3.39 11.13 3.97 12.26 5.14 86.7
16 147 9.47 2.95 10.37 3.39 11.23 3.96 12.36 5.11 84.3
17 150 9.52 2.95 10.42 3.39 11.29 3.96 12.45 5.09 82.7
18 151A 9.57 2.93 10.48 3.37 11.36 3.93 12.57 5.05 80.5
19 158 9.62 2.91 10.55 3.34 11.44 3.89 12.69 4.99 78.5

20 162 9.67 2.88 10.62 3.31 11.52 3.86 12.79 4.93 76.5
21 166 9.72 2.86 10.68 3.28 11.60 3.82 12.90 4.87 74.7
22 170 9.76 2.84 10.72 3.25 11.66 3.79 12.98 4.82 72.9
23 174 9.79 2.82 10.78 3.23 11.73 3.76 13.05 4.77 71.3
24 178 9.82 2.80 10.82 3.21 11.78 3.74 13.14 4.73 69.7

25 182 9.84 2.78 10.85 3.19 11.84 3.72 13.20 4.70 68.1
26 187 9.87 2.76 10.91 3.16 11.90 3.68 13.31 4.63 66.3
27 191 9.89 2.73 10.94 3.14 11.95 3.64 13.38 4.58 64.9
28 196 9.91 2.70 10.98 3.10 12.01 3.60 13.47 4.52 63.3
29 201 9.92 2.67 11.01 3.07 12.06 3.56 13.54 4.46 61.7

30 206 9.93 2.64 11.04 3.03 12.10 3.52 13.61 4.40 60.2
31 211 9.93 2.61 11.06 3.00 12.15 3.48 13.67 4.34 58.8
32 216 9.93 2.57 11.09 2.96 12.19 3.44 13.73 4.28 57.4
33 221 9.92 2.54 11.10 2.92 12.21 3.39 13.79 4.21 56.1
34 227 9.90 2.50 11.11 2.88 12.25 3.34 13.85 4.14 54.6

35 232 9.87 2.46 11.11 2.84 12.27 3.29 13.90 4.08 53.4
36 238 9.84 2.43 11.11 2.80 12.29 3.25 13.95 4.01 52.1
37 244 9.80 2.39 11.11 2.75 12.31 3.20 14.00 3.95 50.8
38 250 9.75 2.35 11.09 2.71 12.32 3.15 14.04 3.88 49.6
39 256 9.69 2.32 11.07 2.68 12.33 3.11 14.07 3.82 48.4

40 262 9.62 2.29 11.05 2.64 12.33 3.06 14.10 3.76 47.3
41 269 9.53 2.25 11.01 2.60 12.33 3.02 14.13 3.70 46.1
42 275 9.44 2.22 10.96 2.56 12.32 2.98 14.16 3.64 45.1
43 282 9.32 2.18 10.92 2.52 12.30 2.93 14.16 3.57 44.0
44 289 9.19 2.14 10.85 2.47 12.28 2.87 14.19 3.50 42.9

45 296 9.03 2.09 10.78 2.43 12.25 2.82 14.19 3.44 41.9
46 303 8.86 2.06 10.70 2.38 12.21 2.77 14.20 3.37 40.9
47 311 8.64 2.01 10.58 2.33 12.17 2.72 14.17 3.30 39.9
48 318 8.41 1.98 10.47 2.29 12.11 2.67 14.19 3.24 39.0
49 326 8.11 1.94 10.34 2.25 12.04 2.62 14.17 3.18 38.0

50 334 7.77 1.90 10.18 2.21 11.96 2.57 14.15 3.11 37.1
51 342 7.38 1.87 10.01 2.17 11.87 2.53 14.12 3.05 36.3
52 351 6.81 1.83 9.78 2.13 11.76 2.48 14.08 2.99 35.3
53 359 6.19 1.80 9.55 2.0r 11.65 2.44 14.04 2.94 34.5
54 368 5.34 1.76 9.26 2.0. L1.51 2.39 13.98 2.88 33.7

55 377 4.09 1.73 8.91 2.01 11.35 2.35 13.92 2.82 32.9
56 386 1.91 1.69 8.50 1.97 11.17 2.30 13.84 2.77 32.1
57 396 -2.86 L 1.66 7.96 1.93 10.96 2.26 13.73 2.71 31.3
58 406 -5.14 15.45 7.30 1.89 10.68 2.21 13.65 2.64 30.5
59 415 2.31 15.14 6.50 1.85 10.42 2.16 13.55 2.59 29.9

60 426 5.66 14.78 5.19 1.81 10.03 2.11 13.40 2.52 29.1
61 436 7.46 14.47 3.47 1.77 9.63 2.07 13.25 2.46 28.4
62 447 8.92 14.14 -2.62 1.73 9.12 2.02 13.07 2.41 27.7
63 458 9.94 13.79 -5.88 L 15.50 8.46 1.97 12.86 2.35 27.1
64 469 10.63 13.44 3.13 15.08 7.57 1.93 12.64 2.29 26.4



352

Sc (21) Ti (22) V (23) Cr (24)
Scandium Titanium Vanadium Chromium

N E(eV) f__ f2__ f__ f2 fi f2_ f, f2  X(A)

*65 480 11.16 13.11 6.59 14.68 6.44 1.89 12.38 2.24 25.83
66 492 11.65 13.38 8.43 14.26 4.58 1.85 12.05 2.18 25.20
67 504 12.45 13.64 9.88 13.87 -1.64 1.81 11.66 2.13 24.60
68 516 13.40 13.55 10.95 13.50 -6.27 L 15.74 11.19 2.08 24.03
69 529 14.30 13.11 11.75 13.11 4.25 15.27 10.63 2.02 23.441;

70 542 14.96 12.75 12.20 12.75 7.65 14.82 9.84 1.97 22.87
71 555 15.56 12.41 12.67 12.40 9.52 14.40 8.88 1.92 22.34
72 569 16.08 12.04 13.70 13.48 10.95 13.94 7.34 1.86 21.79
73 583 16.53 11.68 14.69 13.53 11.99 13.85 4.39 1.81 21.27
74 597 16.94 11.35 15.51 13.15 12.54 13.89 -6.97 L 1.76 20.77

75 612 17.34 11.01 16.23 12.76 13.24 13.94 2.56 15.74 20.26
76 627 17.68 10.69 16.78 12.39 14.09 13.99 8.74 15.12 19.77
77 642 17.99 10.37 17.27 12.03 15.22 13.88 10.85 14.53 19.31
78 658 18.28 10.01 17.74 11.64 16.11 13.42 11.85 13.95 18.84
79 674 18.54 9.68 18.14 11.27 16.88 12.98 12.69 13.40 18.39

80 690 18.77 9.41 18.51 10.98 17.48 12.64 14.12 13.90 17.97
*81 707 19.00 9.16 18.88 10.69 18.04 12.31 15.58 14.53 17.54

82 725 19.21 8.85 19.18 10.34 18.53 11.92 16.55 14.06 17.10
83 742 19.38 8.57 19.44 10.02 18.95 11.58 17.35 13.65 16.71
84 760 19.55 8.30 19.70 9.70 19.34 11.23 18.02 13.24 16.31

85 779 19.70 8.02 19.95 9.38 19.72 10.88 18.63 12.82 15.92
86 798 19.84 7.75 20.16 9.08 20.05 10.54 19.22 12.42 15.54
87 818 19.96 7.48 20.36 8.77 20.35 10.19 19.72 12.03 15.16 J
88 838 20.08 7.22 20.54 8.48 20.62 9.87 20.14 11.65 14.791
89 858 20.18 6.98 20.69 8.21 20.87 9.56 20.55 11.29 14.45

90 879 20.27 6.74 20.84 7.94 21.09 9.25 20.91 10.94 14.10
91 901 20.35 6.50 20.98 7.67 21.30 8.95 21.24 10.58 13.76
92 923 20.42 6.28 21.09 7.41 21.49 8.66 21.53 10.25 13.43
93 945 20.49 6.06 21.20 7.16 21.65 8.38 21.80 9.92 13.12
94 968 20.55 5.85 21.30 6.91 21.81 8.10 22.05 9.60 12.81

95 992 20.60 5.64 21.39 6.67 21.95 7.82 22.27 9.27 12.50
96 1016 20.64 5.44 21.46 6.44 22.08 7.5'i 22.47 8.97 12.20
97 1041 20.68 5.25 21.53 6.22 22.19 7.30 22.63 8.66 11.91
98 1067 20.71 5.06 21.60 5.99 22.29 7.04 22.83 8.35 11.62
99 1093 20.74 4.88 21.65 5.78 22.38 6.79 22.98 8.06 11.34

100 1119 20.76 4.71 21.70 5.58 22.46 6.56 23.11 7.78 11.08I
101 1147 20.78 4.53 21.74 5.38 22.54 6.33 23.24 7.51 10.81
102 1175 20.79 4.37 21.77 5.19 22.60 6.11 23.35 7.24 10.55
103 1204 20.80 4.21 21.80 5.00 22.66 5.89 23.43 6.99 10.30
104 1233 20.81 4.06 21.83 4.83 22.71 5.69 23.52 6.75 10.06

105 1263 20.81 3.92 21.84 4.66 22.75 5.49 23.62 6.51 9.82
106 1294 20.81 3.77 21.86 4.48 22.78 5.29 23.69 6.27 9.58
107 1326 20.81 3.63 21.87 4.32 22.81 5.10 23.75 6.05 9.35
108 1358 20.80 3.50 21.88 4.16 22.84 4.92 23.81 5.83 9.13

*109 1392 20.79 3.37 21.88 4.01 22.86 4.73 23.85 5.62 8.91

110 1426 20.79 3.25 21.88 3.86 22.87 4.56 23.89 5.41 8.69
*111 1460 20.78 3.13 21.88 3.72 22.89 4.40 23.92 5.22 8.49

112 1496 20.76 3.01 21.87 3.58 22.90 4.24 23.94 5.03 8.29
113 1533 20.75 2.90 21.87 3.44 22.90 4.08 23.98 4.83 8.09
114 1570 20.73 2.79 21.86 3.31 22.90 3.93 24.00 4.65 7.90

115 1609 20.71 2.68 21.85 3.18 22.90 3.78 24.02 4.47 7.71
116 1648 20.69 2.58 21.84 3.06 22.89 3.64 24.03 4.30 7.52
117 1688 20.67 2.49 21.82 2.94 22.89 3.50 24.04 4.13 7.34
118 1730 20.65 2.39 21.80 2.83 22.88 3.36 24.04 3.97 7.17
119 1772 20.62 2.30 21.79 2.72 22.87 3.24 24.02 3.82 7.00

120 1815 20.60 2.21 21.77 2.61 22.85 3.11 24.04 3.67 6.83
121 1860 20.57 2.13 21.75 2.51 22.84 2.99 24.04 3.52 6.67
122 1905 20.54 2.04 21.73 2.41 22.82 2.88 24.02 3.38 6.51
123 1952 20.51 1.97 21.70 2.32 22.80 2.76 24.00 3.24 6.35
124 2000 20.48 1.89 21.67 2.22 22.78 2.66 23.98 3.11 6.20

E)()935.5 878.0 825.6 808.9 keV-cm'

Weoic 44.96 47.90 50.94 52.00 Amuj



S. .- . ~ - - - - - - _ _

ATOMIC SCATTERING FACTOR, fl+ if 233
Mn (25) Fe (26) Co (27) Ni (28)N Efev) f 2f 2f 2f 2 XA

0 100 10.07 6.60 9.74 7.91 9.54 8.59 9.19 9.60 124.01 102 10.26 6.43 9.96 7.89 9.68 8.61 9.36 9.64 121.52 104 10.42 6.26 10.15 7.87 9.82 8.64 9.52 9.67 119.23 107 10.63 ").03 10.40 7.84 10.03 8.67 9.76 9.72 115.94 110 10.81 5.92 10.62 7.81 10.24 8.70 10.00 9.77 112.7
5 112 10.93 5.91 10.75 7.79 10.37 8.72 10.16 9.80 110.76 115 11.09 5.91 10.95 7.76 10.58 8.75 10.41 9.85 107.87 118 11.25 5.89 11.15 7.73 10.80 8.78 10.65 9.89 105.18 121 11.40 5.87 11.33 7.70 11.02 8.81 10.90 9.94 102.59 124 11.55 5.85 11.51 7.68 11.24 8.84 11.15 9.98 100.0

10 127 11.70 5.84 11.68 7.65 11.47 8.87 11.41 10.02 97.611 130 11.86 5.82 11.86 7.63 11.73 8.90 11.70 10.07 95.412 133 12.00 5.81 12.05 7.57 11.98 8.85 12.00 10.02 93.213 136 12.13 5.79 12.20 7.52 12.18 8.79 12.22 9.97 91.214 140 12.29 5.77 12.41 7.46 12.44 8.73 12.52 9.91 88.6
15 143 12.41 5.76 12.55 7.41 12.62 8.68 12.73 9.87 86.716 147 12.56 5.74 12.73 7.35 12.86 8.62 13.01 9.81 84.317 150 12.66 5.73 12.86 7.31 13.03 8.57 13.20 9.77 82.718 154 12.80 5.68 13.03 7.25 13.24 8.52 13.45 9.72 80.519 158 12.94 5.62 13.21 7.20 13.46 8.46 13.71 9.66 78.5
20 162 13.08 5.56 13.38 7.13 13.68 8.39 13.97 9.59 76.521 166 13.21 5.50 13.54 7.05 13.89 8.29 14.21 9.50 74.722 170 13.33 5.44 13.68 6.96 14.07 8.21 14.42 9.41 72.923 174 13.43 5.40 13.82 6.89 14.24 8.12 14.63 9.33 71.324 178 13.53 5.36 13.95 6.81 14.40 8.04 14.83 9.25 69.7

*25 182 13.63 5.32 14.07 6.74 14.56 7.96 15.02 9.17 68.126 187 13.74 5.25 14.22 6.65 14.75 7.86 15.26 9.07 66.327 191 13.83 5.20 14.34 6.58 14.91 7.78 15.44 8.99 64.928 196 13.94 5.13 14.47 6.48 15.08 7.66 15.66 8.86 63.329 201 14.03 5.06 14.60 6.38 15.24 7.55 15.86 8.74 61.7
30 206 14.13 5.00 14.71 6.29 15.39 7.45 16.06 8.63 60.231 211 14.22 4.94 14.82 6.20 15.54 7.34 16.24 8.51 58.832 216 14.30 4.87 14.93 6.11 15.68 7.23 16.41 8.38 57.433 221 14.37 4.80 15.02 6.01 15.80 7.12 16.57 8.26 56.134 227 14.45 4.72 15.13 5.91 15.94 6.99 16.74 8.11 54.6
35 232 14.51 4.65 15.21 5.82 16.05 6.89 16.87 8.00 53.436 238 14.58 4.58 15.3] 5.73 16.17 6.77 17.04 7.87 52.137 244 14.65 4.50 15.40 5.62 16.29 6.65 17.19 7.73 50.838 250 14.71 4.43 15.48 5.52 16.40 6.53 17.33 7.59 49.639 256 14.76 4.37 15.55 5.42 16.50 6.41 17.45 7.46 48.4
40 262 14.80 4.30 15.61 5.33 16.59 6.30 17.57 7.33 47.341 269 14.85 4.23 15.69 5.23 16.69 6.18 17.70 7.19 46.142 275 14.89 4.17 15.75 5.13 16.77 6.07 17.81 7.06 45.143 282 14.93 4.09 15.80 5.03 16.85 5.94 17.92 6.92 44.044 289 14.96 4.01 15.85 4.93 16.93 5.82 18.02 6.78 42.9

245 296 14.98 3.94 15.90 4.84 17.00 5.71 18.12 6.65 41.946 303 15.00 3.87 15.94 4.74 17.06 5.60 18.21 6.52 40.947 311 15.03 3.79 15.98 4.64 17.13 5.47 18.30 6.37 39.948 318 15.03 3.72 16.00 4.55 17.17 5.37 18.37 6.24 39.049 326 15.04 3.65 16.03 4.45 17.22 5.25 18.45 6.10 38.0
50 334 15.04 3.58 16.05 4.35 17.27 5.14 18.51 5.97 37.151 342 15.03 3.52 16.06 4.26 17.30 5.02 18.57 5.84 36.352 351 15.02 3.45 16.07 4.16 17.34 4.90 18.63 5.70 35.353 359 15.00 3.39 16.07 4.08 17.36 4.80 18.68 5.58 34.554 368 14.97 3.32 16.07 3.98 17.39 4.69 18.72 5.44 33.7
55 377 14.94 3.26 16.06 3.89 17.40 4.58 18.76 5.32 32.956 386 14.89 3.20 16.04 3.81 17.41 4.48 18.79 5.20 32.157 396 14.85 3.13 16.02 3.71 17.41 4.37 18.82 5.07 31.358 406 14.77 3.06 15.98 3.62 17.41 4.26 18.84 4.94 30.559 415 14.71 2.99 15.95 3.54 17.40 4.17 18.85 4.83 29.9
60 426 14.61 2.92 15.89 3.45 17.38 4.06 18.86 4.70 29.161 436 14.52 2.86 15.84 3.37 17.36 3.96 18.87 4.59 28.462 447 14.41 2.79 15.77 3.29 17.32 3.86 18.86 4.47 27.763 458 14.28 2.72 15.69 3.21 17.28 3.76 18.85 4.36 27.164 469 14.12 2.66 15.59 3.13 17.23 3.67 18.83 4.25 26.4
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Mn (25) Fe (26) Co (27) Nickel)

Manganese Iron ff.Cobalt -ick-

N E(eV) f___ f ,f 
_1_ f(A)

65 480 13.96 2.60 15.49 3.06 17.17 3.58 18.81 4.14 25.83

66 42 1.6 2.54 15.36 2.98 17.10 3.48 18.78 4.03 25.20

67 504 13.53 2.48 15.22 2.91 17.02 3.39 18.74 39 46

68 516 13.28 2.42 15.06 2.84 16.93 3.30 18.69 3.82 2340

69 529 12.96 2.36 14.87 2.76 16.82 3.21 1.3 37 34

70 542 12.57 2.30 14.66 2.69 16.69 3.13 18.56 3.62 22.87

71 555 12.14 2.24 14,42 2.63 16.56 3.05 18.49 3.52 22.34

7 56 115 2.8 14.12 2.55 16.40 2.97 18.40 3.42 21.79

73 583 10.82 2.13 13.78 2.49 16.21 2.89 18.29 3.33 21.77

74 597 9.78 2.07 13.37 2.43 16.00 2.82 18.18 32 07

75 612 8.11 2.02 12.86 2.36 15.75 2.74 18.04 3.14 20.26

76 627 5.68 1.96 12.26 2.31 15.46 2.67 17.89 3.05 19.77

77 642 -0.58 L 11.84 11.48 2.24 15.14 2.60 17.72 2.97 19.31

78 658 4.59 12.89 10.28 2.17 14.73 2.52 17.51 2.88 18.84

79 674 7.94 14.01 8.79 2.10 14.26 2.45 17.29 2.80 18.39

80 690 10.35 15.19 5.77 2.05 13.65 2.39 17.03 2.72 17.97

81 77 12.57 14.77 -7.08 L 2.01 12.91 2.33 16.73 2.64 17.54

82 725 13.81 14.31 4.35 16.45 11.85 2.27 16.34 2.56 1671

83 742 14.71 13.84 10.40 15.94 10.18 2.21 15.93 2.48 16.71

84 760 15.16 13.95 12.70 15.42 5.68 2.14 15.38 24 63

85 779 16.11 14.57 14.22 14.91 -5.15 L 16.74 14.71 2.34 15.92

86 798 17.45 14.13 15.08 14.44 7.92 16.28 13.78 2.28 15.54

87 818 18.38 13.63 15.64 14.43 11.17 15.82 12.42 2.23 15.16

88 838 19.12 13.16 16.85 15.12 13.50 15.39 9.00 2.17 14.79

89 858 19.75 12.73 18.03 14.77 15.19 14.97 4.98 L 7.37 14.45

90 879 20.30 12.35 19.0 14.28 16.35 14.50 7.47 10.89 14.10

91 901 20.80 11.97 19.87 13.79 16.96 14.01 10.21 15.92 13.76

92 923 21.26 11.61 20.56 13.33 17.61 14.91 13.55 15.39 13.43

93 945 21.65 11.25 21.14 12.91 19.02 14.82 15.61 14.92 13.12

94 968 22.00 10.89 21.64 12.50 20.07 14.29 16.91 14.43 12.81

95 992 22.34 10.54 22.12 12.10 20.96 13.77 17.63 14.21 12.50

96 1016 22.63 10.20 22.55 11.72 21.66 13.30 18.72 15.30 12.20

97 1041 22.90 9.86 22.93 11.34 22.26 12.88 20.23 14.80 11.91

98 1067 23.13 9.52 23.26 10.915 2.8 12.44 21.19 14.30 11.62

99 1093 23.36 9.20 23.57 10.59 23.26 120 2.2 138 1.4

100 1119 23.54 8.90 23.83 10.24 23.66 11.65 22.71 13.37 11.08

101 1147 23.73 8.59 24.09 9.89 24.05 11.26 23.31 12.91 10.81

102 1175 23.90 8.30 24.33 9.56 24.39 10.89 23.85 12.48 10.55

103 1204 - 24.05 8.01 24.54 9.24 24.70 10.53 24.33 12.06 10.30

104 1233 24.18 7.74 24.72 8.93 24.97 10.19 24.74 11.66 10.06

105 1263 24.29 7.48 24.89 8.63 25.22 9.85 25.12 11.27 9.82

106 1294 24.40 7.22 25.05 8.33 25.45 9.51 25.47 10.88 9.58

107 1326 24.50 6.96 25.19 8.03 25.65 9.18 25.77 10.50 9.35

108 1358 24.58 6.72 25.31 7.76 25.84 8.87 26.05 10.14 9.13

109 1392 24.66 6.48 25.42 7.48 26.01 8.56 26.31 9.79 8.91

110 1426 24.72 6.25 25.52 7.22 26.16 8.27 26.53 9.45 8.69

I11 1460 24.79 6.04 25.61 6.97 26.30 7.99 26.73 9.13 8.49

112 1496 24.84 5.82 25.69 6.72 26.42 7.71 26.92 8.81 8.29

113 1533 24.88 5.60 25.76 6.47 26.53 7.43 27.09 8.48 8.09

114 1570 24.91 5.40 25.82 6.24 26.63 7.17 27.24 8.18 7.90

115 1609 24.95 5.20 25.88 6.01 26.72 6.91 27.38 7.88 7.71

116 1648 24.97 5.01 25.92 5.79 26.79 6.6; 27.49 7.59 7.52

117 1688 24.99 4.83 25.96 5.58 26.86 6.43 27.60 7.31 7.34

118 1730 25.01 4.65 25.99 5.38 26.92 6.20 27.71 7.04 7.17

119 1772 25.03 4.47 26.02 5.18 26.97 5.97 27.80 6.78 7.00

120 1815 25.03 4.30 26.04 4.98 27.01 5.75 27.88 6.53 6.83

121 1860 25.03 4.13 26.06 4.79 27.05 5.53 27.95 6.28 6.67

122 1905 25.03 3.97 26.07 4.61 27.08 5.32 28.02 6.05 6.51

123 1952 25.04 3.82 26.08 4.43 27.11 5.12 28.08 5.82 6.35

124 2000 25.04 3.67 26.08 4.26 27.13 4.93 28.12 5.60 6.20

Epj(E) 731713.6 716.4 keV-CM2

-T-2 65.5 53.1grain

Atomic549 55.85 58.93 58.71 amu

Weight549

4r



355
ATOMIC SCATTERING FACTOR, f,+ if,

Cu (29) Zn (30) Ga (31) Ge (32)N E(eV) f2 f 2  f, f, f, f2  fi f2 (A0 100 6.18 11.14 5.99 12.23 6.35 11.02 5.24 10.19 124.01 102 6.30 11.39 6.37 12.26 6.58 11.12 5.38 10.34 121.52 104 6.51 11.64 6.70 12.29 6.81 11.23 5.52 10.50 119.23 107 6.89 12.01 7.12 12.33 7.16 11.38 5.72 10.72 115.94 110 7.29 12.39 7.50 12.37 7.54 11.50 5.93 10.94 112.7
5 112 7.57 12.57 7.73 12.39 7.77 11.53 6.07 11.07 110.76 115 8.13 12.84 8.07 12.43 8.09 11.58 6.27 11.28 107.87 118 8.70 13.11 8.38 12.46 8.38 11.64 6.50 11.53 105.18 121 9.40 13.24 8.69 12.50 8.66 11.69 6.74 11.78 102.59 124 10.03 13.08 8.98 12.53 8.93 11.75 7.01 12.03 100.0

10 127 10.56 12.93 9.26 12.57 9.19 11.81 7.29 12.28 97.611 130 11.00 12.78 9.53 12.60 9.44 11.86 7.60 12.52 95.412 133 11.34 12.64 9.80 12.65 9.67 11.91 7.98 12.76 93.213 136 11.64 12.50 10.06 12.69 9.91 11.97 8.36 12.85 91.214 140 12.03 12.32 10.40 12.75 10.22 12.04 8.80 12.97 88.6
15 143 12.31 12.19 10.66 12.79 10.44 12.09 9.11 13.06 86.716 147 12.64 12.03 11.01 12.85 10.73 12.15 9.50 13.17 84.317 150 12.95 11.91 11.30 12.89 10.92 12.21 9.80 13.26 82.718 154 13.15 11.81 11.65 12.95 11.16 12.32 10.22 13.31 80.519 158 13.40 11.72 12.06 13.00 11.47 12.44 10.57 '13.33 78.5
20 162 13.68 11.63 12.47 12.99 11.80 12.56 10.88 13.36 76.521 166 13.95 11.54 12.86 12.91 12.15 12.68 11.15 13.38 74.722 170 14.23 11.46 13.20 12.84 12.53 12.79 11.36 13.40 72.923 174 14.45 11.37 13.51 12.76 12.94 12.82 11.56 13.58 71.324 178 14.68 11.29 13.82 12.69 13.32 12.80 11.87 13.87 69.7
25 182 14.96 11.22 14.11 12.62 13.68 12.78 12.34 14.16 68.126 187 15.25 11.12 14.48 12.54 14.11 12.71 13.00 14.18 66.327 191 15.54 11.05 14.77 12.47 14.43 12.65 13.48 14.11 64.928 196 15.84 10.96 15.11 12.34 14.80 12.55 13.96 14.02 63.329 201 16.23 10.84 15.43 12.21 15.15 12.45 14.39 13.92 61.7
30 206 16.58 10.57 15.73 12.09 15.48 12.36 14.79 13.83 60.231 211 16.89 10.31 16.04 11.97 15.82 12.26 15.18 13.73 58.832 216 17.07 10.07 16.31 11.82 16.13 12.13 15.57 13.61 57.433 221 17.29 9.84 16.57 11.67 16.41 11.99 15.90 13.47 56.134 227 17.4', 9.57 16.87 11.50 16.72 11.83 16.27 13.31 54.6
35 232 17.6 9.37 17.10 11.36 16.96 11.70 16.56 13.19 53.436 238 17.78 9.13 17.37 11.21 1:1.23 11.56 16.89 13.04 52.137 244 17.91 8.90 17.62 11.03 17.49 11.41 17.19 12.90 50.838 250 18.03 8.68 17.86 10.85 17.73 11.27 17.49 12.76 49.639 256 18.14 8.47 18.08 10.68 17.97 11.14 17.77 12.63 48.4
40 262 18.25 8.28 18.28 10.51 18.20 11.01 18.05 12.50 47.341 269 18.34 8.06 18.51 10.32 18.46 10.87 18.37 12.36 46.142 275 -, 18.44 7.88 18.69 10.15 18.69 10.75 18.66 12.24 45..L43 282 18.45 7.71 18.89 9.96 18.94 10.57 18.97 12.04 44.044 289 18.50 7.56 19.08 9.77 19.17 10.38 19.25 11.83 42.9
45 296 18.57 7.42 19.25 9.59 19.37 10.19 19.50 11.63 41.9*46 303 18.63 7.28 19.42 9.41 19.55 10.02 19.73 11.44 40.947 311 18.75 7.13 19.59 9.20 19.74 9.83 19.97 11.23 39.948 318 18.79 7.00 19.73 9.03 19.90 9.67 20.16 11.05 39.049 326 18.82 6.86 19.87 8.84 20.07 9.49 20.37 10.86 38.0
50 334 18.88 6.73 20.01 8.65 20.22 9.32 20.55 10.67 37.151 342 18.93 6.60 20.13 8.46 20.37 9.16 20.73 10.49 36.352 351 18.98 6.47 20.26 8.26 20.52 8.98 20.93 10.30 35.353 359 19.02 6.35 20.36 8.09 20.65 8.83 21.09 10.13 34.554 368 19.07 6.23 20.47 7.90 20.79 8.67 21.27 9.95 33.7
55 37" 19.10 6.11 20.56 7.71 20.93 8.52 21.44 9.78 32.956 386 19.14 5.99 20.65 7.54 21.06 8.37 21.61 9.62 32.157 396 19.23 5.87 20.74 7.35 21.22 8.19 21.81 9.43 31.358 406 19.19 5.77 20.81 7.16 241.35 8.00 21.98 9.21 30.559 415 19.21 5.68 20.87 7.01 21.45 7.83 22.12 9.02 29.9
60 426 19.25 5.57 20.93 6.82 21.56 7.64 22.26 8.79 29.161 436 19.28 5.48 20.98 6.65 21.65 7.47 22.37 8.60 28.462 447 19.31 5.39 21.03 6.48 21.74 7.29 22.49 8.40 27.763 458 19.38 5.28 21.07 6.31 21.82 7.11 22.60 8.19 27.164 469 19.37 5.18 21.10 6.15 21.89 6.94 22.69 8.00 26.4
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Cu (29) Zn (30) Ga (31) Ge (32)
Copper Zinc Gallium Germanium

N E(eV) f___ f2__ f __ f__ 2__ f__2_f_ f X(A)

65 480 19.38 5.07 21.12 6.00 21.95 6.77 22.77 7.81 25.83
66 492 19.39 4.97 21.14 5.81 22.00 6.60 22.85 7.61 25.20
67 504 19.44 4.86 21.15 5.63 22.05 6.43 22.92 7.43 24.60
68 516 19.43 4.77 21.15 5.46 22.09 6.28 22.98 7.25 24.03
69 529 19.45 4.65 21.15 5.29 22.13 6.11 23.04 7.07 23.44

70 542 19.42 4.52 21.14 5.14 22.16 5.94 23.10 6.88 22.87
71 555 19.47 4.39 21.12 5.00 22.18 5.78 23.15 6.71 22.34
72 569 19.39 4.26 21.09 4.85 22.18 5.61 23.18 6.52 21.79
73 583 19.34 4.12 21.05 4.71 22.18 5.45 23.20 6.34 21.27
74 597 19.25 3.97 21.01 4.58 22.16 5.31 23.22 6.18 20.77

75 612 19.16 3.83 20.96 4.45 22*.14 5.16 23.23 6.01 20.26
76 627 19.05 3.70 20.89 4.32 22.12 5.02 23.24 5.84 19.77
77 642 18.99 3.56 20.82 4.20 22.09 4.89 23.24 5.68 19.31
78 658 18.76 3.42 20.73 4.06 22.04 4.73 23.22 5.50 18.84
79 674 18.63 3.28 20.64 3.93 21.98 4.59 23.19 5.33 18.39

80 690 18.36 3.17 20.53 3.83 21.91 4.48 23.14 5.20 17.97
81 707 18.16 3.07 20.40 3.74 21.84 4.37 23.10 5.07 17.54 4
82 725 17.73 3.04 20.25 3.63 21.76 4.25 23.05 4.92 17.10
83 742 17.45 3.02 20.10 3.54 21.68 4.13 23.00 4.79 16.71
84 760 17.13 2.99 19.91 3.44 21.58 4.01 22.94 4.65 16.31

85 779 16.94 2.95 19.70 3.35 21.46 3.90 22.86 4.51 15.92
86 798 16.35 2.83 19.46 3.24 21.33 3.77 22.77 4.37 15.54
87 818 15.76 2.72 19.16 3.13 21.17 3.65 22.66 4.24 15.16
88 838 14.96 2.61 18.83 3.03 20.98 3.53 22.54 4.11 14.79
89 858 14.20 2.51 18.45 2.93 20.77 3.42 22.40 3.98 14.45

90 879 12.47 2.42 17.98 2.83 20.52 3.31 22.24 3.85 14.10
91 901 9.51 2.33 17.38 2.74 20.22 3.20 22.05 3.73 13.76
92 923 2.02 L 2.25 16.68 2.65 19.89 3.10 21.84 3.61 13.43
93 945 5.01 18.03 15.84 2.58 19.49 3.00 21.61 3.50 13.12
94 968 12.97 17.24 13.08 2.51 19.01 2.90 21.33 3.39 12.81

95 992 16.02 16.46 10.03 2.44 18.37 2.81 20.99 3.28 12.50
96 1016 17.55 15.74 3.73 L 2.38 17.61 2.72 20.61 3.17 12.20
97 1041 18.72 15.03 10.53 17.00 16.58 2.64 20.16 3.08 11.91
98 1067 19.75 14.77 14.20 16.69 14.81 2.56 19.56 2.98 11.62
99 1093 20.60 14.53 16.23 16.40 9.52 2.48 18.83 2.88 11.34

100 1119 21.35 14.29 17.87 16.11 2.29 L 15.61 17.93 2.80 11.08
101 1147 22.07 14.04 19.30 15.82 8.52 15.37 16.57 2.71 10.81
102 1175 22.69 13.81 20.54 15.54 14.62 15.14 14.17 2.62 10.55
103 1204 23.39 13.57 21.78 15.26 18.35 14.90 6.62 L 2.54 10.30
104 1233 24.02 13.35 22.95 14.99 19.55 14.68 8.63 16.64 10.06

105 1263 24.69 13.05 23.82 14.65 20.48 14.46 15.91 16.37 9.82
106 1294 25.29 12.59 24.54 14.15 20.79 14.24 18.26 16.11 9.58
107 1326 25.78 12.14 25.20 13.66 21.92 15.42 20.23 15.85 9.35
108 1358 26.20 11.71 25.73 13.20 23.92 14.89 21.60 15.60 9.13
109 1392 26.55 11.29 26.24 12.74 24.86 14.37 22.80 15.34 8.91

*110 1426 26.86 10.89 26.68 12.31 25.68 13.87 23.86 15.10 8.69
*111 1460 27.13 10.51 27.06 11.90 26.33 13.40 24.80 14.86 8.49

112 1496 27.37 10.14 27.42 11.49 26.91 12.93 25.74 14.55 8.29
113 1533 27.61 9.77 27.74 11.09 27.41 12.48 26.60 14.07 8.09

.4114 1570 27.81 9.43 28.01 10.71 27.83 12.05 27.22 13.61 7.90

115 1609 27.99 9.08 28.28 10.33 28.23 11.63 27.81 13.15 7.71
116 1648 28.15 8.76 28.51 9.98 28.59 11.23 28.32 12.72 7.52
117 1688 28.29 8.45 28.71 Q:64 28.89 10.84 28.76 12.31 7.34
118 1730 28.42 8.15 28.91 9.30 29.19 10.46 29.19 11.89 7.17
119 1772 28.55 7.85 29.07 8.96 29.45 10.09 29.56 11.48 7.00

*120 1815 28.65 7.56 29.21 8.64 29.66 9.73 29.89 11.08 6.83
121 1860 28.74 7.27 29.35 8.32 29.87 9.37 30.19 10.68 6.67
122 1905 28.82 7.01 29.46 8.02 30.02 9.03 30.40 10.31 6.51
123 1952 28.88 6.74 29.56 7.73 30.18 8.70 30.63 9.914 6.35
124 2000 28.93 6.49 29.65 7.44 30.34 8.38 30.86 9.58 6.20

E (E 661.8 643.3 603.2 579.4 keV- CM2

Atoic 63.55 65.38 69.72 72.59 amu

Weight~
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ATOMIC SCATTERING FACTOR, Ed+ if 2
As (33) Se (34) Br (35) Kr (36)

N E(eV) fl f2  f1  f2 f, f2  f, f2  _____

0 100 2.69 7.92 2.39 7.29 2.81 5.14 4.08 1.83 124.0
1 102 2.74 8.27 2.40 7.61 2.74 5.41 3.87 1.94 121.5
2 104 2.82 8.64 2.43 7.94 2.69 5.68 3.64 2.13 119.2
3 107 2.97 9.20 2.49 8.45 2.62 6.11 3.35 2.46 115.9
4 110 3.20 9.79 2.60 8.87 2.61 6.52 2.99 2.79 112.7

5 112 3.45 10.19 2.71 9.09 2.59 6.78 2.77 3.03 110.7
6 115 3.90 10.68 2.93 9.43 2.56 7.18 2.49 3.43 107.8
7 118 4.33 10.92 3.15 9.78 2.54 7.62 2.15 3.98 105.1
8 121 4.67 11.17 3.34 10.13 2.54 8.07 1.94 4.47 102.5
9 124 4.96 11.41 3.53 10.49 2.56 8.53 1.73 4.97 100.0

10 127 5.23 11.64 3.71 10.85 2.60 9.01 1.53 5.48 97.6
11 130 5.48 11.88 3.90 11.21 2.66 9.51 1.33 6.01 95.4
12 133 5.69 12.13 4.11 11.57 2.76 10.02 1.14 6.60 93.2
13 136 5.92 12.47 4.34 11.94 2.90 10.54 0.90 7.35 91.2
14 140 6.30 12.93 4.66 12.44 3.15 11.26 0.79 8.45 88.6

15 143 6.63 13.28 4.93 12.81 3.40 11.82 0.80 9.36 86.7
16 147 7.21 13.75 5.38 13.32 3.90 12.59 1.27 10.69 84.3
17 150 7.74 14.01 5.75 13.64 4.41 13.07 1.96 11.57 82.7
18 154 8.40 14.10 6.25 13.96 5.10 13.36 2.76 12.05 80.5
19 158 8.91 14.15 6.69 14.26 5.61. 13.57 3.36 12.41 78.5

20 162 9.37 14.20 7.14 14.57 6.05 13.77 3.84 12.76 76.5
21 166 9.79 14.25 7.61 14.87 6.44 13.98 4.28 13.12 74.7
22 170 10.18 14.30 8.11 15.18 6.79 14.18 4.70 13.48 72.9
23 174 10.53 14.36 8.65 15.38 7.10 14.39 5.13 13.84 71.3
24 178 10.88 14.42 9.16 15.52 7.36 14.59 5.49 14.20 69.7

25 182 11.24 14.49 9.64 15.65 7.51 14.80 5.90 14.56 68.1
26 187 11.67 14.54 10.20 15.78 7.82 15.48 6.44 15.02 66.3
27 191 11.97 14.57 10.66 15.88 8.26 16.16 6.97 15.39 64.9
28 196 12.31 14.69 11.21 15.95 9.23 16.51 7.55 15.69 63.3
29 201 12.73 14.86 11.74 16.00 9.91 16.62 8.13 15.91 61.7

30 206 13.22 15.02 12.23 16.04 10.54 16.73 8.65 16.13 60.2
*31 211 13.76 15.18 12.71 16.08 11.15 16.84 9.20 16.35 58.8

32 216 14.38 15.11 13.22 16.07 11.71 16.88 9.66 16.52 57.4
33 221 14.86 14.98 13.66 16.04 12.23 16.90 10.14 16.69 56.1
34 227 15.38 14.83 14.16 16.00 12.82 16.93 10.68 16.88 54.6

*35 232 15.77 14.71 14.56 15.96 13.27 16.95 11.12 17.03 53.4
36 238 16.19 14.57 15.02 15.93 13.79 16.97 11.65 17.22 52.1

*37 244 16.59 14.44 15.45 15.89 14.31 17.00 12.18 17.40 50.8
38 250 16.96 14.31 15.89 15.86 14.81 17.02 12.70 17.58 49.6
39 256 17.32 14.18 16.32 15.82 15.31 17.05 13.23 17.76 48.4

40 262 17.67 14.06 16.75 15.79 15.81 17.07 13.78 17.93 47.3
41 269 18.07 13.92 17.27 15.75 16.42 17.10 14.48 18.14 46.1
42 275 18.42 13.80 17.75 15.72 17.00 17.12 15.16 18.31 45.1
43 282 18.82 13.60 18.33 15.52 17.67 16.95 15.99 18.24 44.0
44 289 19.17 13.38 18.80 15.28 18.25 16.71 16.63 18.08 42.9

45 296 19.48 13.17 19.21 15.04 18.75 16.48 17.22 17.92 41.9
46 303 19.76 12.97 19.58 14.82 19.18 16.26 17.76 17.77 40.9
47 311 20.05 12.75 19.97 14.57 19.65 16.01 18.39 17.60 39.9
48 318 20.30 12.56 20'.28 14.36 20.02 15.80 18.76 17.46 39.0
49 326 20.57 12.35 20.62 14.13 20.41 15.58 19.26 17.30 38.0

50 334 20.81 12.16 20.92 13.91 20.78 15.36 19.72 17.15 37.1
51 342 21.04 11.97 21.21 13.69 21.13 15.15 20.16 17.00 36.3
52 351 21.29 11.76 21.52 13.46 21.51 14.92 20.64 16.84 35.3
53 359 21.50 11.59 21.79 13.27 21.82 14.73 21.06 16.71 34.5
54 368 21.73 11.40 22.07 13.06 22.16 14.52 21.52 16.56 33.7

55 377 21.95 11.22 22.34 12.85 22.50 14.31 21.98 16.41 32.9
56 386 22.17 11.04 22.62 12.66 22.83 14.12 22.45 16.27 32.1
57 396 22.43 10.84 22.94 12.43 23.24 13.89 23.09 16.06 31.3
58 406 22.65 10.59 23.21 12.15 23.57 13.58 23.51 15.72 30.5
59 415 22.83 10.37 23.43 11.90 23.85 13.32 23.90 15.42 29.9

60 426 23.02 10.12 23.67 11.62 24.14 13.01 24.31 15.07 29.1
61 436 23.18 9.90 23.86 11.38 24.38 12.74 24.63 14.77 28.4
62 447 23.35 9.67, 24.07 11.12 24.63 12.46 25.02 14.4.5 27.7
63 458 23.49 9.45 24.25 10.86 24.87 12.18 25.30 14.13 27.1
64 469 23.62 9.22 24.42 10.61 25.08 11.91 25.57 13.82 26.4



358

.1As (33) Se (34) Br (35) Kr (36)
Arsenic Selenium Bromine Krypton

N E(eV) f__ f2__ f 1 f2fI f2  f1 IL f2  X(A)
65 480 23.74 9.01 24.57 10.37 25.27 11.64 25.83 13.52 25.83
66 492 23.85 8.79 24.72 10.12 25.45 11.37 26.09 13.21 25.20
67 504 23.95 8.58 24.85 9.88 25.62 11.11 26.32 12.92 24.60
68 516 24.05 8.37 24.98 9.65 25.78 10.86 26.59 12.63 24.03
69 529 24.14 8.16 25.11 9.41 25.95 10.59 26.83 12.34 23.44

70 542 24.23 7.95 25.23 9.18 26.10 10.34 26.97 12.05 22.87
71 555 24.31 7.75 25.34 8.95 26.25 10.09 27.25 11.77 22.34
72 569 24.38 7.53 25.44 8.71 26.38 9.82 27.42 11.46 21.79
73 583 24.43 7.33 25.52 8.47 26.49 9.56 27.54 11.17 21.27
74 597 24.47 7.13 25.59 8.25 26.59 9.32 27.69 10.88 20.77

75 612 24.51 6.94 25.66 8.03 26.69 9.07 27.83 10.60 20.26
76 627 24.55 6.75 25.73 7.82 26.78 8.84 28.02 10.32 19.77
77 642 24.58 6.56 25.79 7.60 26.88 8.61 28.13 10.05 19.31
78 658 24.59 6.36 25.83 7.36 26.95 8.34 28.23 9.73 18.84
79 674 24.59 6.16 25.85 7.13 26.99 8.09 28.39 9.43 18.39

80 690 24.56 6.01 25.85 6.96 27.02 7.90 28.37 9.20 17.97
81 707 24.56 5.86 25.87 6.79 27.07 7.71 28.51 8.98 17.54
82 725 24.54 5.68 25.89 6.58 27.12 7.48 28.52 8.71 17.10
83 742 24.52 5.53 25.89 6.40 27.15 7.27 28.58 8.47 16.71
84 760 24.49 5.37 25.89 6.22 27.18 7.06 28.64 8.23 16.31

85 779 24.46 5.21 25.88 6.03 27.20 6.86 28.77 7.99 15.92
86 798 24.41 5.05 25.86 5.85 27.21 6.65 28.72 7.75 15.54
87 818 24.35 4.90 25.83 5.67 27.20 6.44 28.75 7.51 15.16
88 838 24.27 4.75 25.79 5.50 27.19 6.25 28.76 7.29 14.79
89 858 24.19 4.61 25.74 5.34 27.17 6.06 28.84 7.08 14.45

90 879 24.09 4.46 25.68 5.17 27.14 5.88 28.77 6.86 14.10
91 901 23.97 4.32 25.60 5.01 27.09 5.70 28.76 6.65 13.76
92 923 23.84 4.19 25.52 4.86 27.05 5.53 28.82 6.45 13.43
93 945 23.70 4.06 25.43 4.71 26.99 5.36 28.72 6.26 13.12
94 968 23.53 3.93 25.33 4.56 26.92 5.20 28.69 6.06 12.81

95 992 23.34 3.80 25.20 4.41 26.85 5.04 28.64 5.87 12.50
96 1016 23.12 3.69 25.06 4.27 26.76 4.88 28.69 5.69 12.20
97 1041 22.87 3.57 24.90 4.13 26 67 4.73 28.65 5.50 11.91

.198 1067 22.57 3.45 24.71 3.99 26.55 4.57 28.47 5.32 11.62
99 1093 22.23 3.34 24.50 3.86 26.41 4.42 28.36 5.15 11.34

100 1119 21.84 3.24 24.26 3.74 26.27 4.28 28.26 4.99 11.08
101 1147 21.34 3.13 23.98 3.61 26.09 4.14 28.14 4.82 10.81
102 1175 20.73 3.03 23.66 3.49 25.90 4.00 28.01 4.66 10.55
103 1204 19.92 2.93 23.27 3.38 25.67 3.87 27.95 4.51 10.30
104 1233 18.95 2.84 22.83 3.27 25.42 3.74 27.73 4.37 10.06

105 1263 17.35 2.75 22.28 3.16 25.13 3.62 27.59 4.22 9.82
106 1294 12.20 2.66 21.54 3.06 24.78 3.50 27.29 4.08 9.58
107 1326 3.75 L. 16.41 20.56 2.96 24.38 3.38 27.04 3.94 9.35
108 1358 9.44 15.94 19.33 2.86 23.88 3.27 26.77 3.81 9.13
109 1392 15.44 15.47 16.62 2.77 23.24 3.16 26.41 3.68 8.91

110 1426 21.00 15.03 8.52 L 2.68 22.45 3.06 26.01 3.56 8.69
111 1460 22.06 14.61 11.68 16.04 21.37 2.96 25.59 3.44 8.49
112 1496 22.86 14.19 19.14 15.55 19.60 2.86 25.15 3.32 8.29
113 1533 22.67 15.68 20.20 15.08 14.51 2.79 24.12 3.20 C.09
114 1570 24.51 15.18 21.27 14.64 12.92 L 11.81 23.03 3.09 7.90

115 1609 26.27 14.68 22.39 14.19 16.36 15.60 21.38 2.97 7.71
116 1648 27.11 14.21 23.52 13.77 18.89 15.13 15.37 2.87 7.52
117 1688 27.90 13.76 25.32 15.17 21.47 14.68 12.54 L 11.50 7.34
118 1730 28.56 13.30 27.09 14.69 24.19 14.22 20.76 15.02 7.17
119 1772 29.11 12.83 28.06 14.21 24.65 13.79 22.72 14.57 7.00

120 1815 29.60 12.41 28.88 13.74 25.62 15.37 25.66 14.12 6.83
121 1860 30.04 11.97 29.51 13.28 27.93 14.85 26.31 13.68 6.67
122 1905 30.43 11.56 30.10 12.84 28.69 14.36 26.99 13.27 6.51
123 1952 30.76 11.16 30.56 12.41 29.48 13.87 28.07 14.61 6.35
124 2000 31.07 '10.77 31.00 11.99 30.29 13.40 29.17 14.15 6.20

EE)561.3 532.6 526.3 501.9 gra-m2

Weoic 74.92 78.96 79.91 83.80 ami
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ATOMIC SCATTERING FACTOR, fl+ if 2

Rb (37) Sr (38) Y (39) Zr (40)
N E(eV) f, f 2  fl f 2 fi f2  f, f2  -XdA)
0 100 5.67 1.00 7.74 1.12 9.86 2.75 13.43 2.59 124.0
1 102 5.44 1.03 7.58 1.17 9.79 2.75 13.39 2.58 121.5
2 104 5.17 1.05 7.44 1.22 9.72 2.74 13.35 2.57 119.2
3 107 4.73 1.09 7.23 1.29 9.61 2.73 13.30 2.56 115.9
4 110 4.12 M 1.16 7.01 -1.37 9.50 2.72 13.23 2.55 112.7

5 112 3.68 1.38 6.87 1.42 9.41 2.71 13.19 2.54 110.7
6 115 3.05 1.78 6.64 1.50 9.26 2.70 13.10 2.54 107.8
7 118 2.47 2.28 6.40 1.59 9.09 2.70 13.03 2.56 105.1
8 121 1.90 2.90 6.15 1.67 8.90 2.75 12.96 2.58 102.5
9 124 1.41 3.67 5.87 1.76 8.74 2.81 12.90 2.61 100.0

10 127 1.04 4.62 5.56 1.85 8.57 2.86 12.83 2.63 97.6
11 130 0.82 5.79 5.20 1.94 8.38 2.91 12.77 2.65 95.4
12 133 1.32 7.13 4.73 M 2.12 8.16 2.97 12.70 2.67 93.2
13 136 1.86 7.45 4.31 2.44 7.90 3.06 12.62 2.69 91.2
14 140 2.29 7.89 3.80 2.94 7.57 3.29 12.52 2.72 88.6

15 143 2.46 8.23 3.45 3.37 7.35 3.47 12.44 2.74 86.7
16 147 2.66 8.69 3.07 4.02 7.05 3.72 12.32 2.77 84.3
17 150 2.79 9.03 2.88 4.55 6.79 3.91 12.22 2.79 82.7
18 154 2.92 9.50 2.70 5.14 6.44 M 4.32 12.08 2.82 80.5
19 158 3.06 10.00 2.48 5.72 6.16 4.83 11.93 2.85 78.5

20 162 3.20 10.51 2.27 6.34 6.03 5.40 11.75 2.89 76.5
21 166 3.36 11.03 2.07 7.02 6.03 6.00 11.56 2.92 74.7
22 170 3.54 11.56 1.91 7.75 6.10 6.32 11.33 2.95 72.9
23 174 3.75 12.10 1.80 8.51 6.10 6.65 11.05 3.02 71.3
24 178 3.98 12.63 1.74 9.30 6.07 6.99 10.77 M 3.14 69.7

25 182 4.23 13.18 1.70 10.15 6.04 7.34 10.48 3.25 68.1
26 187 4.63 13.92 1.79 11.38 6.00 7.79 10.06 3.39 66.3
27 191 4.98 14.53 2.24 12.47 5.97 8.16 9.56 3.51 64.9
28 196 5.75 15.04 2.95 13.35 5.95 8.63 8.85 4.02 63.3
29 201 6.30 15.42 3.62 13.99 5.94 9.12 8.26 4.87 61.7

30 206 6.82 15.81 4.17 14.64 5.94 9.62 7.97 5.88 60.2
31 211 7.33 16.19 4.81 15.30 5.96 10.14 8.16 7.06 58.8
32 216 7.85 16.50 5.45 15.75 6.01 10.67 8.52 7.62 57.4
33 221 8.33 16.80 6.03 16.12 6.07 11.22 8.82 8.00 56.1
34 227 8.89 17.15 6.64 16.58 6.17 11.89 8.99 8.47 54.6

35 232 9.34 17.44 7.13 16.96 6.29 12.47 9.11 8.88 53.4
36 238 9.89 17.78 7.71 17.41 6.47 13.19 9.24 9.38 52.1
37 244 10.45 18.13 8.28 17.86 6.70 13.92 9.37 9.89 50.8
38 250 11.02 18.47 8.88- 18.32 ?.00 14.68 9.53 10.42 49.6
39 256 11.62 18.81 9.50 18.78 7.35 15.46 9.70 10.96 48.4

40 262 12.27 19.15 10.14 19.23 7.77 16.27 9.89 11.52 47.3
41 269 13.12 19.54 11.02 19.76 8.51 17.23 10.19 12.19 46.1
42 275 13.96 19.88 11.96 20.22 9.42 18.08 10.52 12.78 45.1
43 282 15.00 19.85 13.09 20.30 10.60 18.44 10.98 13.35 44.0
44 289 15.87 19.67 14.02 20.21 11.57 18.53 11.45 13.88 42.9

45 296 16.61 19.49 14.79 20.11 12.31 18.63 12.01 14.42 41.9
46 303 17.24 19.32 15.49 20.02 12.99 18.72 12.63 14.92 40.9
47 311 17.90 19.13 16.23 19.92 13.69 18.82 13.37 15.15 39.9
48 318 18.44 18.97 16.81 19.84 14.26 18.91 13.87 15.36 39.0
49 326 19.01 18.79 17.44 19.74 14.89 19.01 14.40 15.59 38.0

50 334 19.55 18.62 18.05 19.65 15.49 19.11 14.92 15.81 37.1
51 342 20.06 18.45 18.64 19.56 16.06 19.21 15.42 16.04 36.3
52 351 20.61 18.27 19.26 19.46 16.68 19.31 15.97 16.29 35.3
53 359 21.07 18.11 19.80 19.38 17.22 19.40 16.45 16.51 34.5
54 368 21.58 17.94 20.40 19.29 17.82 19.50 17.01 16.75 33.7

55 377 22.08 17.78 21.00 19.20 18.40 19.60 17.60 17.00 32.9
56 386 22.60 17.62 21.66 19.11 18.79 19.70 18.30 17.24 32.1
57 396 23.20 17.40 22.44 18.94 19.20 20.92 19.16 17.35 31.3
58 406 23.74 17.06 23.10 18.57 20.89 20.53 19.87 17.23 30.5
59 415 24.17 16.76 23.58 18.26 21.76 20.20 20.38 17.12 29.9

60 426 24.61 16.41 24.13 17.89 22.66 19.82 20.96 17.00 29.1
61 436 24.99 16.10 24.59 17.58 23.35 19.48 21.43 16.89 28.4
62 447 25.38 15.78 25.05 17.24 24.02 19.12 21.87 16.77 27.7
63 458 25.76 15.46 25.48 16.90 24.62 18.76 22.27 16.73 27.1
64 469 26.08 15.13 25.88 16.56 25.16 18.41 22.69 16.74 26.4
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Rb (37) Sr (38) Y (39) Zr (40)
Rubidium Strontium Yttrium Zirconium

N E(eV) fl f2 fl f f2  f, f2  XA

65 480 26.38 14.82 26.24 16.24 25.66 18.06 23.13 16.76 25.83

66 492 26.68 14.49 26.60 15.90 26.14 17.70 23.63 16.78 25.20

67 504 2b.96 14.18 26.93 15.57 26.59 17.36 24.15 16.80 24.60

68 516 27.22 13.88 27.25 15.26 27.02 17.03 24.74 16.81 24.03

69 529 27.50 13.57 27.58 14.93 27.46 16.67 25.48 16.73 23.44

70 542 27.76 13.24 27.87 14.59 27.86 16.31 26.08 16.42 22.87

71 555 28.00 12.93 28.16 14.27 28.24 15.95 26.61 16.12 22.34

72 569 28.21 12.58 28.44 13.92 218.60 15.56 27.08 15.81 21.79

73 583 28.40 12.26 28.68 13.59 28.92 15.19 27.50 15.52 21.27

74 597 28.57 11.96 28.90 13.27 29.21 14.84 27.88 15.23 20.77

75 612 28.74 11.66 29.12 12.94 29.50 14.47 28.26 14.94 20.26

76 627 28.91 11.37 29.33 12.63 29.78 14.13 28.60 14.67 19.77

77 642 29.07 11.07 29.54 12.32 30.05 13.78 28.93 14.40 19.31

78 658 29.20 10.75 29.72 11.97 30.28 13.38 29.24 14.13 18.84

79 674 29.30 10.44 29.85 11.63 30.46 13.01 29.54 13.87 18.39

80 690 29.38 10.20 29.97 11.37 30.61 12.72 29.82 13.62 17.97

81 707 29.50 9.96 30.12 11.11 30.81 12.43 30.10 13.37 17.54

82 725 29.61 9.68 30.29 10.80 31.01 12.08 30.39 13.11 17.10

83 742 29.71 9.42 30.41 10.51 31.18 11.77 30.65 12.87 16.71

84 760 29.79 9.17 30.52 10.22 31.33 11.46 30.94 12.64 16.31

85 779 29.87 8.90 30.63 9.93 31.48 11.14 31.25 12.39 15.92

86 798 29.93 8.64 30.72 9.64 31.61 10.82 31.55 12.04 15.54

87 818 29.99 8.38 30.80 9.36 31.73 10.51 31.79 11.69 15.16

88 838 30.03 8.13 30.87 9.09 31.83 10.21 31.99 11.36 14.79

89 858 30.07 7.90 30.93 8.83 31.92 9.92 32.16 11.04 14.45

90 879 30.10 7.66 30.97 8.57 32.01 9.63 32.33 10.72 14.10

91 901 30.11 7.42 31.01 8.31 32.07 9.35 32.47 10.40 13.76

92 923 30.13 7.20 31.05 8.07 32.14 9.08 32.60 10.10 13.43

93 945 30.13 6.98 31.08 7.83 32.20 8.81 32.72 9.81 13.12

94 968 30.12 6.76 31.09 7.59 32.24 8.55 32.82 9.52 12.81

95 992 30.09 6.55 31.10 7.36 32.28 8.28 32.90 9.24 12.50

96 1016 30.07 6.35 31.09 7.13 32.30 8.03 32.98 8.96 12.20
97 1041 30.04 6.15 31.09 6.91 32.33 7.79 33.05 8.69 11.91

98 1067 29.99 5.95 31.07 6.69 32.33 7.53 33.11 8.42 11.62

99 1093 29.94 5.77 31.04 6.48 32.33 7.30 33.15 8.15 11.34

100 1119 29.88 5.59 31.00 6.28 32.32 7.07 33.18 7.91 11.08

101 1147 29.80 5.41 30.96 6.08 32.30 6.84 33.20 7.65 10.81

102 1175 29.72 5.24 30.91 5.89 32.28 6.63 33.22 7.41 10.55

103 1204 29.63 5.07 30.83 5.70 32.23 6.42 33.21 7.18 10.30

104 1233 29.52 4.91 30.76 5.52 32.19 6.22 33.21 6.96 10.06

105 1263 29.41 4.75 30.68 5.35 32.14 6.02 33.20 6.74 9.82
106 1294 29.27 4.59 30.59 5.17 32.07 5.82 33.17 6.52 9.58

107 1326 29.12 4.44 30.48 5.00 32.00 5.63 33.14 6.30 9.35
108 1358 28.95 4.29 30.35 4.83 31.91 5.45 33.09 6.10 9.13
109 1392 28.74 4.14 30.21 4.67 31.81 5.27 33.03 5.90 8.91

110 1426 28.52 4.00 30.04 4.51 31.70 5.09 32.96 5.70 8.69

111 1460 28.27 3.87 29.87 4.36 31.58 4.93 32.88 5.52 8.49
112 1496 27.97 3.74 29.66 4.22 31.44 4.77 32.79 5.34 8.29
113 1533 27.61 3.59 29.42 4.08 31.28 4.60 32.68 5.16 8.09
114 1570 27.20 3.46 29.15 3.94 31.11 4.45 32.56 4.99 7.90

115 1609 26.63 3.32 28.84 3.81 30.90 4.29 32.42 4.82 7.71

116 1648 25.92 3.20 28.47 3.69 30.66 4.14 32.26 4.67 7.52

117 1688 25.02 3.08 28.02 3.56 30.39 4.00 32.09 4.51 7.34
118 1730 23.61 2.96 27.49 3.44 30.08 3.86 31.89 4.36 7.17
119 1772 19.45 2.84 26.81 3.34 29.71 3.73 31.65 4.21 7.00

120 1815 13.87 L 11.43 25.83 3.24 29.26 3.61 31.38 4.07 6.83

121 1860 16.63 10.74 25.19 3.14 28.69 3.48 31.00 3.91 6.67

122 1905 19.38 14.49 25.03 3.04 27.98 3.36 30.53 3.80 6.51

123 1952 22.26 14.04 24.86 L 11.60 26.41 3.25 30.03 3.67 6.35

124 2000 25.20 13.61 24.69 10.95 24.79 3.14 29.52 3.55 6.20

WE()492.1 480.0 473.1 461.1 gra-m2

Atomic 85.47 87.62 88.91 91.22 amu
Weight
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ATOMIC SCATTERING FACTOR, f,+ if,2
Nb (41) Mo (42) Tc (43) Ru (44)

N E(eV) f2 f 2  Li f 2  f, f2  f, f 2  X(A)
0 100 14.54 2.73 15.43 2.01 15.78 1.80 18.51 1.38 124.0
1 102 14.79 2.68 15.33 2.00 15.67 1.82 18.29 1.25 121.5
2 104 14.74 2.64 15.25 1.99 15.59 1.83 18.02 1.13 119.2
3 107 14.66 2.58 15.13 1.98 15.47 1.85 17.65 1.13 115.9
4 110 14.57 2.52 15.03 1.97 15.38 1.87 17.37 1.18 112.7

5 112 14.49 2.48 14.95 1.96 15.32 1.88 17.23 1.21 110.7
6 115 14.38 2.44 14.84 1.96 15.23 1.90 17.03 1.26 107.8
7 118 14.27 2.45 14.74 1.98 15.15 1.92 16.86 1.31 105.1
8 121 14.18 2.46 14.65 2.00 15.08 1.94 16.71 1.36 102.5
9 124 14.10 2.47 14.57 2.02 15.02 1.96 16.58 1.41 100.0

10 127 14.03 2.48 14.50 2.04 14.96 1.98 16.46 1.46 97.6
11 130 13.96 2.49 14.43 2.06 14.90 2.00 16.36 1.51 95.4
12 133 13.89 2.50 14.35 2.08 14.84 2.02 16.26 1.56 93.2
13 136 13.82 2.51 14.28 2.09 14.78 2.04 16.16 1.62 91.2
14 140 13.72 2.52 14.18 2.12 14.70 2.061 16.05 1.69 88.6

15 143 13.65 2.53 14.12 2.14 14.64 2.08 15.97 1.74 86.7
16 147 13.55 2.54 14.02 2.16 14.57 2.10 15.88 1.81 84.3
17 150 13.46 2.55 13.95 2.18 14.51 2.12 15.81 1.87 82.7
18 154 13.34 2.57 13.85 2.20 14.44 2.14 15.73 1.94 80.5
19 158 13.22 2.61 13.74 2.21 14.36 2.16 15.67 2.01 78.5

20 162 13.11 2.64 13.63 2.23 14.28 2.19 15.60 2.07 76.5
21 166 12.99 2.67 13.50 2.24 14.19 2.21 15.52 2.12 74.7
22 170 12.88 2.70 13.37 2.26 14.11 2.23 15.45 2.18 72.9

ii23 174 12.76 2.70 13.22 2.28 14.02 2.25 15.38 2.23 71.3
24 178 12.61 2.68 13.07 2.31 13.92 2.27 15.31 2.29 69.7

25 182 12.44 2.66 12.91 2.34 13.82 2.29 15.24 2.34 68.1
26 187 12.17 2.64 12.70 2.37 13.68 2.32 15.15 2.41 66.3
27 191 11.87 2.62 12.51 2.40 13.57 2.34 15.08 2.47 64.9
28 196 11.45 2.72 12.25 2.43 13.42 2.36 14.98 2.54 63.3
29 201 11.04 2.90 11.96 2.45 13.26 2.39 14.89 2.61 61.7

30 206 10.66 M. 3.10 11.60 2.48 13.08 2.41 14.79 2.68 60.2
31 211 10.22 3.30 11.11 2.51 12.88 2.43 14.69 2.74 58.8
32 216 9.77 3.65 10.59 2.77 12.67 2.46 14.59 2.81 57.4
33 221 9.36 4.07 10.11 3.13 12.43 2.48 14.48 2.88 56.1
34 227 8.92 4.62 9.60 M 3.61 12.08 2.51 14.35 2.97 54.6

35 232 8.58 5.12 9.21 4.05 11.72 2.53 14.23 3.04 53.4
36 238 8.21 5.78 8.77 4.64 11.22 2.71 14.09 3.12 52.1
37 244 7.88 6.50 8.36 5.30 10.77 3.01 13.93 3.21 50.8
38 250 7.61 7.30 8.01 6.03 10.36 3.34 13.76 3.29 49.6
39 256 7.40 8.16 7.70 6.83 9.98 M 3.70 13.59 3.38 48.4

40 262 7.25 9.11 7.44 7.73 9.61 4.08 13.40 3.46 47.3
41 269 7.27 10.32 7.33 8.89 9.19 4.57 13.15 3.56 46.1

442 275 7.52 11.46 7.43 10.00 8.85 5.02 12.92 3.65 45.1
43 282 8.02 12.50 7.77 11.07 8.47 5.59 12.60 M 3.75 44.0
44 289 8.53 13.44 8.14 12.07 8.10 6.20 12.24 3.84 42.9

45 296 9.27 14.42 8.75 13.14 7.78 6.85 11.72 3.94 41.9
46 303 10.15 15.34 9.54 14.15 7.46 7.55 11.18 4.23 40.9
47 311 11.25 15.64 10.57 14.51 7.10 8.41 10.58 4.72 39.9
48 318 11.91 15.90 11.17 14.81 6.85 9.22 10.13 5.18 39.0
49 326 12.59 16.19 11.77 15.17 6.63 10.22 9.65 5.74 38.0

50 334 13.22 16.48 12.32 15.52 6.46 11.29 9.21 6.35 37.1
51 342 13.81 16.77 12.85 15.87 6.38 12.45 8.80 7.01 36.3
52 351 14.46 17.10 13.42 16.26 6.46 13.81 8.37 7.81 35.3
53 359 15.03 17.38 13.93 16.61 6.62 15.05 8.03 8.58 34.5

454 368 15.69 17.70 14.52 17.01 6.92 16.55 7.69 9.51 33.7

55 377 16.37 18.02 15.14 17.40 7.47 18.15 7.42 10.51 32.9
56 386 17.19 18.33 15.89 17.79 8.56 .19.86 7.24 11.60 32.1
57 396 18.20 18.49 16.81 18.04 10.24 21.59 7.14 12.90 31.3
58 406 19.03 18.36 17.59 18.00 12.05 21.92 7.19 14.31 30.5
59 415 19.62 18.25 18.12 17.97 13.20 22.22 7.47 15.68 29.9

60 426 20.28 18.12 18.70 17.93 14.50 22.58 8.15 17.48 29.1
61 436 20.82 18.00 19.15 17.90 15.64 22.91 9.29 19.26 28.4
62 447 21.35 17.87 19.52 17.86 16.93 23.27 11.75 21.36 27.7
63 458 21.82 17.81 19.79 18.03 18.26 23.34 13.65 22.61 27.1
64 469 22.29 17.80 20.16 18.36 19.42 23.17 14.76 22.98 26.4
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Nb (41) Mo (42) Tc (43) Ru. (44)
Niobium Molybdenum Technetium Ruthenium

N E(eV) f__ f 2  f__I f 2  f__I f2  f _If2 _A(A)

<65 480 22.78 17.79 20.61 18.69 20.41 23.00 15.88 23.35 25.83
66 492 23.30 17.77 21.23 19.05 21.32 22.82 17.07 23.74 25.20
67 504 23.84 17.76 21.92 19.41 22.14 22.65 18.27 24.14 24.60
68 516 24.43 17.75 22.78 19.77 22.87 22.48 19.61 24.53 24.03
69 529 25.12 17.66 23.95 19.93 23.52 22.43 21.30 24.67 23.44

70 542 25.71 17.40 24.89 19.60 24.39 22.63 22.64 24.23 22.87
71 555 26.25 17.15 25.71 19.28 25.45 22.83 23.81 23.81 22.34
72 569 26.74 16.89 26.40 18.96 26.73 22.34 24.71 23.33 21.79
73 583 27.18 16.64 27.01 18.64 27.61 21.84 25.44 23.08 21.27
74 597 27.59 16.40 27.56 18.34 28.34 21.36 26.21 22.91 20.77

75 612 28.01 16.16 28.10 18.03 29.06 20.88 27.08 22.74 20.26
76 627 28.40 15.92 28.61 17.73 29.71 20.42 27.97 22.58 19.77
77 642 28.77 15.69 29.06 17.45 30.32 19.96 28.97 22.29 19.31

78 658 29.13 15.46 29.51 17.16 30.85 19.44 29.84 21.72 18.84
79 674 29.49 14.24 29.95 16.87 31.32 18.94 30.54 21.17 18.39

80 690 29.83 15.02 30.35 16.60 31.71 18.57 31.13 20.75 17.97
81 707 30.17 14.80 30.75 16.33 32.18 18.20 31.76 20.33 17.54
82 725 30.53 14.58 31.17 16.05 32.64 17.73 32.38 19.81 17.10
83 742 30.87 14.37 31.55 15.80 33.03 17.30 32.90 19.34 16.71
84 760 31.24 14.16 31.96 15.54 33.39 16.88 33.39 18.86 16.31

85 779 31.66 13.94 32.42 15.26 33.76 16.44 33.57 18.38 15.92
86 798 32.07 13.55 32.85 14.84 34.08 16.01 34.29 17.89 15.54
87 818 32.40 13.16 33.21 14.42 34.39 15.58 34.69 17.40 15.16
88 838 32.67 12.79 33.50 14.02 34.66 15.18 35.05 16.93 14.79
89 858 32.91 12.44 33.79 13.64 34.92 14.78 35.38 16.49 14.45

90 879 33.13 12.08 34.02 13.25 35.17 14.38 35.69 16.04 14.10
91 901 33.32 11.73 34.25 12.87 35.41 13.98 35.98 15.60 13.76
92 923 33.50 11.39 34.45 12.51 35.63 13.60 36.26 15.18 13.43
93 945 33.65 11.06 34.63 12.15 35.82 13.23 36.50 14.77 13.12
94 968 33.79 10.74 34.80 11.80 36.01 12.84 36.74 14.35 12.81

95 992 33.92 10.41 34.95 11.46 36.17 12.46 36.96 13.95 12.50
96 1016 34.04 10.11 35.10 11.12 36.33 12.10 37.17 13.55 12.20
97 1041 34.15 9.80 35.24 10.79 36.48 11.73 37.37 13.14 11.91
98 1067 34.23 9.48 35.34 10.45 36.59 11.35 37.54 12.72 11.62
99 1093 34.30 9.19 35.44 10.12 36.69 11.00 37.69 12.33 11.34

100 1119 34.36 8.91 35.51 9.82 36.77 10.67 37.81 11.96 11.08
101 1147 34.41 8.62 35.58 9.50 36.85 10.33 37.92 11.58 10.81
102 1175 34.45 582.5 35.65 9.21 36.93 10.01 38.05 11.22 10.55
103 1204 34.48 8.09 35.69 8.92 36.96 9.70 38.11 10.87 10.30
104 1233 34.50 7.84 35.74 8.65 37.00 9.40 38.19 10.53 10.06

105 1263 34.51 7.59 35.17 8.38 37.04 9.11 38.25 10.21 9.82
106 1294 34.51 7.34 35.79 8.11 37.06 8.83 38.30 9.89 9.58
107 1326 34.50 7.10 35.80 7.84 37.08 8.55 38.35 9.58 9.35
108 1358 34.48 6.87 35.80 7.59 37.09 8.29 38.39 9.29 9.13
109 1392 34.45 6.64 35.79 7.34 37.09 8.03 38.42 9.00 8.91

110 1426 34.41 6.43 35.77 7.10 37.08 7.78 38.45 8.72 8.69
Ill 1460 34.37 6.22 35.75 6.88 37.08 7.54 38.48 8.46 8.49
112 1496 34.32 6.01 35.71 6.65 37.06 7.31 38.50 8.19 8.29
113 1533 34.25 5.79 35.66 6.43 37.04 7.06 38.51 7.90 8.09
114 1570 34.17 5.59 35.61 6.21 37.00 6.83 38.51 7.62 7.90

115 1609 34.07 5.38 35.54 6.00 36.96 6.61 38.48 7.35 7.71
116 1648 33.95 5.19 35.46 5.80 36.90 6.39 38.45 7.10 7.52
117 1688 33.81 5.00 35.37 5.60 36.83 6.18 38.40 6.85 7.34
118 1730 33.66 4.82 35.26 5.41 36.76 5.98 38.35 6.60 7.17
119 1772 33.48 4.65 35.14 5.22 36.67 5.78 38.28 6.37 7.00

120 1815 33.29 4.49 35.01 5.04 36.57 5.58 38.20 6.15 6.83
121 1860 33.06 4.33 34.85 4.87 36.45 5.39 38.10 5.93 6.67
122 1905 32.81 4.18 34.68 4.70 36.31 5.21 37.99 5.72 6.51
123 1952 32.47 4.03 34.46 4.54 36.16 5.03 37.87 5.51 6.35
124 2000 32.13 3.89 34.24 4.38 36.01 4.86 37.75 5.32 6.20

Ep(E)ke-cm 2

T2452.7 438.4 425.2 416.1 ga

Atomic92995998910.Am
Weight92995998910.am
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ATOMIC SCATTERING FACTOR, fl+ if 2

Rh (45) Pd (46) Ag (47) Cd (48)
N E(eV) f___ f 2  f1 I _f_2 fI f 2  f f2  X_(A)

0 100 18.54 1.32 20.71 5.09 26.80 9.45 21.13 11.77 124.0
1 102 18.20 1.16 20.49 4.76 26.55 8.43 21.47 11.20 121.5
2 104 17.84 1.02 20.23 4.47 26.27 7.53 21.78 10.57 119.2
3 107 17.32 1.01 19.82 4.06 25.80 6.25 22.05 9.47 115.9
4 110 16.93 1.06 19.37 3.71 25.25 5.16 22.03 8.52 112.7

5 112 16.71 1.09 19.04 3.49 24.81 4.33 21.88 7.95 110.7
6 115 16.41 1.17 18.52 3.25 24.01 3.35 21.59 7.43 107.8
7 118 16.16 1.26 18.05 3.14 23.09 2.61 21.47 7.19 105.1
8 121 15.94 1.35 17.68 3.03 22.13 2.13 21.52 6.96 102.5
9 124 15.75 1.44 17.36 2.93 21.34 1.90 21.94 6.75 100.0

10 127 15.57 1.54 17.04 2.83 20.60 1.71 22.17 5.82 97.6
11 130 15.42 1.64 16.73 2.74 19.90 1.53 22.19 4.84 95.4
12 133 15.28 1.74 16.37 2.66 19.25 1.59 21.79 4.04 93.2
13 136 15.18 1.85 16.04 2.74 18.74 1.64 21.25 3.44 91.2
14 140 15.06 2.01 15.69 2.86 18.12 1.72 20.56 3.07 88.6

15 143 15.02 2.12 15.48 2.95 17.68 1.87 20.13 2.83 86.7
16 147 14.99 2.22 15.24 3.06 17.25 2.09 19.52 2.54 84.3
17 150 14.95 2.25 15.07 3.15 16.98 2.27 19.04 2.46 82.7
18 154 14.89 2.30 14.88 3.30 16.71 2.46 18.53 2.54 80.5
19 158 14.81 2.35 14.73 3.45 16.48 2.67 18.17 2.63 78.5

20 16.2 14.73 2.40 14.63 3.61 16.34 2.81 17.87 2.72 76.5
21 166 14.65 2.44 14.57 3.77 16.17 2.89 17.61 2.82 74.7
22 170 14.56 2.49 14.57 3.93 15.98 2.97 17.40 2.91 72.9
23 174 14.47 2.54 14.67 3.97 15.80 3.13 17.21 3.00 71.3

424 178 14.35 2.58 14.67 3.90 15.69 3.29 17.05 3.09 69.7

25 182 14.20 2.63 14.63 3.82 15.60 3.41 16.90 3.19 68.1

27 191 13.99 3.04 14.33 3.67 15.38 3.57 16.65 3.40 64.9
26 187 14.05 328 14.49 3.74 15.49 3.50 16.56 3.31 66.3

30 206 14.10 3.30 13.70 3.89 14.97 3.85 16.38 3.64 60.2
31 211 14.08 3.33 13.55 3.98 14.82 3.95 16.30 3.72 58.8
32 216 14.05 3.34 13.40 4.08 14.67 4.05 16.23 3.77 57.4
33 221 13.99 3.32 13.25 4.17 14.49 4.18 16.15 3.82 56.1
34 227 13.90 3.30 13.08 4.28 14.32 4.42 16.04 3.87 54.6

35 232 13.80 3.29 12.93 4.38 14.22 4.63 15.95 3.91 53.4
36 238 13.65 3.27 12.75 4.49 14.14 4.89 15.85 3.96 52.1
37 244 13.47 3.25 12.56 4.60 14.13 5.07 15.74 4.02 50.8
38 250 13.28 3.23 12.36 4.72 14.09 5.20 15.63 4.07 49.6
39 256 13.06 3.21 12.15 4.83 14.03 5.34 15.52 4.12 48.4

40 262 12.81 3.19 11.93 4.94 13.97 5.47 15.40 4.17 47.3
41 269 12.48 3.17 11.62 5.08 13.88 5.63 15.27 4.22 46.1
42 275 12.16 3.16 11.30 5.19 13.82 5.77 15.15 4.27 45.1
43 282 11.73 3.14 10.87 5.45 13.74 5.92 15.01 4.29 44.0
44 289 11.20 3.12 10.48 5.76 13.66 6.07 14.85 4.30 42.9

45 296 10.50 3.10 10.06 6.08 13.58 6.21 14.66 4.30 41.9
46 303 9.66 M 3.16 9.61 6.45 13.50 6.35 14.44 4.30 40.9
47 311 8.62 3.76 9.09 7.09 13.41 6.43 14.16 4.31 39.9
48 318 7.86 4.36 8.74 7.69 13.27 6.49 13.89 4 31 39.0
49 326 7.03 5.14 8.38 8.42 13.07 6.57 13.54 4.32 38.0

50 334 6.23 6.04 8.07 M 9.21 12.83 6.64 13.15 4.32 37.1
51 342 5.50 7.06 7.80 10.04 12.56 6.72 12.72 4.33 36.3
52 351 4.73 8.39 7.59 11.04 12.17 6.80 12.18 4.33 35.3
53 359 4.11 9.75 7.46 11.99 11.75 6.87 11.60 4.34 34.5
54 368 3.59 11.49 7.39 13.12 11.19 6.95 10.87 4.34 33.7

55 377 3.34 13.49 7.48 14.34 10.46 7.03 10.04 4.35 32.9
56 386 3.37 15.78 7.88 15.63 9.23 7.10 8.99 4.35 32.1
57 396 4.28 18.71 8.55 16.88 7.49 It 7.76 7.61 4.35 31.3
58 406 6.33 20.50 9.21 17.75 6.01 9.46 5.65 4.33 30.5
59 415 7.82 21.25 9.72 18.56 5.10 11.27 3.36 4.32 29.9

60 426 9.29 22.19 10.42 19.57 4.37 13.89 -1.94 4.30 29.1
61 436 10.58 23.05 11.16 20.52 4.27 16.71 -15.14 M 4.29 28.4
62 447 12.27 23.98 12.22 21.58 5.40 20.38 -12.41 32.43 27.7
63 458 13.72 23.96 13.51 22.18 7.97 22.50 2.51 31.77 27.1
64 469 14.88 24.18 14.61 22.37 10.17 22.90 7.09 31.14 26.4
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Rh (45) Pd (46) Ag (47) Cd (48)
Rhodium Palladium Silver Cadmium

N E(eV) f___ f__ 2__ fi f2 f f__ 2 (A)

65 480 15.92 24.40 15.49 22.56 11.68 23.30 10.64 30.54 25.83
66 492 17.03 24.63 16.30 22.77 12.93 23.73 13.50 29.91 25.20
67 504 18.11 24.86 17.03 22.97 14.07 24.16 15.54 29.30 24.60
68 516 19.21 25.09 17.62 23.16 15.16 24.59 17.27 28.73 24.03
69 529 20.48 25.20 18.09 23.54 16.31 25.02 18.77 28.14 23.44

70 542 21.63 25.05 18.78 24.28 17.38 25.36 20.00 27.59 22.87
71 555 22.63 24.89 19.62 25.03 18.43 25.69 21.03 27.06 22.34
72 569 23.53 24.71 21.01 25.84 19.59 26.04 21.76 26.47 21.79

73 583 24.39 24.64 22.62 25.92 20.76 26.22 22.21 26.38 21.27
74 597 25.25 24.61 23.87 25.71 21.82 26.32 22.91 26.49 20.77

75 612 26.21 24.58 24.99 25.48 22.89 26.42 23.69 26.59 20.26
76 627 27.30 24.55 25.99 25.27 23.91 26.52 24.52 26.70 19.77
77 642 28.43 24.34 26.90 25.06 24.90 26.62 25.39 26.79 19.31
78 658 29.54 23.73 27.81 24.85 25.98 26.73 26.30 26.83 18.84
79 674 30.32 23.14 28.69 24.64 27.08 26.83 27.21 26.88 18.39

80 690 31.02 22.70 29.56 24.44 28.30 26.93 28.15 26.90 17.97
81 707 31.74 22.25 30.54 24.20 29.87 26.93 29.19 26.90 17.54
82 725 32.45 21.69 31.49 23.70 31.33 26.13 30.27 26.75 17.10
83 742 33.02 21.19 32.27 23.25 32.38 25.41 31.24 26.62 16.71
84 760 33.58 20.68 33.00 22.79 33.21 24.69 32.34 26.48 16.31

85 779 34.13 20.16 33.75 22.31 34.00 23.99 33.56 26.25 15.92
86 798 34.62 19.63 34.43 21.73 34.64 23.39 34.71 25.55 15.54
87 818 35.08 19.11 35.04 21.15 35.28 22.79 35.58 24.85 15.16
88 838 35.50 18.61 35.56 20.60 35.87 22.22 36.34 24.18 14.79
89 858 35.88 18.13 36.04 20.07 36.41 21.67 37.00 23.56 14.45

90 879 36.24 17.64 36.50 19.54 36.94 21.11 37.62 22.98 14.10
91 901 36.58 17.15 36.91 19.01 37.43 20.55 38.21 22.39 13.76
92 923 36.90 16.69 37.30 18.51 37.89 20.01 38.77 21.83 13.43
93 945 37.19 16.23 37.65 18.02 38.31 19.48 39.28 21.27 13.12
94 968 37.46 15.77 37.99 17.54 38.70 18.93 39.75 20.70 12.81

95 992 37.71 15.31 38.33 17.05 39.07 18.39 40.22 20.13 12.50
96 1016 37.94 14.87 38.64 16.58 39.41 17.88 40.67 19.58 12.20
97 1041 38.16 14.42 38.95 16.07 39.75 17.34 41.09 18.97 11.91
98 1067 38.35 13.97 39.19 15.56 40.02 16.80 41.42 18.35 11.62
99 1093 38.52 13.54 39.40 15.08 40.26 16.29 41.73 17.77 11.34

100 1119 38.65 13.13 39.58 14.62 40.49 15.81 41.98 17.23 11.08
101 1147 38.78 12.72 39.76 14.15 40.70 15.32 42.23 16.67 10.81
102 1175 38.90 12.33 39.95 13.71 40.90 14.85 42.46 16.14 10.55
103 1204 39.00 11.94 40.04 13.28 41.04 14.40 42.65 15.63 10.30
104 1233 39.08 11.58 40.16 12.87 41.19 13.97 42.81 15.14 10.06

105 1263 39.16 11.23 40.27 12.47 41.33 13.54 42.96 14.66 9.82
106 1294 39.23 10.88 40.35 12.08 41.45 13.13 43.09 14.20 9.58
107 1326 39.29 10.55 40.43 11.70 41.56 12.73 43.21 13.75 9.35
108 1358 39.34 10.23 40.50 11.34 41.66 12.35 43.32 13.32 9.13
109 1392 39.39 9.91 40.56 10.98 41.76 11.97 43.42 12.89 8.91

110 1426 39.42 9.60 40.61 10.64 41.85 11.61 43.49 12.48 8.69
111 1460 39.45 9.32 40.65 10.32 41.93 11.26 43.55 12.10 8.49
112 1496 39.48 9.02 40.68 9.99 42.02 10.91 43.59 11.72 8.29
113 1533 39.50 8.73 40.71 9.68 42.08 10.53 43.63 11.38 8.09
114 1570 39.50 8.44 40.72 9.38 42.12 10.18 43.67 11.06 7.90

115 1609 39.49 8.16 40.74 9.08 42.16 9.83 43.72 10.74 7.71
116 1648 39.48 7.90 40.73 8.80 42.18 9.50 43.76 10.43 7.52
117 1688 39.46 7.64 40.73 8.52 42.18 9.18 43.80 10.13 7.34
118 1730 39.42 7.39 40.72 8.25 42.19 8.86 43.85 9.83 7.17
119 1772 39.38 7.14 40.71 7.98 42.17 8.55 43.89 9.53 7.00

120 1815 39.34 6.89 40.69 7.72 42.15 8.26 43.91 9.22 6.83
121 1860 39.27 6.65 40.65 7.46 42.12 7.96 43.93 8.92 6.67
122 1905 39.19 6.43 40.60 7.21 42.08 7.69 43.93 8.64 6.51
123 1952 39.10 6.21 40.54 6.97 42.02 7.41 43.93 8.36 6.35
124 2000 39.01 5.99 40.48 6.74 41.96 7.15 43.93 8.09 6.20

Ep() 08.7 395.3 389.9 374.2 ec2

Ateic 102.9 106.4 107.9 112.4 au
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ATOMIC SCATTERING FACTOR, f1+ if2
In (49) Sn (50) Sb (51) Te (52)

N E(eV) fl__ f2  f1  f2  fl f2 f___ f2_ X(A)
0 100 21.06 27.40 19.03 23.16 25.26 21.77 21.60 28.63 124.0
1 102 22.58 26.69 19.94 22.44 26.45 20.99 24.03 26.96 121.5
2 104 24.00 25.82 20.73 21.76 27.75 20.25 25.65 25.41 119.2
3 107 25.98 24.59 21.63 20.81 29.84 17.56 27.76 23.30 115.9
4 110 27.82 22.60 22.31 19.92 30.42 14.87 29.78 21.42 112.7

5 112 28.74 21.29 22.67 19.36 30.47 13.34 30.98 18.89 110.7
6 115 29.87 19.05 23.10 18.56 30.44 11.38 31.60 15.71 107.8
7 118 30.52 16.65 23.27 18.07 30.42 9.57 31.52 13.1.3 105.1
8 121 30.58 14.51 23.80 18.09 29.83 7.44 31.20 10.82 102.5
9 124 30.41 12.59 24.77 18.12 28.99 5.82 30.57 8.61 100.0

10 127 30.06 10.93 26.16 18.14 27.95 4.59 29.55 6.90 97.6
11 130 29.62 9.50 27.57 16.85 26.89 3.67 28.50 5.55 95.4
12 133 29.14 8.20 28.81 15.68 25.83 2.94 27.41 4.49 93.2
13 136 28.58 6.98 30.24 14.61 24.71 2.52 26.34 3.65 91.2
14 140 27.79 5.43 31.45 10.91 23.58 2.36 24.87 2.79 88.6

15 143 26.94 4.39 30.99 8.38 22.90 2.25 23.91 2.60 86.7
16 147 25.72 3.32 29.71 5.95 22.05 2.12 22.79 2.37 84.3
17 150 24.71 2.71 28.44 4.63 21.42 2.09 22.00 2.22 82.7
18 154 23.54 2.38 26.85 3.75 20.71 2.24 21.04 2.31 80.5
19 158 22.54 2.11 25.38 3.05 20.14 2.45 20.31 2.53 78.5

20 162 21.60 1.87 24.06 3.09 19.68 2.67 19.74 2.76 76.5
21 166 20.71 1.93 23.19 3.12 19.32 2.91 19.28 3.00 74.7
22 170 20.00 2.00 22.48 3.16 19.07 3.17 18.96 3.26 72.9
23 174 19.36 2.08 21.87 3.24 18.90 3.35 18.72 3.45 71.3
24 178 18.76 2.27 21.36 3.35 18.74 3.47 18.51 3.58 69.7

25 182 18.30 2.49 20.95 3.46 18.59 3.59 18.31 3.71 68.1
26 187 17.85 2.77 20.53 3.61 18.43 3.75 18. '', 3.89 66.3
27 191 17.53 2.97 20.24 3.73 18.32 3.89 17.9t 4.03 64.9
28 196 17.23 3.22 19.97 3.85 18.22 4.01 17.83 4.17 63.3
29 201 17.00 3.45 19.72 3.94 18.13 4.12 17.70 4.29 61.7

30 206 16.80 3.64 19.49 4.04 18.04 4.23 17.60 4.41 60.2
31 211 16.64 3.82 19.31 4.14 17.97 4.34 17.51 4.53 58.8
32 216. 16.51 3.97 19.15 4.21 17.91 4.42 17.43 4.62 57.4
33 221 16.40 4.12 19.00 4.27 17.85 4.49 17.36 .4.70 56.1
34 227 16.31 4.22 18.82 4.35 17.77 4.58 17.27 4.80 54.6

35 232 16.21 4.28 18.69 4.41 17.71 4.65 17.20 4.88 53.4
36 238 16.08 4.36 18.54 4.48 17.64 4.74 17.12 4.98 52.1
37 244 15.96 4.44 18.41 4.56 17.58 4.83 17.05 5.08 50.8
38 250 15.86 4.49 18.28 4.63 17.51 4.91 16.98 5.17 49.6
39 256 15.73 4.52 18.17 4.70 17.46 5.00 16.92 5.27 48.4

40 262 15.60 4.56 18.06 4.77 17.41 5.08 16.87 5.36 47.3
41 269 15.44 4.59 17.94 4.85 17.36 5.18 16.82 5.48 46.1
42 275 15.30 4.63 17.87 4.93 17.34 5.26 16.80 5.57 45.1
43 282 15.12 4.65 17.79 4.96 17.31 5.31 16.78 5.63 44.0
44 289 14.94 4.66 17.69 4.99 17.27 5.34 16.75 5.66 42.9

45 296 14.72 4.67 17.57 5.01 17.20 5.37 16.69 5.70 41.9
46 303 14.49 4.68 17.45 5.03 17.12 5.39 16.62 5.73 40.9
47 311 14.21 4.69 17.30 5.05 17.02 5.42 16.53 5.77 39.9
48 318 13.94 4.70 17.15 5.07 16.92 5.45 16.43 5.80 39.0
49 326 13.60 4.71 16.97 5.10 16.79 5.48 16.32 5.84 38.0

50 334 13.22 4.72 16.79 5.12 16.64 5.50 16.19 5.88 37.1
51 342 12.82 4.73 16.59 5.14 16.49 5.53 16.05 5.91 36.3
52 351 12.30 4.74 16.34 5.16 16.29 5.56 15.88 5.95 35.3
53 359 11.77 4.75 16.10 5.19 16.09 5.59 15.72 5.99 34.5
54 368 11.12 4.76 15.81 5.21 15.86 5.62 15.52 6.03 33.7

55 377 10.37 4.77 15.49 5.23 15.60 5.65 15.30 6.06 32.9
56 386 9.45 4.78 15.15 5.25 15.31 5.68 15.07 6.10 32.1
57 396 8.28 4.79 14.75 5.27 14.98 5.69 14.81 6.13 31.3
58 406 6.74 4.78 14.27 5.22 14.58 5.65 14.49 6.10 30.5
59 415 4.76 4.77 13.73 5.18 14.13 5.62 14.14 6.07 29.9

60 426 0.89 4.77 12.97 5.13 13.50 5.~. 13.64 6.03 29.1
61 436 -6.18 4.76 12.16 5.09 12.84 5.54 13.13 6.00 28.4
62 447 -11.42 m 38.24 11.02 5.05 11.92 5.50 12.48 5.97 27.7
63 458 -0.68 37.20 9.62 5.01 10.83 5.46 11.71 5.93 27.1
64 469 2.73 36.21 7.88 4.97 9.50 5.41 10.78 5.89 26.4
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In (49) Sn (50) Sb (51) Te (52)
Indium Tin Antimony Tellurium

N E(eV) f, f2__ f, f2__ ___ f 2  f__ f__2 X(A)

65 480 5.43 35.26 5.37 4.93 7.80 5.36 9.72 5.84 25.83
66 492 7.73 34.28 0.49 4.88 5.11 5.32 8.32 5.80 25.20
67 504 9.95 33.36 -10.86 4.84 1.38 5.27 6.51 5.75 24.60
68 516 12.39 32.47 -16.84 m 34.78 -5.29 5.22 4.27 5.71 24.03
69 529 15.51 31.56 3.36 33.93 -34.12 M 40.41 0.91 5.66 23.44

70 542 17.86 30.70 8.78 33.13 -6.88 39.05 -3.86 5.60 22.87
71 555 19.79 29.88 13.12 32.36 7.61 37.77 -12.51 5.54 22.34
72 569 21.21 29.04 16.13 31.51 12.91 36.46 -53.41 M 5.48 21.79
73 583 22.27 28.30 18.33 30.74 16.44 35.30 -23.05 63.61 21.27
74 597 23.08 27.61 20.17 30.02 19.20 34.22 8.28 57.49 20.77

75 612 23.69 26.91 21.86 29.29 21.67 33.13 19.12 51.72 20.26
76 627 23.81 26.24 23.20 28.59 23.59 32.10 24.74 46.64 19.77
77 642 23.51 26.25 24.36 27.90 25.22 31.08 28.72 42.17 19.31
78 658 23.79 27.67 25.32 27.13 26.57 29.97 31.04 37.97 18.84
79 674 25.19 29.13 25.98 26.40 27.59 28.93 32.07 34.27 18.39

80 690 27.05 29.19 26.23 25.84 28.36 28.15 32.14 31.74 17.97
81 707 28.76 28.58 26.31 25.43 29.08 27.40 31.86 29.63 17.54
82 725 29.95 27.97 26.46 26.06 29.72 26.67 31.54 28.85 17.10
83 742 30.87 27.42 27.13 26.65 30.11 26.01 31.59 28.14 16.71
84 760 31.75 26.87 28.14 27.27 30.24 25.35 31.43 27.43 16.31

85 779 32.55 26.36 29.64 27.76 30.01 24.89 31.07 26.92 15.92
86 798 33.31 26.19 31.02 27.29 30.00 25.66 30.85 27.60 15.54
87 818 34.16 26.02 32.20 26.82 30.51 26.47 31.37 28.32 15.16
88 838 35.07 25.86 33.14 26.36 31.53 27.29 32.49 29.04 14.79
89 858 36.10 25.54 33.88 25.99 33.26 27.64 33.88 29.33 14.45

90 879 36.96 24.86 34.67 25.76 34.62 27.01 35.38 28.74 14.10
91 901 37.75 24.19 35.56 25.53 35.73 26.37 36.35 28.15 13.76
92 923 38.40 23.55 36.56 25.31 36.50 25.76 37.14 27.58 13.43
93 945 38.98 22.94 37.53 24.79 37.15 25.42 37.80 27.25 13.12
94 968 39.53 22.34 38.44 24.14 37.88 25.17 38.55 27.01 12.81

95 992 40.07 21.75 39.21 23.50 38.72 24.93 39.50 26.77 12.50
96 1016 40.58 21.17 39.91 22.87 39.77 24.60 40.54 26.43 12.20
97 1041 41.07 20.51 40.56 22.18 40.71 23.86 41.57 25.66 11.91
98 1067 41.47 19.85 41.10 21.48 41.43 23.12 42.34 24.87 11.62
99 1093 41.81 19.24 41.54 20.82 42.02 22.42 42.97 24.13 11.34

100 1119 42.12 18.66 41.95 20.19 42.54 21.75 43.52 23.42 11.08
101 1147 42.41 18.06 42.34 19.55 43.03 21.07 44.05 22.71 10.81
102 1175 42.67 17.50 42.68 18.95 43.45 20.43 44.50 22.03 10.55
103 1204 42.90 16.95 42.98 18.36 43.83 19.81 44.92 21.36 10.30
104 1233 43.11 16.44 43.26 17.80 44.17 19.21 45.29 20.73 10.06

105 1263 43.29 15.93 43.51 17.26 44.48 18.63 45.63 20.11 9.82
106 1294 43.45 15.43 43.73 16.72 44.76 18.06 45.93 19.51 9.58
107 1326 43.61 14.94 43.94 16.20 45.02 17.51 46.22 18.92 9.35
108 1358 43.74 14.49 44.13 15.71 45.26 16.98 46.48 18.36 9.13
109 1392 43.86 14.03 44.30 15.21 45.48 16.46 46.73 17.80 8.91

110 1426 43.97 13.59 44.46 14.75 45.68 15.96 46.95 17.27 8.69
111 1460 44.07 13.18 44.59 14.30 45.87 15.49 47.16 16.77 8.49
112 1496 44.17 12.76 44.69 13.86 46.04 15.01 47.38 16.25 8.29
113 1533 44.22 12.36 44.81 13.44 46.20 14.53 47.57 15.73 8.09
114 1570 44.29 11.98 44.91 13.03 46.34 14.07 47.72 15.23 7.90

115 1609 44.34 11.60 45.00 12.63 46.45 13.62 47.86 14.74 7.71
116 1648 44.39 11.25 45.08 12.25 46.55 13.19 47.98 14.27 7.52
117 1688 44.43 10.90 45.15 11.88 46.64 12.77 48.10 13.82 7.34
118 1730 44.46 10.55 45.22 11.52 46.73 12.36 48.21 13.37 7.17
119 1772 44.49 10.22 45.28 11.16 46.80 11.96 48.29 12.93 7.00

120 1815 44.51 9.89 45.33 10.81 46.86 11.57 48.37 12.49 6.83
121 1860 44.51 9.56 45.37 10.46 46.91 11.19 48.43 12.06 6.67
122 1905 44.50 9.25 45.38 10.13 46.94 10.83 48.47 11.66 6.51
123 1952 44.49 8.95 45.40 9.80 46.96 10.47 48.50 11.26 6.35
124 2000 44.48 8.66 45.42 9.49 46.98 10.12 48.53 10.87 6.20

EVj(E) 363343354396 keV-cm2

36.f54335.22. gram

Atomic
Weight 114.8 118.7 121.8 127.6 amu
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ATOMIC SCATTERING FACTOR, fl+ if,2
I (53) Xe (54) Ca (55) Ba (56)N E(eV) fl f2 fl f 2 fi f 2 f I f2 X(A)

0 100 22.24 28.60 9.59 38.52 -4.04 35.67 -3.97 5.11 124.01 102 24.05 27.07 13.03 38.73 -1.19 37.81 -5.22 6.16 121.52 104 25.50 25.66 16.42 38.60 1.94 39.94 -6.44 7.40 119.23 107 27.31 23.72 21.30 37.50 7.01 41.74 -8.25 9.58 115.94 110 28.84 21.97 25.50 35.41 12.31 42.60 -10.10 12.26 112.7
5 112 30.01 20.90 28.00 33.88 15.78 42.81 -11.25 14.53 110.76 115 31.78 19.43 31.32 30.73 20.80 41.93 -12.42 18.80 107.87 118 33.30 15'73 33.97 27.67 25.55 40.55 -12.53 23.71 105.18 121 33.19 12.80 35.43 23.62 29.64 38.11 -11.67 28.77 102.59 124 32.73 10.46 36.14 20.20 33.10 35.29 -9.40 33.50 100.0

10 127 32.09 8.60 36.21 16.95 36.02 32.00 -6.38 37.83 97.611 130 31.35 6.83 35.66 14.25 38.28 28.36 -2.72 41.68 95.412 133 30.37 5.35 34.97 12.03 39.50 24.50 1.67 44.68 93.213 136 29.26 4.21 34.07 10.16 39.86 21.08 6.67 46.70 91.214 140 27.77 3.08 32.88 8.11 39.62 16.99 13.45 48.24 88.6
15 143 26.58 2.46 31.93 6.88 38.91 14.52 1R.59 48.44 86.716 147 25.26 2.37 30.66 5.56 37.84 11.80 2j.05 47.18 84.317 150 24.47 2.31 29.72 4.78 36.95 10.09 29.60 45.74 82.718 154 23.57 2.24 28.58 3.97 35.68 8.20 34.95 42.47 80.519 158 22.81 2.33 27.50 3.36 34.40 6.73 39.17 38.41 78.5
20 162 22.17 2.49 26.50 2.92 33.15 5.55 42.43 34.22 76.521 166 .,21.64 2.65 25.59 2.63 31.92 4.65 44.61 28.85 74.722 170 21.23 2.81 24.75 2.44 30.80 3.96 45.38 24.25 72.923 174 20.87 2.96 23.93 2.34 29.74 3.43 45.13 20.00 71.324 178 20.52 3.08 23.25 2.30 28.76 3.06 44.33 16.57 69.7
25 182 20.15 3.21 22.69 2.32 27.85 2.79 43.26 13.76 68.126 187 19.78 3.60 22.02 2.42 26.85 2.61 41.72 10.90 66.327 191 19.59 4.01 21.53 2.53 26.09 2.55 40.42 9.05 64.928 196 19.64 4.27 21.02 2.70 25.28 2.55 38.77 7.24 63.329 201 19.61 4.40 20.58 2.90 24.57 2.62 37.18 5.84 61.7
30 206 19.56 4.54 20.20 3.11 23.94 2.74 35.68 4.80 60.231 211 19.51 4.67 19.86 3.33 23.38 2.89 34.26 4.02 58.832 216 19.48 4.78 19.60 3.56 22.90 3.09 32.95 3.48 57.433 221 19.44 4.87 19.36 3.79 22.50 3.30 31.80 3.11 56.134 227 19.40 4.99 19.13 4.06 22.07 3.57 30.53 2.85 54.6
35 232 19.36 5.08 19.00 4.28 21.79 3.80 29.56 2.75 53.436 238 19.33 5.20 18.86 4.54 21.50 4.08 28.57 2.74 52.137 244 19.30 5.31 18.74 4.77 21.26 4.35 27.71 2.82 50.838 250 19.27 5.42 18.67 5.00 21.07 4.62 26.94 2.96 49.639 256 19.26 5.54 18.63 5.21 20.93 4.88 26.27 3.15 48.4
40 262 19.26 5.65 18.62 5.41 20.82 5.13 25.73 3.37 47.341 269 19.27 5.78 18.61 5.63 20.73 5.41 25.18 3.67 46.142 275 19.31 5.89 18.61 5.78 20.68 5.62 24.77 3.92 45.143 282 19.36 5.96 18.62 5.97 20.66 5.87 24.40 4.23 44.044 289 19.40 6.01 18.65 6.12 20.66 6.09 24.11 4.53 42.9
45 296 19.41 6.06 18.67 6.26 20.68 6.29 23.86 4.83 41.946 303 19.41 6.10 18.71 6.38 20.70 6.48 23.67 5.12 40.947 311 19.42 6.16 18.75 6.51 20.75 6.66 23.51 5.42 39.948 318 19.41 6.20 18.79 6.60 20.81 6.82 23.42 5.68 39.049 326 19.39 6.25 18.83 6.70 20.87 6.96 23.34 5.95 38.0
50 334 19.37 6.30 18.87 6.78 20.94 7.10 23.30 6.19 37.151 342 19.35 6.35 18.91 6.84 21.01 7.21 23.29 6.42 36.352 351 19.32 6.41 18.91 6.90 21.09 7.33 23.29 6.63 35.353 359 19.28 6.45 18.92 6.94 21.15 7.41 23.32 6.81 34.554 368 19.24 6.51 18.93 6.98 21.23 7.48 23.36 6.98 33.7
55 377 19.20 6.56 18.91 7.00 21.30 7.55 23.41 7.13 32.956 386 19.16 6.61 18.89 7.02 21.35 7.60 23.47 7.26 32.157 396 19.13 6.65 18.84 7.03 21.41 7.65 23.53 7.38 31.358 406 19.07 6.62 18.77 7.04 21.46 7.67 23.59 7.48 30.559 415 18.97 6.59 18.66 7.05 21.48 7.69 23.65 7.54 29.9
60 426 18.8Z 6.55 18.53 7.09 21.51 7.71 23.70 7.62 29.161 436 18.65 6.52 18.42 7.12 21.52 7.71 23.74 7.65 28.462 447 18.43 6.49 18.27 7.16 21.55 7.72 23.78 7.69 27.763 458 18.18 6.45 18.13 7.15 21.51 7.61 23.81 7.70 27.164 469 17.86 6.40 17.94 7.10 21.42 7.57 23.80 7.71 26.4
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ATOMIC SCATTERING FACTOR, fl+ if 2

TI (911 Pb (821 Ri (83) Po (84)
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1 (53) Xe (54) Cs (55) Ba (56)
Iodine Xenon Cesium Barium

N E(eV) ____ f2__ ff2_fff AA

65 480 17.52 6.36 17.68 7.06 21.32 7.53 23.78 7.71 25.83
66 492 17.05 6.31 17.35 7.01 21.17 7.48 23.74 7.69 25.20
67 504 16.51 6.26 16.97 6.96 21.00 7.44 23.64 7.69 24.60
68 516 15.92 6.22 16.52 6.92 20.80 7.40 23.58 7.76 24.03
69 529 15.16 6.16 15.96 6.86 20.56 7.35 23.54 7.79 23.44

70 542 14.17 6.10 15.26 6.79 20.24 7.28 23.48 7.72 22.87
71 555 13.06 6.04 14.50 6.72 19.90 7.21 23.36 7.66 22.34
72 569 11.49 5.97 13.43 6.64 19.45 7.13 23.16 7.59 21.79
73 583 9.30 5.90 12.09 6.56 18.89 7.04 22.92 7.51 21.27
74 597 5.93 5.84 10.45 6.48 18.23 6.96 22.62 7.42 20.77

75 612 -1.89 5.77 8.26 6.40 17.42 6.88 22.24 7.34 20.26
76 627 -19.64 M 5.71 4.80 6.32 16.40 6.80 21.79 7.26 19.77
77 642 -2.62 38.64 -0.50 6.24 15.16 6.71 21.26 7.17 19.31
78 658 7.21 36.99 -10.25 6.16 13.38 6.60 20.54 7.08 18.84
79 674 13.82 35.46 -27.49 M 58.39 11.11 6.50 19.72 6.99 18.39

80 690 17.07 34.26 -6.92 53.90 7.24 6.42 18.68 6.90 17.97
*81 707 19.16 33.11 15.69 49.44 -0.42 6.35 17.26 6.80 17.54

82 725 21.08 31.97 22.70 44.10 -35.83 M 6.25 15.01 6.70 17.10
83 742 23.04 30.96 25.67 39.69 3.82 41.58 12.07 6.60 16.71
84 760 25.53 29.95 28.28 35.60 12.65 39.52 6.45 6.49 16.31

85 779"\ 28.31 28.96 30.23 32.22 19.41 37.50 -16.61 M4 6.39 15.92
86 798 30.77 28.16 30.37 31.23 23.25 35.59 2.23 34.43 15.54
87 818 31.77 27.37 30.70 30.25 25.94 33.74 15.29 33.59 15.16
88 838 31.78 26.61 31.50 29.31 27.81 32.02 19.97 32.80 14.79
89 858 31.07 26.44 31.93 28.46 29.11 30.64 23.08 32.04 14 45

90 879 30.77 27.48 32.16 27.66 30.10 29.71 25.53 31.28 14.10
91 901 31.46 28.58 32.41 26.-97 30.98 28.80 27.70 30.53 13.76
92 923 32.84 29.69 31.78 26.12 31.70 27.93 29.41 29.81 13.43
93 945 34.97 29.45 31.87 28.22 32.14 27.15 30.84 29.03 13.12
94 968 36.49 28.60 32.90 28.63 32.19 26.39 32.14 28.22 12.81

95 992 37.69 27.76 34.33 29.06 31.45 25.64 33.10 27.41 12.50
96 1016 38.58 26.98 36.05 29.28 29.39 26.03 33.87 26.65 12.20
97 1041 39.33 26.30 37.61 28.52 31.08 32.40 34.23 25.88 11.91
98 1067 40.04 25.68 38.51 27.90 34.85 31.47 34.58 25.90 11.62
99 1093 40.73 25.10 39.46 27.31 37.31 30.59 35.12 25.93 11.34

100 1119 41.34 24.54 40.31 26.75 38.79 29.76 35.76 25.95 11.08
101 1147 41.97 23.97 41.11 26.17 40.14 28.91 36.52 25.97 10.81
102 1175 42.56 23.42 41.92 25.62 41.29 28.10 37.32 25.99 10.55
103 1204 43.12 22.88 42.63 25.07 42.24 27.30 38.19 26.02 10.30
104 1233 43.68 22.37 43.34 24.54 43.10 26.55 39.16 26.04 10.06

105 1263 44.26 21.81 44.13 23.96 43.90 25.79 40.29 25.90 9.82
*106 1294 44.76 21.16 44.78 23.24 44.60 25.02 41.35 25.39 9.58
*107 1326 45.21 20.52 45.33 22.53 45.24 24.26 42.23 24.89 9.35

108 1358 45.60 19.92 45.83 21.87 45.83 23.55 42.99 24.40 9.13
109 1392 45.96 19.31 46.29 21.19 46.36 22.83 43.75 23.91 8.91

110 1426 46.28 18.74 46.71 20.56 46.83 22.15 44.45 23.44 8.69
111 1460 46.57 18.19 47.13 19.95 47.27 21.50 45.13 23.00 8.49
112 1496 46.85 17.64 47.55 19.35 47.69 20.85 45.84 22.49 8.29
113 1533 47.09 17.08 47.86 18.76 48.05 20.20 46.50 21.85 8.09
114 1570 47.31 16.56 48.14 18.21 48.39 19.58 47.01 21.24 7.90

115 1609 47.51 16.04 48.37 17.66 48.69 18.97 47.50 20.63 7.71
116 1648 47.69 15.54 48.52 17.13 48.96 18.39 47.94 20.05 7.52
117 1688 47.85 15.06 48.64 16.62 49.22 17.83 48.33 19.48 7.34
118 1730 48.00 14.59 48.72 16.12 49.47 17.27 48.72 18.92 7.17
119 1772 48.14 14.13 48.76 15.62 49.69 16.72 49.07 18.37 7.00

120 1815 48.25 13.68 48.79 15.14 49.88 16.18 49.37 17.82 6.83
121 1860 48.36 13.24 48.83 14.66 50.06 15.65 49.65 17.27 6.67
122 1905 48.42 12.82 48.86 14.21 50.19 15.15 49.90 16.76 6.51
123 1952 48.49 12.41 48.89 13.76 50.31 14.66 50.12 16.25 6.35
124 2000 48.57 12.01 48.92 13.33 50.44 14.18 50.34 15.76 6.20

E()331.4 320.3 316.4 306.2 gra-m2

Atomic
Weight 126.9 131.3 132.9 137.3 amu
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ATOMIC SCATTERING FACTOR, fi+ if 2

La (57) Ce (58) Pr (59) Nd (60)
N E(eV) f. f2.. f.A f2__ _f L. f2__ fr. fAz. A(A)

0 100 -3.70 11.52 2.89 5.21 13.95 4.31 12.33 5.27 124.0
1 102 -5.50 13.59 1.96 5.50 13.33 4.65 11.88 5.29 121.5
2 104 -7.18 15.98 0.95 5.81 12.67 5.02 11.31 5.31 119.2
3 107 -9.53 20.26 -0.87 6.28 11.64 5.60 10.34 5.33 115.9
4 110 -11.77 25.52 -3.51 6.79 10.41 6.24 8.99 5.36 112.7

5 112 -16.24 29.66 -6.52 7.14 9.15 6.69 7.64 5.37 110.7
6 115 -15.81 44.03 -13.10 9.15 6.82 8.00 5.11 5.98 107.8
7 118 -0.39 71.30 -20.59 17.49 4.42 11.37 2.43 8.38 105.1
8 121 18.82 62.53 -24.77 32.87 2.72 16.01 0.15 11.66 102.5
9 124 30.16 55.01 -17.63 60.83 2.50 22.35 -1.45 J16.09 100.0

10 127 36.60 48.55 15.58 64.45 6.16 30.96 -1.85 22.04 97.6
11 130 40.72 42.97 27.52 52.14 14.96 42.57 -0.79 29.95 95.4
12 133 44.26 37.63 32.82 42.81 31.65 38.83 7.88 38.27 93.2
13 136 45.86 31.37 34.88 36.73 36.66 29.22 16.21 36.46 91.2
14 140 46.04 24.76 36.55 30.11 38.86 20.20 23.32 32.69 88.6

15 143 45.28 20.82 36.98 26.03 38.11 15.42 26.24 30.18 86.7
16 147 43.99 16.62 36.74 21.54 36.19 10.85 28.99 27.20 84.3
17 150 42.83 14.09 36.04 18.75 34.16 8.39 30.66 25.20 82.7
18 154 41.16 11.45 34.79 16.36 31.22 7.68 32.39 22.27 80.5
19 158 39.59 9.38 33.97 14.59 29.90 7.84 33.04 19.54 78.5

20 162 38.09 7.73 33.27 13.06 29.14 7.99 33.29 17.20 76.5
21 166 36.64 6.39 32.58 11.71 28.78 8.14 33.24 15.18 74.7
22 170 35.21 5.31 31.86 10.53 28.87 8.29 32.95 13.45 72.9
23 174 33.90 4.57 31.12 9.59 29.12 7.96 32.46 12.03 71.3
24 178 32.68 4.03 30.39 8.81 29.21 7.32 31.91 10.84 69.7*125 182 31.64 3.56 29.64 8.11 29.05 6.75 31.28 9.79 68.1
26 187 30.35 3.01 28.69 7.70 28.79 6.24 30.39 8.84 66.3
27 191 29.26 2.62 28.19 7.52 28.58 5.92 29.57 8.23 64.9
28 196 27.84 2.70 27.68 7.24 28.32 5.48 28.58 7.99 63.3
29 201 26.83 3.05 27.22 6.95 27.98 5.05 27.97 7.99 61.7

30 206 26.05 3.43 26.75 6.69 27.56 4.67 27.50 7.99 60.2
31 211 25.47 3.84 26.23 6.44 27.06 4.33 27.11 7.98 58.8
32 216 25.09 4.11 25.67 6.45 26.48 4.33 26.78 8.05 57.4
33 221 24.74 4.33 25.29 6.54 26.08 4.43 26.56 8.14 56.1
34 227 24.35 4.60 24.96 6.64 25.70 4.55 26.35 8.24 54.6

35 232 24.06 4.83 24.74 6.73 25.45 4.65 26.21 8.33 53.4
*36 238 23.77 5.12 24.52 6.83 25.20 4.77 26.10 8.43 52.1

37 244 23.53 5.42 24.34 6 .3 24.98 4.89 26.01 8.53 50.8
38 250 23.33 5.72 24.19 7.03 24.78 5.01 25.95 8.63 49.6
39 256 23.20 6.04 24.07 7.13 24.60 5.13 25.92 8.73 48.4

40 262 23.11 6.37 23.98 7.23 24.42 5.25 25.90 8.83 47.3
41 269 23.09 6.76 23.89 7.35 24.21 5.39 25.89 8.94 46.1
42 275 23.23 7.10 23.82 7.44 24.03 5.51 25.90 9.03 45.1
43 282 23.42 7.27 23.76 7.57 23.74 5.66 25.92 9.15 44.0
44 289 23.58 7.34 23.72 7.69 23.48 6.03 25.96 9.26 42.9

45 296 23.66 7.42 23.70 7.82 23.29 6.42 26.01 9.37 41.9
46 303 23.73 7.49 23.69 7.95 23.20 6.82 26.07 9.48 '40.9
47 311 23.79 7.56 23.69 8.09 23.14 7.30 26.14 9.61 39.9
48 318 23.84 7.63 23.70 8.21 23.15 7.73 26.23 9.72 39.0
49 326 23.90 7.71 23.74 8.35 23.23 8.25 26.33 9.84 38.0

50 334 23.95 7.78 23.78 8.49 23.49 8.78 26.44 9.96 37.1
51 342 24.01 7.86 23.84 8.63 23.84 9.29 26.56 10.08 36.3
52 351 24.07 7.94 23.91 8.79 24.32 9.45 26.70 10.21 35.3
53 359 24.13 8.01 23.99 8.92 24.62 9.59 26.84 10.33 34.5
54 368 24.21 8.09 24.10 9.07 24.92 9.74 27.01 10.46 33.7

55 377 24.28 8.17 24.23 9.23 25.21 9.89 27.21 10.58 32.9
56 386 24.38 8.25 24.40 9.38 25.52 10.04 27.42 10.71 32.1
57 396 24.51 8.32 24.66 9.50 25.92 10.15 27.74 10.80 31.3
58 406 24.63 8.32 24.87 9.48 26.24 10.12 28.01 10.76 30.5
59 415 24.71 8.32 25.02 9.46 26.50 10.10 28.22 10.73 29.9

60 426 24.78 8.31 25.17 9.44 26.75 10.07 28.43 10.69 29.1
61 436 24.84 8.31 25.29 9.42 26.95 10.04 28.61 10.66 28.4
62 447 24.90 8.30 25.41 9.40 27.16 10.01 28.79 10.62 27.7
63 458 24.95 8.29 25.52 9.36 27.36 9.97 28.97 10.58 27.1
64 469 24.98 8.26 25.60 9.32 27.53 9.92 29.12 10.52 26.4
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La (57) Ce (58) Pr (59) Nd (60)
Lanthanum Cerium Praseodymium Neodymium

N E(eV) f__ f2 f, f2  f, f2  f, f2  X(A)

65 480 25.00 8.23 25.67 9.27 27.68 9.87 29.26 10.46 25.83
66 492 25.00 8.20 25.73 9.23 27.83 9.81 29.40 10.40 25.20
67 504 24.99 8.18 25.78 9.18 27.96 9.76 29.53 10.34 24.60
68 516 24.98 8.15 25.82 9.14 28.08 9.71 29.65 10.28 24.03
69 529 24.95 8.11 25.85 9.08 28.20 9.65 29.78 10.21 23.44

70 542 24.89 8.05 25.86 9.00 28.29 9.56 29.89 10.12 22.87
71 555 24.82 8.00 25.85 8.93 28.38 9.48 29.98 10.03 22.34
72 569 24.71 7.93 25.81 8.83 28.43 9.38 30.06 9.93 21.79
73 583 24.56 7.86 25.74 8.74 28.46 9.28 30.11 9.82 21.27
74 597 24.38 7.78 25.64 8.65 28.47 9.18 30.14 9.71 20.77

*75 612 24.16 7.71 25.49 8.55 28.45 9.08 30.15 9.60 20.26
76 627 23.88 7.64 25.31 8.46 28.41 8.98 30.15 9.50 19.77
77 642 23.56 7.55 25.13 8.36 28.34 8.87 30.14 9.38 19.31
78 658 23.15 7.45 24.86 8.23 28.22 8.73 30.07 9.24 18.84
79 674 22.66 7.34 24.51 8.10 28.07 8.60 29.97 9.10 18.39

80 690 22.05 7.27 24.10 8.01 27.86 8.50 29.83 9.00 17.97
*81 707 21.33 7.19 23.64 7.92 27.63 8.41 29.69 8.90 17.54

82 725 20.38 7.08 23.03 7.79 27.31 8.27 29.48 8.75 17.10
83 742 19.21 6.98 22.34 7.67 26.97 8.15 29.25 8.62 16.71
84 760 17.57 6.88 21.46 7.55 26.51 8.02 28.95 8.48 16.31

85 779 15.33 6.77 20.32 7.43 25.95 7.89 28.58 8.35 15.92
86 i98 11.75 6.67 18.88 7.30 25.25 7.75 28.09 8.20 15.54
87 818 -2.2a 6.57 16.76 7.17 24.35 7.61 27.52 8.05 15.16
88 838 -8.01 M4 35.41 13.60 7.04 23.17 7.48 26.77 7.91 14.79
89 858 11.71 34.38 8.13 6.93 21.70 7.35 25.88 7.78 14.45

90 879 18.46 33.38 -12.92 M 6.81 19.72 7.21 24.71 7.63 14.10
91 901 22.26 32.40 2.59 37.19 16.09 7.08 23.02 7.49 13.76
92 923 25.30 31.46 16.38 35.95 9.81 H 6.95 20.61 7.35 13.43
93 945 27.48 30.59 21.26 34.78 -16.58 37.24 14.56 7.22 13.12
94 968 29.13 29.73 24.77 33.63 13.32 36.08 2.10 M4 7.09 12.81

95 992 30.58 28.87 27.25 32.50 20.03 34.94 11.26 30.51 12.50
96 1016 31.71 28.06 29.04 31.46 25.66 33.87 21.12 30.04 12.20
97 1041 32.32 27.26 30.20 30.50 29.00 32.81 25.16 29.57 11.91
98 1067 32.93 27.24 31.16 30.42 31.43 31.75 27.63 29.08 11.62
99 1093 33.64 27.22 32.26 30.34 33.42 30.74 29.99 28.62 11.34*

*100 1119 34.45 27.20 33.38 30.26 35.03 29.79 31.51 28.17 11.08
101 1147 35.33 27.17 34.55 30.18 36.44 28.83 33.09 27.71 10.81
102 1175 36.22 27.15 35.69 30.10 37.51 27.91 34.26 27.27 10.55
103 1204 37.17 27.13 36.87 30.02 38.42 27.02 35.27 26.83 10.30
104 1233 38.21 27.11 38.10 29.94 38.78 26.18 35.91 26.41 10.06

*105 1263 39.33 26.96 39.42 29.73 39.05 25.64 36.53 26.19 9.82
106 1294 40.38 26.53 40.71 29.22 39.40 25.76 37.12 26.43 9.58
107 1326 41.32 26.10 41.80 28.71 39.86 25.88 37.84 26.68 9.35

*108 1358 42.17 25.68 42.78 28.22 40.53 26.00 38.68 26.92 9.13
109 1392 43.00 25.26 43.74 27.73 41.32 26.12 39.65 27.18 8.91

110 1426 43.80 24.85 44.66 27.25 42.17 26.24 '0.68 27.43 8.69
111 1460 44.60 24.46 4,5.58 26.80 43.04 26.36 * .96 27.68 8.49
112 1496 45.49 23.99 46.61 26.25 44.13 26.21 39 27.71 8.29
113 1533 46.24 23.30 47.49 25.46 45.72 26.68 27.09 8.09
114 1570 46.90 22.64 48.21 24.72 47.02 25.86 26.50 7.90

115 1609 47.48 21.99 48.86 23.98 48.15 25.05 46.80 26.85 7.71
*116 1648 47.97 21.37 49.44 23.27 48.95 2'4.28 48.15 26.02 7.52

117 1688 48.43 20.76 49.96 22.59 49.74 23.54 49.27 25.21 7.34
118 1730 48.87 20.16 50.48 21.91 50.41 22.80 50.12 24.41 7.17
119 1772 49.26 19.57 50.93 21.23 50.99 22.07 50.84 23.63 7.00

120 1815 49.61 19.00 .51.31 20.57 51.51 21.36 51.47 22.87 6.83
121 1860 49.94 18.43 51.66 19.91 51.95 20.65 52.00 22.12 6.67
122 1905 50.18 17.89 51.97 19.29 52.30 19.99 52.44 21.41 6.51
123 1952 50.44 17.36 52.25 18.68 52.67 19.33 52.89 20.71 6.35
124 2000 50.70 16.84 52.54 18.09 53.05 18.70 53.35 20.04 6.20

N!)302.8 300.2 298.5 291.6 e-m

Atomic
Weight 138.9 140.1 140.9 144.2 amu
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ATOMIC SCATTERING FACTOR, fl+ if2

Pm (61) Sm (62) Eu (63) Gd (64)
N E(eV) f, .f3 f2  fl f 2  f, f2  X A

0 100 11.68 5.80 8.60 6.65 14.42 6.27 13.48 8.14 124.0
1 102 11.27 5.78 8.27 6.53 14.14 6.17 13.38 8.07 121.5
2 104 10.76 5.76 7.88 6.41 13.81 6.09 13.25 8.00 119.2
3 107 9.85 5.74 7.16 C-25 13.23 5.96 13.01 7.90 115.9
4 110 8.57 5.72 6.19 6.09 12.34 5.84 12.68 7.80 112.7

5 112 7.25 5.70 5.09 5.98 11.68 6.05 12.39 7.74 110.7
6 115 5.03 6.48 3.30 6.19 10.68 6.37 11.92 7.59 107.8
7 118 2.91 8.37 1.46 7.33 9.65 6.70 11.29 7.33 105.1
8 121 1.08 10.74 -0.12 8.63 8.39 7.04 10.29 7.08 102.5
9 124 -0.45 13.69 -1.78 10.13 6.70 7.39 8.93 6.85 100.0

10 127 -1.63 17.36 -3.63 11.84 4.09 7.75 7.10 6.62 97.6
11 130 -2.42 21.90 -5.87 13.79 -0.10 8.12 4.56 6.41 95.4
12 133 -2.07 27.49 -9.10 16.65 -5.46 13.71 0.10 6.85 93.2
13 136 1.87 34.34 -12.30 23.39 -6.44 22.89 -4.79 10.69 91.2
14 140 11.22 44.13 -12.98 36.38 0.75 44.57 -10.25 19.09 88.6

15 143 19.89 39.99 -2.76 50.24 12.19 39.92 -12.20 29.17 86.7
16 147 26.41 35.17 12.40 51.82 21.11 34.58 -2.16 50.64 84.3
17 150 29.31 32.01 22.29 48.14 24.06 31.13 18.18 57.38 82.7
18 154 31.46 28.32 29.49 41.34 24.91 28.08 30.03 42.09 80.5
19 158 32.55 25.14 32.83 34.80 25.88 26.84 32.92 34.76 78.5

20 162 33.08 22.38 34.46 29.42 26.96 25.70 34.70 28.84 76.5
21 166 33.19 19.98 34.88 24.98 28.00 24.62 35.11 24.04 74.7
22 170 33.02 18.53 33.81 21.29 28.88 23.62 33.87 20.12 72.9
23 174 32.96 17.22 32.75 19.18 29.67 22.68 32.56 18.05 71.3
24 178 32.87 16.03 31.69 17.99 30.35 21.79 31.08 17.02 69.7

25 182 32.76 14.94 31.16 16.90 31.00 20.96 29.99 16.07 68.1
26 187 32.60 13.71 30.58 15.75 31.79 19.99 28.93 16.27 66.3
27 191 32.41 12.82 30.16 14.93 32.32 18.56 28.66 16.86 64.9
28 196 32.05 11.82 29.64 14.14 32.16 17.45 29.37 16.61 63.3
29 201 31.60 10.91 29.20 13.47 32.14 16.67 29.65 15.94 61.7

30 206 31.02 10.10 28.75 12.86 32.12 15.95 29.73 15.31 60.2
31 211 30.30 9.36 28.24 12.28 32.06 15.27 29.66 14.72 58.8
32 216 29.43 9.25 27.71 12.10 31.81 14.72 29.49 14.43 57.4
33 221 28.91 9.32 27.35 12.03 31.65 14.49 29.41 14.23 56.1
34 227 28.48 9.40 27.07 11.95 31.55 14.23 29.40 13.99 54.6

35 232 28.23 9.47 26.92 11.89 31.54 14.02 29.41 13.8] 53.4
36 238 28.01 9.55 26.79 11.81 31.57 13.78 29.43 13.60 52.1
37 244 27.85 9.63 26.69 11.74 31.59 13.55 29.46 13.39 50.8
38 250 27.72 9.71 26.61 11.67 31.62 13.32 29.48 13.19 49.6
39 256 27.65 9.79 26.56 11.60 31.64 13.11 29.49 13.00 48.4

40 262 27.60 9.87 26.50 11.53 31.65 12.91 29.49 12.82 47.3
41 269 27.56 9.96 26.43 11.46 31.65 12.68 29.43 12.62 46.1
42 275 27.53 10.03 26.33 11.40 31.62 12.49 29.29 12.45 45.1
43 282 27.54 10.13 26.23 11.44 31.49 12.28 29.15 12.47 44.0
44 289 27.56 10.22 26.17 11.54 31.33 12.14 29.05 12.58 42.9

45 296 27.60 10.32 26.17 11.63 31.16 12.25 29.05 12.69 41.9
46 303 27.64 10.42 26.20 11.72 31.13 12.35 29.09 12.79 40.9
47 311 27.72 10.53 26.25 11.82 31.14 12.47 29.18 12.91 39.9
48 318 27.80 10.62 26.32 11.91 31.18 12.57 29.25 13.01 39.0
49 326 27.89 10.72 26.4'2 12.00 31.26 12.69 29.38 13.13 38.0

50 334 28.00 10.83 26.53 12.10 31.38 12.80 29.53 13.24 37.1
51 342 28.12 10.93 26.66 12.20 31.51 12.91 29.69 13.35 36.3
52 351 28.27 11.04 26.81 12.30 31.67 13.04 29.88 13.47 35.3
53 359 28.42 11.14 26.96 12.39 31.84 13.15 30.07 13.58 34.5
54 368 28.60 11.25 27.15 12.50 32.05 13.27 30.31 13.70 33.7

55 377 28.80 11.36 27.36 12.60 32.28 13.38 30.57 13.82 32.9
56 386 29.02 11.46 27.62 12.69 32.58 13.50 30.88 13.93 32.1
57 396 29.36 11.53 27.97 12.75 32.97 13.57 31.30 13.99 31.3
58 406 29.62 11.48 28.25 12.68 33.29 13.49 31.63 13.91 30.5
59 415 29.83 11.43 28.46 12.63 33.54 13.42 31.90 13 q5 29.9

60 426 30.05 11.37 28.70 12.56 33.82 13.35 32.19 13.77 29.1
61 436 30.24 11.33 28.91 12.50 34.06 13.28 32.44 13.70 28.4
62 447 30.43 11.27 29.12 12.43 34.31 13.20 32.71 13.63 27.7
63 458 30.62 11.21 29.33 12.35 34.55 13.11 32.96 13.54 27.1
64 469 30.78 11.13 29.51 12.26 34.76 13.02 33.18 13.45 26.4
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Pm (61) Sm (62) Eu (63) Gd (64)
Promethium Samarium Europium Gadolinium

N E~eV fl f l f__ fl. f2i.. fz I __ f(A)

65 480 30.94 11.06 29.68 12.18 34.96 12.92 33.39 13.37 25.83

66 492 31.08 10.99 29.85 12.08 35,16 12.82 33.61 13.27 25.20
67 504 31.22 10.91 30.01 11.99 35.35 12.73 33.82 13.18 24.60
68 516 31.36 10.84 30.17 11.91 35.54 12.63 34.03 13.09 24.03
69 529 31.50 10.76 30.33 11.80 35.75 12.52 34.24 12.99 23.44

70 542 31.62 10.65 30.48 11.68 35.92 12.39 34.44 12.87 22.87
71 55 31.4 0.5 3.6 1.55 3610 12.26 34.63 12.75 22.34

72 569 31.83 10.43 30.72 11.41 36.25 12.11 34.82 12.62 21.79
73 583 31.91 10.31 30.81 11.27 36.38 11.97 34.98 12.47 21.27
74 597 31.96 10.19 30.88 11.13 36.49 11.82 35.12 12.34 20.77

75 612 32.00 10.08 30.94 11.00 36.60 11.68 35.27 12.19 20.26
76 627 32.03 9.96 30.99 10.86 36.69 11.53 35.40 12.05 19.77

77 62 3.5 9.84 31.03 10.72 36.78 11.38 35.53 11.90 19.31

78 658 32.03 9.69 31.03 10.55 36.83 11.20 35.62 11.71 184

79 674 31.99 9.55 30.99 10.39 36.86 11.02 35.68 11.53 18.39

80 690 31.91 9.44 30.93 10.27 36.85 10.89 35.71 11.40 17.97
81 707 31.83 9.34 30.88 10.16 36.85 10.77 35.76 11.27 17.54
82 725 31.71 9.18 30.80 9.99 36.83 10.59 35.79 11.09 17.10
83 742 31.56 9.05 30.68 9.84 36.79 10.44 35.80 10.93 16.71
84 760 31.36 8.91 30.52 9.69 36.70 10.28 35.77 10.76 16.31

85 779 31.13 8.76 30.33 9.53 36.60 10.11 35.74 10.59 15.92
86 798 30.83 8.61 30.09 9.37 36.46 9.94 35.66 10.41 15.54
87 818 30.46 8.45 29.78 9.20 36.26 9.76 35.53 10.22 15.16
88 838 29.99 8.30 29.42 9.03 36.02 9.59 35.37 10.05 14.79
89 858 29.46 8.16 29.00 8.88 35.73 9.42 35.19 9.87 14.45

90 879 28.79 8.01 28.45 8.71 35.37 9.24 34.95 9.69 14.10
91 901 27.89 7.85 27.77 8.54 34.90 9.06 34.63 9.51 13.76
92 923 26.80 7.71 26.99 8.38 34.36 8.89 34.27 9.34 13.43
93 945 25.32 7.56 26.01 8.22 33.72 8.72 33.86 9.17 13.12
94 968 23.26 7.41 24.65 8.05 32.84 8.54 33.31 8.99 12.81

95 992 19.21 7.26 22.86 7.89 31.72 8.37 32.63 8.81 12.50
96 1016 10.33 m 7.12 20.52 7.73 30.37- 8.20 31.85 8.63 12.20
97 1041 13.70 28.41 16.35 7.56 28.45 8.02 30.84 8.45 11.91
98 1067 20.17 28.47 0.13 M 7.39 25.01 7.85 29.35 8.26 11.62
99 1093 24.32 28.53 4.58 31.65 16.91 7.68 27.49 8.08 11.34

100 1119 27.03 28.58 16.54 31.62 -0.39 m 7.52 24.99 7.91 11.08
101 1147 29.14 28.64 22.97 31.60 14.01 38.05 19.46 7.74 10.81
102 1175 30.98 28.70 25.98 31.57 27.86 36.79 3.02 m 7.57 10.55

*1103 1204 32.51 28.76 28.31 31.54 33.54 35.55 6.48 37.04 10.30
104 1233 33.93 28.82 30.25 31.52 37.01 34.38 20.07 35.86 10.06

105 1263 35.24 28.88 31.96 31.49 39.97 33.25 30.92 34.70 9.82
106 1294 36.51 28.94 33.53 31.47 42.04 32.14 33.97 33.58 9.58
107 1326 37.74 29.00 34.97 31.45 44.02 31.07 37.13 32.48 9.35
108 1358 38.96 29.06 36.36 31.42 45.50 30.05 39.10 31.45 9.13
109 1392 40.23 29.12 37.73 31.40 46.94 29.04 40.82 30.41 8.91

110 1426 41.59 29.18 39.06 31.37 47.98 28.08 42.17 29.44 8.69
i11 1460 43.02 29.24 40.46 31.35 48.96 27.17 42.98 28.51 8.49
112 1496 44.63 29.05 41.92 31.09 49.75 26.28 43.65 27.58 8.29
113 1533 46.15 28.15 42.65 30.13 50.34 25.48 41.86 26.65 8.09
114 1570 47.10 27.30 43.45 31.28 50.08 24.73 42.55 29.81 7.90

115 1609 47.97 26.45 44.73 30.27 49.76 23.97 43.99 28.90 7.71
116 1648 47.70 26.82 46.01 29.31 50.88 24.92 45.42 28.03 7.52
117 1688 49.60 26.01 47.32 28.39 52.20 24.09 47.50 29.07 7.34
118 1730 50.78 25.21 48.85 28.72 53.59 23.27 50.06 28.12 7.17
119 1772 51.56 24.43 50.30 27.83 54.10 22.50 50.90 27.21 7.00

120 1815 52.29 23.66 51.09 26.97 54.91 22.71 51.39 26.34 6.83
121 1860 52.80 22.90 51.78 26.11 55.64 21.98 51.90 25.47 6.67
122 1905 53.29 22.19 52.48 25.30 56.16 21.29 52.82 25.75 6.51
123 1952 53.81 21.48 53.20 24.50 56.65 20.60 54.04 24.91 6.35
124 2000 54.33 20.80 53.94 23.72 57.16 19.94 55.28 24.10 6.20

E (E)keV-CM
2

290.0 279.7 276.8 267.5 ga

Atmi

Atoic 145.0 150.4 152.0 157.3 amu
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ATOMIC SCATTERING FACTOR, f,+ if,2

Th (65) Dy (66) Ho (67) Er (68)
N E(eV) fi f f, f2__ f I __ f2__ f _1_f2 _____

0 100 14.67 7.16 16.28 9.04 15.02 8.21 17.34 9.13 124.0
1 102 14.51 7.27 16.29 9.00 15.04 8.32 17.38 9.01 121.5
2 104 14.37 7.38 16.30 8.97 15.06 8.43 17.39 8.89 119.2
3 107 14.17 7.54 16.29 8.92 15.07 8.60 17.38 8.71 115.9
4 110 13.97 7.71 16.23 8.88 15.16 8.76 17.32 8.55 112.7

5 112 13.88 7.82 16.20 8.85 15.20 8.87 17.20 8.44 110.7
6 115 13.73 7.98 16.11 8.79 15.27 9.01 16.98 8.39 107.8
7 118 13.64 8.14 15.95 8.71 15.33 9.09 16.79 8.58 105.1
8 121 13.69 8.09 15.72 8.63 15.35 9.18 16.78 8.77 102.5
9 124 13.34 7.64 15.43 8.55 15.33 9.26 16.87 8.95 100.0

10 127 12.70 7.23 15.04 8.47 15.33 9.34 17.07 9.14 97.6
11 130 11.76 6.85 14.53 8.40 15.34 9.42 17.41 9.33 95.4
12 133 10.48 6.49 13.66 8.45 15.56 9.39 18.54 9.14 93.2
13 136 8.41 6.12 12.90 8.99 15.40 8.95 18.70 7.63 91.2
14 140 3.38 5.68 11.95 9.76 14.83 8.42 18.02 6.04 88.6

15 143 -5.94 5.38 11.24 10.36 14.06 8.04 16.91 5.09 86.7
16 147 -8.41 36.83 9.77 11.20 12.41 7.59 14.93 4.08 84.3
17 150 -0.41 39.50 7.92 11.85 10.61 7.27 12.91 3.46 82.7
18 154 14.76 39.12 4.02 16.84 6.85 9.18 9.30 4.46 80.5
19 158 22.43 35.08 6.35 26.66 4.47 13.03 6.20 6.97 78.5

20 162 27.04 29.50 f6.40 34.84 3.42 18.33 3.65 10.75 76.5
21 166 29.11 24.38 25.38 26.53 4.75 25.58 2.2 1.4 74.7
22 170 28.44 20.24 27.05 20.33 12.26 32.86 5.29 24.82 72.9
23 174 27.02 18.49 25.71 17.77 19.19 30.85 11.99 29.24 71.3
24 178 26.15 18.54 24.97 17.08 23.88 27.22 19.13 28.81 69.7

25 182 26.37 18.59 24.79 16.43 25.87 24.09 24.12 24.52 68.1
26 187 26.76 17.62 24.67 15.67 26.70 20.76 26.00 18.97 66.3
27 191 26.79 16.71 24.43 15.11 26.43 18.48 25.56 15.52 64.9
28 196 26.48 16.34 24.09 14.89 25.03 17.64 23.27 14.27 63.3
29 201 26.48 16.16 23.98 14.89 24.78 17.64 22.51 14.18 61.7

30 206 26.55 15.99 24.02 14.89 24.82 17.63 21.99 14.09 60.2
31 211 26.66 15.82 24.13 14.89 25.04 17.62 21.63 14.00 58.8
32 216 26.80 15.66 24.26 14.86 25.36 17.49 21.31 14.18 57.4
33 221 26.97 15.52 24.42 14.83 25.64 17.33 21.15 14.44 56.1
34 227 27.17 15.35 24.60 14.80 25.95 17.14 21.10 14.75 54.6

35 232 27.32 15.22 24.75 14.77 26.20 16.98 21.15 15.01 53.4
36 238 27.52 15.06 24.93 14.74 26.48 16.80 21.27 15.33 52.1
37 244 27.71 14.91 25.10 14.70 26.72 16.63 21.42 15.64 50.8
38 250 27.88 14.76 25.25 14.67 26.93 16.46 21.61 15.94 49.6
39 256 28.05 14.62 25.39 14.64 27.12 16.30 21.83 16.25 48.4

40 262 28.20 14.49 25.52 14.61 27.28 16.15 22.08 16.56 47.3
41 269 28.36 14.33 25.62 14.58 27.39 15.97 22.44 16.91 46.1
42 275 28.48 14.21 25.67 14.55 27.42 15.83 22.81 17.21 45.1
43 282 28.56 14.08 25.68 14.67 27.42 15.87 23.28 17.40 44.0
44 289 28.66 14.05 25.78 14.85 27.49 15.99 23.70 17.53 42.9

45 296 28.78 14.02 25.92 15.02 27.62 16.12 24.09 17.65 41.9
46 303 28.92 13.99 26.08 15.20 27.79 16.24 24.44 17.77 40.9
47 311 29.09 13.96 26.29 15.40 28.01 16.37 24.83 17.91 39.9
48 318 29.23 13.93 26.50 15.57 28.21 16.49 25.17 18.02 39.0
49 326 29.39 13.90 26.74 15.76 28.45 16.62 25.54 18.15 38.0

50 334 29.53 13.87 27.01 15.95 28.71 16.75 25.91 18.28 37.1
51 342 29.65 13.84 27.29 16.13 28.97 16.88 26.28 18.41 36.3
52 351 29.78 13.87 27.62 16.34 29.28 17.02 26.69 18.55 35.3
53 359 29.94 13.92 27.92 16.52 29.55 17.14 27.05 18.67 34.5

*54 368 30.13 13.98 28.29 16.73 29.88 17.27 27.46 18.80 33.7

55 377 30.34 14.03 28.70 16.93 30.22 17.41 27.88 18.94 32.9
56 386 30.57 14.09 29.15 17.13 30.57 17.54 28.31 19.07 32.1
57 396 30.86 14.13 29.78 17.28 30.98 17.63 28.79 19.15 31.3
58 406 31.15 14.08 30.32 17.22 31.35 17.75 29.23 19.27 30.5
59 415 31.39 14.03 30.76 17.16 31.71 17.85 29.65 19.38 29.9

60 426 31.63 13.97 31.23 17.09 32.17 17.97 30.18 19.51 29.1
61 436 31.85 13.92 31.64 17.04 32.63 18.08 30.70 19.63 28.4
62 447 32.08 13.87 32.09 16.97 33.18 18.20 31.32 19.75 27.7
63 458 32.29 13.82 32.55 16.86 33.84 18.16 32.05 19.71 27.1
64 469 32.49 13.77 32.94 16.70 34.36 17.99 32.64 19.51 26.4
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Th (65) Dy (66) Ho (67) Er (68)
Terbium Dysprosium Holmium Erbium

N E(eV) -l f2f f , 2fl -f

65 480 32.69 13.72 33.30 16.55 34.81 17.81 33.16 19.32 25.83

66 492 32.90 13.67 33.65 16.39 35.25 17.63 33.66 19.12 25.20

67 504 33.09 13.62 33.98 16.23 35.64 17.46 34.10 18.93 24.60

68 516 33.29 13.57 34.29 16.08 36.02 17.29 34.53 18.74 24.03

69 529 33.50 13.51 34.62 15.91 36.41 17.10 34.96 18.54 23.44

70 542 33.71 13.43 34.93 15.74 36.76 16.89 35.36 18.33 22.87

71 555 33.90 13.36 35,22 15.57 37.09 16.70 35.73 18.13 22.34

72 569 34.07 13.29 35.51 15.37 37.41 16.47 36.14 17.89 21.79

73 583 34.26 13.21 35.76 15.16 37.71 16.25 36.49 17.65 21.27

74 597 34.43 13.14 36.00 14.97 37.98 16.04 36.81 17.41 20.77

75 612 34.60 13.07 36.23 14.76 38.26 15.83 37.14 17.16 20.26

76 627 34.77 13.00 36.46 14.57 38.52 15.62 37.44 16.93 19.77

77 642 34.93 12.93 36.67 14.36 38.78 15.40 37.75 16.68 19.31

78 658 35.12 12.86 36.85 14.10 39.00 15.14 38.01 16.36 18.84

79 674 35.31 12.79 36.98 13.86 39.19 14.88 38.22 16.06 18.39

80 690 35.50 12.65 37.09 13.68 39.34 14.70 38.40 15.84 17.97

81 707 35.69 12.49 37.23 13.50 39.54 14.51 38.61 15.63 17.54

82 725 35.82 12.28 37.35 13.27 39.74 14.23 38.82 15.34 17.10

83 742 35.92 12.08 37.44 13.05 39.89 13.99 38.99 15.08 16.71

84 760 35.97 11.89 37.52 12.84 40.00 13.74 39.13 14.81 16.31

85 779 36.01 11.69 37.59 12.62 40.11 13.48 39.26 14.54 15.92

86 798 36.02 11.47 37.62 12.38 40.18 13.22 39.37 14.26 15.54

87 818 35.98 11.26 37.62 12.13 40.23 12.96 39.45 13.98 15.16

88 838 35.91 11.05 37.58 11.90 40.26 12.71 39.51 13.71 14.79

89 858 35.78 10.85 37.52 11.67 40.26 12.47 39.54 13.45 14.45

90 879 35.65 10.64 37.42 11.44 40.23 12.22 39.54 13.18 14.10

91 901 35.44 10.43 37.28 11.21 40.17 11.97 39.51 12.92 13.76

*92 923 35.20 10.23 37.09 10.98 40.07 11.74 39.47 12.66 13.43

93 945 34.90 10.03 36.88 10.76 39.95 11.50 39.39 12.40 13.12

94 968 34.52 9.82 36.61 10.53 39.78 11.25 39.26 12.13 12.81

95 992 34.04 9.62 36.27 10.31 39.57 11.01 39.09 11.87 12.50

*96 1016 33.50 9.42 35.86 10.09 39.33 10.78 38.90 11.61 12.20

97 1041 32.82 9.21 35.39 9.86 39.01 10.53 38.64 11.33 11.91

98 1067 31.88 9.00 34.75 9.63 38.58 10.27 38.29 11.05 11.62

*99 1093 30.74 8.80 33.97 9.40 38.08 10.03 37.88 10.79 11.34

100 1119 29.37 8.60 33.05 9.19 37.50 9.80 37.41 10.53 11.08

101 1147 27.31 8.41 31.87 8.97 36.72 9.56 36.77 10.27 10.81

102 1175 24.26 8.22 30.23 * 8.77 35.78 9.33 36.03 10.02 10.55

*103 1204 16.60 8.04 27.93 8.56 34.55 9.11 35.10 9.78 10.30

104 1233 1.20 M 7.86 24.78 8.37 33.01 8.90 33.96 9.54 10.06

105 1263 15.24 38.62 18.84 8.17 30.76 8.69 32.47 9.32 9.82

106 1294 25.37 37.30 -8.38 m 7.99 26.61 8.49 30.32 9.09 9.58

107 1326 30.54 36.01 10.65 38.40 19.60 8.28 27.51 8.87 9.35

108 1358 35.35 34.79 23.24 37.10 2.59 M 37.99 21.49 8.66 9.13

109 1392 37.73 33.57 33.92 35.79 16.08 36.66 1.37 M 8.45 8.91

110 1426 40.11 32.42 36.75 34.56 29.58 35.41 9.95 39.93 8.69

111 1460 41.70 31.34 39.58 33.40 37.62 34.22 23.19 38.60 8.49

112 1496 43.04 30.26 41.73 32.24 40.71 33.04 34.28 37.27 8.29

113 1533 43.29 29.21 43.09 31.13 43.03 31.90 37.66 35.99 8.09

114 1570 42.63 28.22 44.39 30.07 44.45 30.83 41.04 34.78 7.90

115 1609 40.52 27.24 43.66 29.03 45.90 29.76 42.92 33.58 7.71

116 1648 42.97 30.83 42.93 28.04 46.80 28.75 44.73 32.45 7.52

117 1688 45.49 29.84 43.08 31.64 46.80 27.78 45.95 31.36 7.34

118 1730 48.13 28.85 47.29 30.64 46.80 26.82 46.88 30.27 7.17

119 1772 48.32 29.93 49.00 29.70 45.41 30.12 46.46 29.25 7.00

120 1815 49.53 28.95 49.96 28.78 47.14 29.14 44.33 33.02 6.83

121 1860 50.78 27.98 51.43 29.68 48.95 28.16 46.33 31.85 6.67

122 1905 52.04 27.07 52.19 28.70 50.76 27.24 48.32 30.75 6.51

123 1952 53.36 26.16 52.99 27.74 52.52 28.14 50.41 29.67 6.35

124 2000 54.61 26.39 53.80 26.81 54.26 27.18 52.53 28.62 6.20

E 255.0key-cm
2

iE)264.6 258.8 250251.4 gram

Atomic 158.9 162.5 164.9 167.3 amu
Weight
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ATOMIC SCATTERING FACTOR, f,+ if z

TM (69) Yb (70) Lu (71) Hf (72)
N E(eV) f, f 2  fl f 2  f, f 2  ft f2  X(A)
0 100 11.71 10.77 10.21 11.32 9.44 8.70 10.63 8.93 124.0
1 102 11.87 10.78 10.28 11.48 9.16 8.99 10.59 9.08 121.5
2 104 11.99 10.79 10.34 11.64 9.03 9.28 10.59 9.23 119.2
3 107 12.15 10.80 10.46 11.87 8.94 9.73 10.62 9.46 115.9
4 110 12.28 10.81 10.64 12.10 8.96 10.12 10.64 9.69 112.7

5 112 12.35 10.84 10.81 12.25 8.97 10.33 10.65 9.85 110.7
6 115 12.38 10.89 11.02 12.44 9.02 10.64 10.67 10.08 107.8
7 118 12.39 10.94 11.26 12.52 9.07 10.97 10.66 10.30 105.1
8 121 12.55 10.99 11.41 12.60 9.11 11.29 10.60 10.56 102.5F9 124 12.60 11.03 11.50 12.68 9.1l7 11.62 10.57 10.91 100.0

10 127 12.66 11.08 11.56 12.75 9.25 11.94 10.57 11.26 97.6
11 130 12.72 11.12 11.61 12.83 9.35 12.27 10.61 11.62 95.4
12 133 12.76 11.21 11.52 12.95 9.47 12.60 10.66 11.98 93.2
13 136 12.81 11.30 11.48 13.28 9.60 12.93 10.76 12.36 91.2
14 140 12.80 11.41 11.56 13.71 9.79 13.37 10.89 12.87 88.6

15 143 12.92 11.50 11.69 14.04 9.96 13.70 11.04 13.26 86.7
16 147 13.19 11.61 11.95 14.47 10.25 14.15 11.31 13.79 84.3
17 150 13.52 11.69 12.23 14.80 10.50 14.45 11.56 14.15 82.7
18 154 13.51 10.25 12.64 14.83 10.85 14.75 11.92 14.50 80.5
19 158 12.37 9.02 12.73 14.70 11.06 15.02 12.22 14.82 78.5

20 162 9.32 7.97 12.61 14.56 11.31 15.28 12.47 15.14 76.5
21 166 5.25 8.41 11.98 14.43 11.56 15.55 12.70 15.46 74.7
22 170 0.76 14.98 9.01 14.31 11.81 15.81 12.95 15.78 72.9
23 174 4.86 26.32 10.49 23.04 12.04 16.07 13.22 16.09 71.3
24 178 12.04 26.48 14.79 20.64 12.32 16.34 13.49 16.41 69.7

25 182 17.32 22.26 15.54 18.53 12.54 16.60 13.78 16.73 68.1
26 187 17.88 19.08 15.83 17.88 12.81 16.92 14.14 17.12 66.3
27 191 17.58 18.12 15.55 17.91 12.98 17.16 14.45 17.43 64.9
28 196 17.27 17.78 15.62 18.19 13.17 17.62 14.92 17.76 63.3
29 201 17.42 17.80 15.92 18.57 13.54 18.15 15.31 18.06 61.7

$30 206 17.64 17.81 16.32 18.96 14.03 18.68 15.71 18.36 60.2
31 211 17.92 17.82 16.77 19.35 14.64 19.21 16.13 18.66 58.8
32 216 18.16 17.88 17.35 19.49 15.41 19.38 16.58 18.88 57.4
33 221 18.42 17.95 17.88 19.55 15.95 19.45 16.99 19.08 56.1
34 227 18.76 18.04 18.41 19.62 16.52 19.52 17.45 19.32 54.6

35 232 19.05 18.12 18.79 19.68 16.96 19.58 17.82 19.52 53.4
36 238 19.41 18.21 19.22 19.75 17.41 19.64 18.26 19.75 52.1
37 244 19.74 18.29 19.63 19.82 17.84 19.71 18.70 19.98 50.8
38 250 20.07 18.37 20.02 19.89 18.25 19.78 19.13 20.21 49.6
39 256 20.41 18.46 20.40 19.96 18.64 19.84 19.57 20.43 48.4

40 262 20.71 18.54 20.75 20.02 18.98 19.91 20.02 20.65 47.3
41 269 21.06 18.63 21.14 20.10 19.35 19.98 20.59 20.90 46.1
42 275 21.36 18.71 21.45 20.16 19.65 20.04 21.12 21.12 45.1
43 282 21.68 18.79 21.78 20.28 19.97 20.18 21.73 21.21 44.0
44 289 22.00 18.91 22.14 20.42 20.30 20.36 22.29 21.23 42.9

45 296 22.31 19.04 22.51 20.55 20.65 20.53 22.79 21.25 41.9
46 303 22.63 19.17 22.87 20.69 21.01 20.70 23.24 21.27 40.9
47 311 23.02 19.32 23.27 20.84 21.43 20.89 23.74 21.29 39.9
48 318 23.35 19.45 23.66 20.97 21.79 21.05 24.13 21.31 39.0
49 326 23.73 19.59 24.10 21.11 22.21 21.23 24.57 21.33 38.0

50 334 24.12 19.73 24.52 21.25 22.64 21.41 24.97 21.35 37.1
51 342 24.51 ").87 24.95 21.39 23.07 21.59 25.37 21.37 36.3
52 351 24.96 20.02 25.44 21.55 23.56 21.79 25.79 21.40 35.3
53 359 25.36 20.16 25.88 21.68 24.00 21.96 26.14 21.42 34.5
54 368 25.84 20.30 26.39 21.83 24.53 22.15 26.52 21.44 33.7

55 377 26.33 20.45 26.92 21.98 25.07 22.34 26.86 21.46 32.9
56 386 26.83 20.59 27.51 22.12 25.65 22.52 27.16 21.48 32.1
57 396 27.55 20.66 28.22 22.19 26.44 22.65 27.37 21.51 31.3
58 406 28.13 20.54 28.87 22.05 27.10 22.53 27.62 21.84 30.5
59 415 28.59 20.43 29.37 21.94 27.63 22.43 27.93 22.13 29.9

60 426 29.09 20.30 29.90 21.80 28.19 22.31 28.43 22.48 29.1
61 436 29.48 20.19 30.33 21.67 28.63 22.21 28.97 22.80 28.4
62 447 29.86 20.07 30.76 21.54 29.06 22.10 29.65 23.15 27.7
63 458 30.18 20.02 31.11 21.49 29.42 22.08 30.54 23.25 27.1
64 469 30.55 20.05 31.51 21.51 29.83 22.13 31.23 23.13 26.4
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Tm (69) Th (70) Lu (71) Hf (72)
Thulium Ytterbium Lutetium Hafnium

N E(eV) fl f 2  fl f2  fi f 2  fl f2  X(A)
65 480 30.94 20.07 31.93 21.53 30.28 22.19 31.83 23.01 25.83
66 492 31.37 20.09 32.42 21.54 30.79 22.26 32.39 22.88 25.20
67 504 31.84 20.11 32.93 21.56 31.33 22.32 32.87 22.76 24.60
68 516 32.37 20.14 33.49 21.58 31.94 22.38 33.27 22.65 24.03
69 529 33.00 20.08 34.17 21.51 32.69 22.34 33.58 22.67 23.44

70 542 33.58 19.84 34.77 21.27 33.39 22.09 34.09 23.01 22.87
71 555 34.06 19.61 35.29 21.04 33.98 21.85 34.93 23.34 22.34
72 569 34.55 19.35 35.86 20.76 34.53 21.56 35.89 23.07 21.79
73 583 34.95 19.08 36.33 20.48 35.01 21.28 36.60 22.76 21.27

*74 597 35.33 18.83 36.75 20.21 35.46 21.01 37.19 22.46 20.77

75 612 35.70 18.57 37.17 19.93 35.91 20.73 37.76 22.15 20.26
76 627 36.06 18.31 37.58 19.65 36.34 20.46 38.30 21.85 19.77

*77 642 36.41 18.05 37.98 19.37 36.76 20.17 38.83 21.54 19.31
78 658 36.71 17.72 38.33 19.01 37.14 19.81 39.28 21.17 18.84
79 674 36.94 17.40 38.62 18.66 37.49 19.47 39.68 20.81 18.39

80 690 37.17 17.17 38.87 18.41 37.73 19.22 40.04 20.55 17.97
81 707 37.45 16.94 39.17 18.16 38.08 18.97 40.46 20.29 17.54
82 725 37.70 16.62 39.48 17.83 38.41 18.62 40.49 19.90 17.10
83 742 37.91 16.33 39.73 17.53 38.69 18.30 41.23 19.56 16.71

84 760 38.08 16.04 39.97 17.23 38.95 17.98 41.55 19.20 16.31

85 779 38.27 15.74 40.20 16.92 39.20 17.64 41.86 18.84 15.92I
86 798 38.40 15.42 40.41 16.58 39.41 17.29 42.13 18.49 15.54
87 818 38.52 15.10 40.58 16.24 39.60 16.94 42.38 18.12 15.16
88 838 38.59 14.80 40.73 15.91 39.75 16.60 42.60 17.78 14.79
89 858 38.65 14.50 40.86 15.59 39.89 16.27 42.81 17.45 14.45

90 879 38.67 14.20 40.95 15.26 39.98 15.94 43.00 17.10 14.10
91 901 38.66 13.91 41.03 14.94 40.06 15.60 43.16 16.76 13.76
92 923 38.64 13.62 41.09 14.62 40.12 15.29 43.31 16.44 13.43
93 945 38.58 13.34 41.11 14.31 40.15 14.97 43.45 16.10 13.12
94 968 38.50 13.06 41.10 13.99 40.16 14.65 43.55 15.75 12.81

95 992 38.37 12.78 41.06 13.67 40.14 14.34 43.63 15.41 12.50
96 1016 38.22 12.51 41.00 13.36 40.11 14.03 43.69 15.08 12.20
97 1041 38.02 12.21 40.90 13.03 40.03 13.69 43.72 14.71 11.91
98 1067 37.74 11.90 40.74 12.70 39.89 13.34 43.70 14.34 11.62
99 1093 37.40 11.61 40.54 12.38 39.70 13.01 43.64 13.99 11.34

100 1119 37.01 11.33 40.29 12.08 39.47 12.70 43.56 13.66 11.08
101 1147 36.53 11.05 39.97 11.77 39.18 12.37 43.40 13.32 10.81
102 1175 35.94 10.78 39.60 11.48 38.82 12.07 43.22 12.99 10.55
103 1204 35.24 10.51 39.14 11.19 38.40 11.77 42.99 12.67 10.30
104 1233 34.44 10.26 38.61 10.91 37.92 11.48 42.71 12.36 10.06

105 1263 33.44 10.01 37.97 10.64 37.35 11.20 42.37 12.06 9.82
106 1294 32.13 9.77 37.17 10.37 36.62 10.92 41.96 11.77 9.58
107 1326 30.52 9.52 36.23 10.11 35.78 10.65 41.48 11.47 9.35
108 1358 28.54 9.29 34.99 9.86 34.80 10.39 40.89 11.20 9.13
109 1392 25.31 9.06 33.36 9.61 33.47 10.13 40.17 10.92 8.91

110 1426 19.49 8.84 31.32 9.37 31.85 9.88 39.33 10.65 8.69
111 1460 10.40 M 8.63 28.11 9.14 29.91 9.64 38.29 10.40 8.49
112 1496 0.56 28.17 20.84 8.91 26.97 9.39 36.96 10.13 8.29
113 1533 6.86 40.91 3.85 M 28.35 21.16 9.13 35.08 9.84 8.09
114 1570 25.12 39.52 9.98 27.19 7.67 8.88 32.67 9.56 7.90

115 1609 31.86 38.14 22.53 39.28 2.03 M 27.88 27.82 9.29 7.71
116 1648 37.70 36.84 31.92 38.07 19.10 40.70 15.54 M 9.03 7.52
117 1688 41.09 35.58 37.78 36.89 30.30 39.33 12.45 27.94 7.34
118 1730 44.63 34.33 40.85 35.72 34.38 37.97 24.95 40.50 7.17
119 1772 46.88 33.16 42.85 34.62 36.79 36.69 30.67 39.15 7.00

120 1815 48.76 32.03 44.54 33.55 38.50 35.45 33.63 37.85 6.83
121 1860 50.32 30.91 45.54 32.49 38.96 34.23 36.73 36.56 6.67
122 1905 51.85 35.05 44.75 31.49 38.92 33.08 39.82 35.34 6.51
123 1952 52.76 33.80 44.49 35.73 35.90 31.94 43.06 34.15 6.35
124 2000 53.69 32.60 48.18 34.46 32.32 30.85 46.36 32.99 6.20

E()249.0 243.0 240.4 235.6 gra-m2

Atomic 189173.0 175.0 178.5 amu
Weight16.
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Ta (73) W (74) Re (75) Os (76)
N E(eV) f, f2  f, f2  f, f2  f, f2 (A

0 100 10.75 9.75 12.58 9.06 15.48 7.16 13.73 7.59 124.0
1 102 10.77 9.91 12.44 9.20 15.20 7.21 13.60 7.73 121.5
2 104 10.78 10.06 12.36 9.34 14.82 7.26 13.43 7.88 119.2
3 107 10.79 10.30 12.29 9.55 14.31 7.51 13.23 8.09 115.9
4 110 10.87 10.53 12.28 9.75 13.99 7.82 12.98 8.31 112.7

5 112 10.88 10.68 12.30 9.89 13.86 8.03 12.85 8.56 110.7
6 115 10.94 10.91 12.32 10.10 13.68 8.35 12.72 8.95 107.8
7 118 11.02 11.14 12.39 10.30 13.56 8.67 12.67 9.36 105.1
8 121 11.08 11.36 12.53 10.50 13.48 9.00 12.67 9.77 102.5
9 124 11.14 11.59 12.82 10.71 13.44 9.33 12.70 10.19 100.0

10 127 11.19 11.82 13.07 10.89 13.43 9.64 12.83 10.61 97.6
11 130 11.22 12.07 13.14 11.03 13.44 9.89 13.07 11.05 95.4
12 133 11.32 12.32 12.58 11.18 13.43 10.15 13.43 11.22 93.2
13 136 11.42 12.57 11.99 11.32 13.45 10.40 13.56 11.37 91.2
14 140 11.58 12.90 11.46 11.51 13.46 10.75 13.77 11.56 88.6

15 143 11.66 13.15 11.24 11.65 13.46 11.00 13.91 11.70 86.7
16 147 11.80 13.48 11.22 11.84 13.51 11.35 14.05 11.89 84.3
17 150 11.92 13.73 11.27 12.09 13.54 11.61 14.14 12.03 82.7
18 154 12.10 14.06 11.37 12.54 13.60 11.96 14.26 12.21 80.5
19 158 12.30 14.38 11.45 12.97 13.70 12.30 14.36 12.39 78.5

20 162 12.47 14.67 11.54 13.41 13.78 12.57 14.44 12.57 76.5
21 166 12.62 14.94 11.63 13.84 13.81 12.82 14.50 12.75 74.7
22 170 12.73 15.21 11.75 14.29 13.78 13.07 14.54 12.93 72.9
23 174 12.83 15.54 11.86 14.73 13.69 13.4.5 14.49 13.11 71.3
24 178 12.99 15.92 11.99 15.16 13.65 13.93 14.46 13.45 69.7

25 182 13.21 16.29 12.13 15.61 13.63 14.43 14.48 13.80 68.1

26 187 13.46 16.76 12.40 16.18 13.77 15.08 14.50 14.23 66.3
27 191 13.74 17.14 12.70 16.64 13.97 15.61 14.55 14.57 64.9
28 196 14.13 17.53 13.06 17.11 14.32 16.14 14.66 15.00 63.3
29 201 14.51 17.88 13.43 17.52 14.60 16.60 14.74 15.46 61.7

30 206 14.87 18.23 13.79 17.93 14.88 17.06 14.93 15.97 60.2
31 211 15.22 18.57 14.16 18.34 15.21 17.53 15.16 16.49 58.8
32 216 15.66 18.86 14.51 18.69 15.51 17.95 15.50 16.90 57.4
33 221 16.02 19.12 14.87 19.03 15.79 18.36 15.78 17.27 56.1
34 227 16.44 19.43 15.28 19.43 16.14 18.85 16.08 17.71 54.6

35 232 16.80 19.69 15.62 19.77 .16.45 19.26 16.31 18.08 53.4
436 238 17.22 19.99 16.06 20.16 16.87 19.75 16.63 18.52 52.1

37 244 17.64 20.30 16.48 20.56 17.29 20.24 16.98 18.96 50.8
38 250 18.07 20.60 16.92 20.95 17.72 20.73 17.33 19.40 49.6
39 256 18.53 20.89 17.38 21.34 18.16 21.22 17.68 19.83 48.4

40 262 18.98 21.19 17.87 21.73 18.67 21.71 18.08 20.27 47.3
41 269 19.57 21.53 18.52 22.19 19.37 22.29 18.60 20.78 46.1
42 275 20.12 21.82 19.13 22.57 20.04 22.78 19.09 21.22 45.1
43 282 20.81 21.95 19.94 22.75 20.92 23.02 19.71 21.54 44.0
44 289 21.41 22.00 20.60 22.83 21.65 23.13 20.28 21.79 42.9

45 296 21.95 22.05 21.18 22.90 22.29 23.23 20.78 22.03 41.9
46 303 22.43 22.10 21.72 22.98 22.89 23.34 21.24 22.26 40.9
47 311 22.96 22.15 22.28 23.06 23.48 23.45 21.77 22.53 39.9
48 318 23.38 22.20 22.75 23.13 24.00 23.55 22.21 22.76 39.0
49 326 23.84 22.25 23.26 23.21 24.56 23.67 22.72 23.02 38.0

50 334 24.28 22.31 23.75 23.29 25.09 23.78 23.22 23.28 37.1
51 342 24.70 22.36 24.20 23.36 25.62 23.89 23.71 23.54 36.3
52 351 25.16 22.41 24.70 23.44 26.19 24.01 24.26 23.82 35.3
53 359 25.54 22.46 25.12 23.52 26.68 24.11 24.76 24.07 34.5
54 368 25.94 22.51 25.57 23.60 27.22 24.22 25.35 24.34 33.7

55 377 26.32 22.56 25.98 23.67 27.77 24.34 25.95 24.61 32.9
56 386 26.67 22.62 26.37 23.75 28.31 24.45 26.57 24.88 32.1
57 396 26.94 22.69 26.70 23.85 28.98 24.54 27.41 25.11 31.3
58 406 27.25 23.02 27.08 24.19 29.56 24.50 28.13 25.07 30.5
59 415 27.60 23.32 27.48 24.50 30.04 24.46 28.70 25.03 29.9

60 426 28.15 23.68 28.05 24.87 30.56 24.41 29.28 24.98 29.1
61 436 28.73 24.01 28.66 25.20 30.95 24.37 29.73 24.94 28.4
62 447 29.49 24.36 29.46 25.56 31.28 24.32 30.12 24.90 27.7
63 458 30.40 24.47 30.37 25.69 31.53 24.46 30.39 25.05 27.1
64 469 31.12 24.36 31.18 25.60 31.89 24.76 30.80 25.36 26.4
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Ta (73) W (74) Re (75) Os (76)Tantalum Tungsten Rhenium OsmiumN E(eV) f 2  f, f -f f2  fx f A(A)
65 480 31.77 24.25 31.87 25.52 32.34 25.05 31.28 25.67 25.8366 492 32.40 24.14 32.57 25.44 32.90 25.37 31.88 26.00 25.2067 504 32.97 24.03 33.23 25.35 33.54 25.69 32.56 26.33 24.6068 516 33.51 23.92 33.86 25.27 34.33 26.00 33.36 26.65 24.0369 529 34.05 23.77 34.56 25.14 35.31 26.16 34.36 26.84 23.44
70 542 34.51 23.56 35.20 24.91 36.22 25.94 35.31 26.69 22.8771 555 34.63 23.35 35.75 24.70 36.91 25.73 36.11 26.55 22.3472 569 35.19 24.20 36.20 24.44 37.46 25 45 36.83 26.36 21.7973 583 36.31 24.21 36.61 24.39 37.91 25.45 37.56 26.15 21.2774 597 37.12 23.89 37.07 24.40 38.47 25.55 38.16 25.92 20.77
75 612 37.84 23.56 37.68 24.42 39.18 25.66 38.73 25.69 20.2676 627 38.47 23.24 38.39 24.44 40.01 25.76 39.21 25.47 19.7777 642 39.05 22.91 39.17 24.33 41.01 25.69 39.55 25.38 19.3178 658 39.56 22.52 39.92 23.92 41.87 25.20 40.15 25.59 18.8479 674. 40.02 22.15 40.50 23.52 42.55 24.73 40.93 25.79 18.39

80 690 40.43 21.88 40.99 23.23 43.12 24.39 41.89 25.54 17.9781 707 40.92 21.61 41.54 22.94 43.72 24.06 42.67 25.18 17.5482 725 41.38 21.22 42.06 22.54 44.30 23.64 43.36 24.78 17.1083 742 41.77 20.87 42.52 22.18 44.80 23.27 43.96 24.41 16.7184 760 42.14 20.50 42.96 21.81 45.30 22.89 44.52 24.04 16.31

85 779 42.50 20.14 43.41 21.43 45.79 22.49 45.09 23.65 15.9286 798 42.83 19.76 43.79 21.01 46.23 22.07 45.60 23.24 15.5487 818 43.14 19.38 44.15 20.60 46.65 21.65 46.08 22.82 15.1688 838 43.41 19.02 44.47 20.20 47.03 21.25 46.52 22.42 14.79
89 858 43.66 18.66 44.76 19.81 47.39 20.86 46.94 22.03 14.45
90 879 43.89 18.30 45.03 19.41 47.73 20.45 47.35 21.62 14.10
91 901 44.11 17.93 45.29 19.01 48.05 20.05 47.72 21.20 13.76
92 923 44.31 17.57 45.52 18.62 48.34 19.66 48.07 20.80 13.4393 945 44.48 17.21 45.71 18.24 48.62 19.28 48.41 20.38 13.1294 968 44.63 16.83 45.89 17.86 48.88 18.88 48.71 19.95 12.81
95 992 44.75 16.45 46.05 17.47 49.13 18.49 48.98 19.52 12.5096 1016 44.84 16.09 46.19 17.10 49.36 18.10 49.24 19.11 12.2097 1041 44.91 15.71 46.30 16.71 49.57 17 6D 49.48 18.67 21.9198 1067 44.92 15.32 46.38 16.30 49.75 17:1 49.67 18.22 11.6299 1093 44.90 14.95 46.41 15.92 49.88 16.86 49.82 17.79 11.34

100 1119 44.86 14.60 46.42 .15.56 50.00 1b.47 49.95 17.38 11.08101 1147 44.78 14.24 46.39 15.18 50.10 16.07 50.05 16.96 10.81102 1175 44.66 13.90 46.34 14.82 50.16 15.70 50.12 16.56 10.55103 1204 44.49 13.56 46.25 14.47 50.20 15.32 50.16 16.17 10.30104 1233 44.31 13.24 46.14 14.13 50.23 14.97 50.20 15.79 10.06
105 1263 44.08 12.92 46.00 13.79 50.24 14.bI 50.21 15.42 9.82106 1294 43.75 12.58 45.79 13.43 50.21 14.23 50.16 15.03 9.58107 1326 43.38 12.24 45.52 13.08 50.15 13.86 50.10 14.66 9.35108 1358 42.92 11.93 45.20 12.74 50.05 13.50 49.99 14.30 9.13'09 1392 42.34 11.60 44.80 12.40 49.91 13.15 49.84 13.93 8.91
110 1426 41.67 11.30 44.30 12.08 49.73 12.81 49.67 13.59 8.69111 1460 40.91 11.01 43.74 11.77 49.52 12.48 49.46 13.26 8.49112 1496 39.91 10.72 43.07 11.46 49.26 12.16 49.19 12.93 8.29113 1533 38.56 10.43 42.18 11.15 48.94 11.84 48.84 12.59 8.09114 1570 36.96 10.15 41.12 10.85 48.57 11.53 48.46 12.28 7.90
115 1609 34.72 9.87 39.78 10.56 48.13 11.23 47.97 11.96 7.71116 1648 31.06 9.61 38.04 10.28 47.61 10.94 47.39 11.66 7.52117 1688 21.81 9.35 35.44 10.00 47.01 10.65 46.72 11.36 7.34*118 1730 3.52 M 9.09 31.84 9.73 46.31 10.37 45.88 11.07 7.17119 1772 19.99 27.67 24.75 9.46 45.48 10.09 44.81 10.78 7.00
120 1815 33.26 39.83 6.94 M 27.91 44.62 9.82 43.46 10.49 6.83121 1860 38.71 38.49 15.08 27.29 43.33 9.55 41.75 10.21 6.67*122 1905 43.16 37.22 23.22 39.24 42.35 M 27.66 39.29 9.93 6.51123 1952 45.33 35.97 31.72 37.94 37.63 39.47 36.41 M 9.67 6.35124 2000 47.54 34.76 40.40 36.69 32.82 38.21 30.41 27.26 6.20

Y()232.4 228.8 225.9 221.1 kV M
2 1) gram

Atomic
Weight 180.9 183.9 186.2 190.2 amu
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ATOMIC SCATTERING FACTOR, fl+ if 2

Ir (77) Pt (78) Au (79) Hg (80)
N E(eV) E1  f2  f, f 2  f, f2  f, f2  X(A)
0 100 12.52 7.72 16.39 8.32 22.40 11.15 20.37 23.79 124.0
1 102 12.48 7.90 16.22 8.17 22.45 10.37 21.60 22.96 121.5
2 104 12.45 8.08 16.07 8.03 22.25 9.67 22.70 22.21 119.2
3 107 12.45 8.34 15.93 7.82 21.92 8.94 24.01 20.28 115.9
4 110 12.54 8.61 15.80 7.63 21.68 8.40 24.44 18.29 112.7

5 112 12.63 8.74 15.70 7.50 21.52 7.92 24.41 17.29 110.7
6 115 12.67 8.94 15.53 7.33 21.20 7.27 24.46 16.11 107.8
7 118 12.81 9.14 15.31 7.16 20.75 6.67 24.48 14.81 105.1
8 121 13.01 9.23 15.01 7.00 20.19 6.21 24.27 13.41 102.5
9 124 13.09 9.14 14.62 6.84 19.67 5.94 23.77 12.45 100.0

10 127 13.02 9.04 14.14 6.83 19.17 5.71 23.40 11.72 97.6
11 130 12.79 8.95 13.78 7.07 18.68 5.51 23.07 10.84 95.4
12 133 12.51 9.29 13.46 7.30 18.20 5.38 22.62 10.00 93.2
13 136 12.39 9.62 13.24 7.54 17.69 5.29 21.99 9.22 91.2
14 140 12.30 10.08 12.93 7.85 17.02 5.26 21.06 8.46 88.6

15 143 12.33 10.39 12.76 8.09 16.53 5.36 20.35 8.09 86.7
16 147 12.48 10.80 12.56 8.42 15.97 5.50 19.51 7.71 84.3
17 150 12.58 11.11 12.41 8.67 15.55 5.60 18.88 7.48 82.7
18 154 12.77 11.28 12.21 9.00 14.99 5.88 18.02 7.25 80.5
19 158 12.80 11.44 11.97 9.33 14.50 6.17 17.15 7.18 78.5

20 162 12.79 11.66 11.72 9.79 14.03 6.52 16.33 7.25 76.5
21 166 12.77 11.95 11.59 10.27 13.61 6.92 15.58 7.41 74.7
22 170 12.77 12.24 11.49 10.76 13.23 7.33 14.86 7.57 72.9
23 174 12.79 12.60 11.41 11.27 12.88 7.81 14.17 7.90 71.3
24 178 12.84 12.97 11.36 11.78 12.60 8.30 13.55 8.25 69.7

25 182 12.87 13.37 11.37 12.31 12.34 8.80 12.94 8.65 68.1
26 187 13.10 13.93 11.41 12.98 12.07 9.45 12.28 9.27 66.3
27 191 13.37 14.31 11.49 13.54 11.91 9.99 11.82 9.78 64.9
28 196 13.61 14.48 11.72 14.24 11.77 10.70 11.33 10.51 63.3
29 201 13.66 14.68 12.00 14.87 11.70 11.42 10.90 11.28 61.7

30 206 13.73 15.05 12.28 15.28 11.68 12.08 10.57 12.07 60.2
31 211 13.83 15.41 12.58 15.70 11.67 12.75 10.30 12.89 58.8
32 216 13.96 15.78 12.83 16.11 11.74 13.45 10.12 13.75 57.4
33 221 14.08 16.14 13.07 16.52 11.96 14.12 10.00 14.65 56.1
34 227 14.24 16.58 13.29 17.02 12.17 14.70 9.98 15.67 54.6

35 232 14.41 16.95 13.53 17.43 12.33 15.20 10.08 16.49 53.4
36 238 14.55 17.38 13.84 17.93 12.50 15.79 10.30 17.52 52.1
37 244 14.70 17.82 14.16 18.43 12.69 16.39 10.63 18.56 50.8
38 250 14.88 18.26 14.53 18.94 12.93 16.98 11.08 19.27 49.6
39 256 14.99 18.70 14.90 19.33 13.16 17.58 11.52 19.99 48.4

40 262 15.10 19.20 15.26 19.*70 13.39 18.18 11.95 20.72 47.3
41 269 15.24 19.95 15.62 20.13 13.71 18.90 12.48 21.45 46.1
42 275 15.52 20.59 15.95 20.50 14.07 19.52 12.96 22.02 45.1
43 282 15.69 21.22 16.33 20.93 14.54 20.10 13.51 22.69 44.0
44 289 15.37 21.81 16.70 21.37 14.97 20.62 14.15 23.27 42.9

45 296 16.78 24.28 17.06 2.1 15.36 21.14 1.0 2.7 4.

46 303 18.11 24.44 17.44 22.24 15.73 21.66 15.26 24.27 40.9
47 311 19.17 24.63 17.86 22.74 16.17 22.26 15.92 24.77 39.9
48 318 19.95 24.78 18.28 23.17 16.55 22.78 16.44 25.16 39.0
49 326 20.73 24.96 18.76 '23.66 17.02 23.38 17.02 25.62 38.0

50 334 21.42 25.13 19.24 24.15 17.51 23.98 17.60 26.03 37.1
51 342 22.08 25.30 19.74 24.64 18.01 24.58 18.17 26.44 36.3
52 351 22.79 25.49 20.34 25.19 18.60 25.25 18.75 26.90 35.3
53 359 23.38 25.66 20.89 25.67 19.17 25.85 19.26 27.30 34.5
54 368 24.04 25.84 21.54 26.22 19.86 26.53 19.81 27.75 33.7

55 377 24.70 26.02 22.27 26.76 20.64 27.21 20.24 28.24 32.9
56 386 25.35 26.19 23.12 27.30 21.61 27.88 21.02 29.15 32.1
57 396 26.13 26.37 24.24 27.76 22.83 28.47 22.16 29.89 31.3
58 406 26.84 26.36 25.26 27.79 23.97 28.57 23.29 30.07 30.5
59 415 27.42 26.35 26.01 27.82 24.78 28.65 24.08 30.23 29.9

60 426 28.03 26.34 26.85 27.85 25.71 28.75 24.99 30.42 29.1
61 436 28.53 26.33 27.57 27.88 26.51 28.84 25.80 30.59 28.4
62 447 29.02 26.33 28.30 27.92 27.37 28.94 26.68 30.78 27.7
63 458 29.37 26.47 29.04 27.90 28.19 28.98 27.55 30.89 27.1
64 469 29.83 26.74 29.68 27.85 28.97 28.96 28.38 30.93 26.4
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Ir (77) Pt. (78) Au (79) Hg (80)
Iridium Platinum Gold Mercury

N E(eV) fj £2 fl f2 f___ f2 f__ f2 X(A)

65 480 30.35 27.00 30.25 27.80 29.69 28.95 29.16 30.97 25.83
66 492 30.97 27.29 30.81 27.75 30.42 28.94 29.95 31.02 25.20
67 504 31.65 27.57 31.30 27.69 31.10 28.92 30.72 31.07 24.60
68 516 32.40 27.85 31.65 27.64 31.81 28.91 31.51 31.11 24.03
69 529 33.35 28.04 31.75 27.86 32.56 28.84 32.40 31.08 23.44

70 542 34.22 28.00 32.28 28.68 33.18 28.66 33.14 30.88 22.87
71 555 35.05 27.96 33.19 29.51 33.,1 28.49 33.78 30.69 22.34
72 569 35.90 27.89 34.54 29.61 34.01 28.27 34.24 30.47 21.79
73 583 36.71 27.72 35.60 29.50 34.19 28.57 34.59 30.63 21.27
74 597 37.43 27.53 36.55 29.33 34.66 29.05 35.14 30.93 20.77

75 612 38.15 27.33 37.44 29.16 35.38 29.56 35.87 31.25 20.26
76 627 38.83 27.13 38.31 29.00 36.30 30.06 36.71 31.56 19.77
77 642 39.50 26.88 39.15 28.77 37.65 30.29 37.77 31.74 19.31
78 658 39.98 26.50 39.96 28.J7 38.79 29.89 38.80 31.64 18.84
79 674 40.26 26.14 40.55 27.98 39.67 29.50 39.75 31.54 18.39

80 690 40.64 26.54 41.06 27.70 40.32 29.23 40.70 31.39 17.97
81 707 41.51 27.01 41.56 27.47 40.93 29.01 41.72 31.18 17.54
82 725 42.66 26.56 42.10 27.43 41.60 28.98 42.67 30.69 17.10
83 742 43.41 26.16 42.73 27.40 42.31 28.96 43.41 30.24 16.71
84 760 44.10 25.75 43.48 27.36 43.18 28.93 43.98 29.78 16.31

85 779 44.76 25.33 44.41 27.25 44.20 28.83 44.48 29.38 15.92
86 798 45.35 24.90 45.25 26.76 45.18 28.31 44.97 29.33 15.54
87 818 45.89 24.46 46.00 26.26 45.98 27.79 45.64 29.27 15.16
88 838 46.40 24.04 46.63 25.79 46.67 27.29 46.51 29.22 14.79
89 858 46.88 23.63 47.19 25.32 47.29 26.80 47.45 29.01 14.45

90 879 47.33 23.19 47.71 24.84 47.90 26.32 48.38 28.43 14.10
91 901 47.76 22.76 48.22 24.36 48.45 25.83 49.10 27.85 13.76
92 923 48.18 22.34 48.69 23.90 48.97 25.36 49.74 27.29 13.43
93 945 48.56 21.90 49.12 23.43 49.46 24.88 50.31 26.75 13.12
94 968 48.91 21.45 49.53 22.94 49.92 24.40 50.85 26.21 12.81

95 992 49.24 20.99 49.91 22.46 50.36 23.91 51.38 25.68 12.50
96 1016 49.55 20.54 50.27 21.99 50.79 23.43 51.88 25.15 12.20
97 1041 49.85 20.07 50.60 21.48 51.22 22.90 52.38 24.54 11.91
98 1067 50.06 19.58 50.89 20.96 51.55 22.36 52.74 23.93 11.62
99 1093 50.26 19.12 51.12 20.47 51.85 21.84 53.07 23.36 11.34

100 1119 50.42 18.68 51.32 20.01 52.11 21.34 53.36 22.81 11.08
101 1147 50.56 18.23 51.50 19.53 52.36 20.83 53.63 22.25 10.81
102 1175 50.67 17.80 51.67 19.07 52.56 20.34 53.92 21.72 10.55
103 1204 50.75 17.38 51.80 18.62 52.73 19.86 54.08 21.19 10.30
104 1233 50.81 16.97 51.90 18.19 52.89 19.41 54.27 20.69 10.06

105 1263 50.84 16.57 52.00 17.76 53.02 18.95 54.43 20.19 9.82
106 1294 50.85 16.15 52.06 17.31 53.12 18.49 54.55 19.70 9.58
107 1326 50.82 15.74 52.07 16.88 53.20 18.03 54.66 19.22 9.35
108 1358 50.75 15.36 52.06 16.47 53.25 17.60 54.73 18.77 9.13
109 1392 50.65 14.97 52.02 16.05 53.25 17.16 54.78 18.30 8.91

110 1426 50.50 14.59 51.93 15.65 53.23 16.74 54.81 17.86 8.69
I11 1460 50.32 14.24 51.82 15.27 53.19 16.34 54.82 17.44 8.49
112 1496 50.10 13.88 51.68 14.89 53.12 15.94 54.81 17.01 8.29
113 1533 49.82 13.52 51.48 14.50 53.00 15.53 54.76 16.57 8.09
114 1570 49.48 13.18 51.24 14.13 52.84 15.13 54.67 16.14 7.90

115 1609 49.06 12.83 50.95 13.76 52.64 14.74 54.55 15.72 7.71
116 1648 48.58 12.50 50.59 13.41 52.38 14.37 54.36 15.32 7.52
117 1688 47.97 12.19 50.15 13.07 52.07 14.00 54.14 14.92 7.34
118 1730 47.27 11.87 49.63 12.72 51.70 13.64 53.88 14.53 7.17
119 1772 46.41 11.55 49.01 12.38 51.26 13.27 53.56 14.14 7.00

120 1815 45.24 11.24 48.21 12.04 50.69 12.91 53.14 13.75 6.83
121 1860 43.72 10.93 47.22 11.71 50.00 12.56 52.65 13.37 6.67
122 1905 41.12 10.63 45.97 11.39 49.18 12.22 52.07 13.00 6.51
123 1952 32.63 10.34 43.71 11.08 47.86 11.88 51.19 12.64 6.35
124 2000 23.97 10.05 41.39 10.77 46.52 11.56 50.30 12.29 6.20

E()218.8 215.6 213.5 209.7 gramc=

Wtoih 192.2 195.1 197.0 200.6 ami
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ATOMIC SCATTERING FACTOR, fl+ if 2

Ti (81) Pb (82) EL (83) Po (84)
N E(eV) f, f2  f, f 2  f, f2  f, f2  AM__
0 100 20.83 21.56 23.57 11.09 25.33 18.55 24.73 24.84 124.0
1 102 21.16 21.53 23.51 10.64 25.54 17.94 25.18 23.96 121.5
2 104 22.23 21.83 23.46 10.25 25.73 17.35 25.56 23.12 119.2
3 107 23.87 20.68 23.38 9.70 26.03 16.50 26.06 21.93 115.9
4 110 24.96 19.03 23.32 9.20 26.32 15.70 26.48 20.81 112.7

5 112 25.27 17.78 23.26 8.88 26.49 14.99 26.67 20.15 110.7
6 115 25.46 16.33 23.19 8.40 26.58 14 03 26.94 19.24 107.8
7 118 25.46 15.28 23.09 7.87 26.51 13.18 27.23 18.35 105.1
8 121 25.57 14.25 22.92 7.36 26.40 12.44 27.56 17.52 102.5
9 124 25.41 12.99 22.71 6.89 26.27 11.80 27.75 16.47 100.0

10 127 25.08 11.95 22.43 6.41 26.15 11.21 27.83 15.47 97.6
11 130 24.68 11.30 22.09 5.96 26.03 10.67 27.75 14.61 95.4
12 133 24.43 10.63 21.69 5.65 25.92 10.12 27.62 13.84 93.2
13 136 24.09 9.86 21.26 5.36 25.79 9.56 27.49 13.17 91.2
14 140 23.48 8.92 20.68 5.08 25.54 8.78 27.31 12.36 88.6

15 143 22.93 8.28 20.24 5.02 25.29 8.24 27.18 11.80 86.7
16 147 22.10 7.79 19.77 4.94 24.90 7.53 27.02 11.04 84.3
17 150 21.53 7.50 19.43 4.90 24.49 7.01 26.90 10.45 82.7
18 154 20.79 7.19 19.00 4.86 23.87 6.55 26.60 9.65 80.5
19 158 20.07 6.96 18.56 4.82 23.26 6.13 26.24 8.93 78.5

20 162 19.31 6.81 18.13 4.84 22.58 5.88 25.78 8.19 76.5
21 166 18.57 6.76 17.67 4.86 21.99 5.78 25.20 7.55 74.7
22 170 17.85 6.88 17.21 4.94 21.45 5.68 24.57 7.09 72.9
23 174 17.22 7.02 16.77 5.05 20.96 5.63 23.90 6.66 71.3
24 178 16.60 7.17 16.32 5.19 20.47 5.58 23.19 6.46 69.7

25 182 15.98 7.47 15.88 5.38 19.97 5.56 22.60 6.35 68.1
26 187 15.32 7.87 15.36 5.64 19.36 5.57 21.93 6.24 66.3
27 191 14.79 8.23 14.95 5.87 18.85 5.61 21.41 6.18 64.9
28 196 14.23 8.78 14.42 6.18 18.23 5.74 20.78 6.11 63.3
29 201 13.72 9.35 13.90 6.56 17.61 5.90 20.15 6.11 61.7

30 206 13.28 10.00 13.38 6.95 17.01 6.15 19.51 6.12 60.2
31 211 12.91 10.68 12.84 7.38 16.43 6.42 18.85 6.22 58.8
32 216 12.61 11.38 12.21 7.87 15.87 6.73 18.21 6.35 57.4
33 221 12.34 12.10 11.57 8.54 15.30 7.06 17.59 6.56 56.1
34 227 12.12 13.01 10.80 9.58 14.62 7.55 16.86 6.86 54.6

35 232 12.03 13.80 10.41 10.77 14.03 7.97 16.27 7.16 53.4
36 238 12.03 14.72 10.22 12.16 13.29 8.52 15.57 7.54 52.1
37 244 12.10 15.60 10.43 13.55 12.40 9.27 14.85 8.00 50.8
38 250 12.25 16.50 10.77 14.43 11.54 10.17 14.09 8.50 49.6
39 256 12.52 17.43 11.11 15.31 10.94 11.64 13.34 9.05 48.4

40 262 12.91 18.17 11.41 16.15 10.65 13.18 12.55 9.66 47.3
41 269 13.30 18.92 11.80 17.02 10.95 14.88 11.58 10.69 46.1
42 275 13.66 19.57 12.10 17.74 11.28 15.90 10.76 11.92 45.1
43 282 14.14 20.30 12.53 18.60 11.64 16.99 10.34 13.79 44.0
44 289 14.62 20.90 12.99 19.30 12.08 18.03 10.31 15.49 42.9

45 296 15.10 21.50 13.42 20.03 12.50 18.92 10.72 16.98 41.9
46 303 15.59 22.10 13.94 20.82 12.95 19.80 11.12 18.10 40.9
47 311 16.17 22.63 14.61 21.50 13.54 20.80 11.59 19.30 39.9
48 318 16.63 23.09 15.15 22.01 14.04 21.49 12.08 20.26 39.0
49 326 17.18 23.60 15.70 22.57 14.64 22.40 12.57 21.28 38.0

50 334 17.72 24.02 16.22 23.12 15.28 23.22 13.14 22.31 37.1
51 342 18.20 24.44 16.74 23.68 15.99 23.88 13.76 23.16 36.3
52 351 18.71 24.92 17.38 24.30 16.69 24.51 14.34 24.16 35.3
53 359 19.15 25.36 17.92 24.74 17.30 25.07 15.03 25.05 34.5
54 368 19.62 25.85 18.51 25.29 17.98 25.70 15.83 25.82 33.7

55 377 20.10 26.34 19.15 25.82 18.66 26.32 16.57 26.45 32.9
56 386 20.31 26.83 19.79 26.27 19.33 26.83 17.26 27.08 32.1
57 396 20.49 28.70 20.46 26.72 20.05 27.45 17.97 27.79 31.3
58 406 22.19 28.96 21.09 27.08 20.88 28.01 18.74 28.49 30.5
59 415 23.11 29.19 21.52 N 27.43 21.59 28.45 19.41 29.01 29.9

60 426 24.12 29.47 21.90 27.92 22.40 28.89 20.20 29.67 29.1
61 436 24.96 29.71 22.26 28.58 23.09 29.24 20.90 30.26 28.4
62 447 25.85 29.98 22.98 29.95 23.75 29.83 21.67 30.78 27.7
63 458 26.74 30.20 24.29 30.73 24.58 30.40 22.16 31.22 27.1
64 469 27.55 30.36 25.51 30.99 25.43 30.86 21.61 31.60 26.4
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'1Ti (81) Pb (82) Bi (83) Po (84)
Thallium Lead Bismuth Polonium

N E(eV) f___ f2_f_ f2  ft f2__ f, f2_ X(A)

65 480 28.34 30.52 26.52 31.24 26.25 31.30 22.78 35.25 25.83
466 492 29.18 30.69 27.53 31.51 27.18 31.79 26.01 35.25 25.20

67 504 30.02 30.86 28.51 31.78 28.15 32-27 27.57 35.25 24.60
68 516 30.87 31.02 29.55 32.05 29.23 32.74 28.99 35.25 24.03
69 529 31.88 31.11 30.75 32.21 30.58 33.08 30.37 35.20 23.44

70 542 32.76 30.99 31.81 32.11 31.76 33.02 31.58 35.05 22.87
71 555 33.59 30.88 32.77 32.02 32.84 32.96 32.67 34.90 22.34
72 569 34.38 30.74 33.73 31.92 33.92 32.89 33.76 34.76 21.79
73 583 35.10 30.55 34.61 31.74 34.92 32.74 3s4.79 34.57 21.27
74 597 35.69 30.34 35.39 31.54 35.80 32.56 35.70 34.35 20.77

75 612 36.21 30.12 36.14 31.33 36.67 32.36 36.61 34.13 20.26
76 627 36.58 29.91 36.81 31.12 37.49 32.18 37.47 33.91 19.77
77 642 36.57 30.03 37.40 30.90 38.27 31.96 38.28 33.66 19.31
78 658 37.03 30.86 37.71 30.60 38.97 31.68 39.02 33.33 18.84
79 674 37.89 31.70 37.73 30.32 39.59 31.40 39.64 33.01 18.39

80 690 39.27 31.96 37.59 31.51 40.04 31.12 40.01 32.78 17.97
81 707 40.64 31.91 39.04 33.26 40.24 30.91 40.29 32.65 17.54
82 725 41.82 31.44 41.04 32.83 40.58 31.44 40.67 33.19 17.10
83 742 42.70 31.02 42.30 32.43 41.18 31.93 41.40 33.70 16.71
84 760 43.36 30.58 43.32 32.03 42.22 32.44 42.52 34.23 16.31

85 779 43.93 30.21 44.31 31.61 43.55 32.82 43.94 34.63 15.92
86 798 44.46 30.22 45.16 31.14 44.93 32.39 45.37 34.16 15.54
87 818 45.21 30.22 45.93 30.66 46.01 31.95 46.51 33.68 15.16
88 838 46.15 30.23 46.52 30.20 46.93 31.52 47.50 33.22 14.79
89 858 47.14 30.08 47.00 29.86 47.77 31.09 48.40 32.76 14.45

90 879 48.17 29.55 47.56 29.79 48.55 30.59 49.19 32.23 14.10ii91 901 48.96 29.02 48.31 29.71 49.21 30.08 49.91 31.69 13.76
92 923 49.64 28.51 49.21 29.64 49.74 29.60 50.49 31.18 13.43
93 945 50.28 28.06 50.16 29.25 50.21 29.37 50.98 30.95 13.12
94 968 50.90 27.62 51.01 28.70 50.79 29.25 51.62 30.83 12.81

95 992 51.58 27.18 51.76 28.15 51.61 29.12 52.41 30.71 12.50
96 1016 52.26 26.72 52.47 27.61 52.52 28.91 53.47 30.51 12.20
97 1041 52.95 26.06 53.14 26.97 53.44 28.26 54.44 29.82 11.91
98 1067 53.44 25.40 53.66 26.33 54.12 27.60 55.21 29.12 11.62
99 1093 53.88 24.78 54.12 25.72 54.70 26.98 55.85 28.45 11.34

100 1119 54.26 24.19 54.54 25.14 55.22 26.38 56.40 27.81 11.08
101 1147 54.62 23.58 54.95 24.54 55.71 25.77 56.93 27.16 10.81
102 1175 54.94 23.00 55.35 23.97 56.12 25.19 57.39 26.53 10.55
103 1204 55.21 22.43 55.62 23.41 56.52 24.61 57.81 25.92 10.30
104 1233 55.46 21.88 55.91 22.87 56.89 24.06 58.21 25.33 10.06

105 1263 55.67 21.35 56.17 22.34 57.21 23.52 58.57 24.75 9.82
106 1294 55.84 20.82 56.39 21.83 57.50 22.98 58.89 24.17 9.58
107 1326 56.00 20.30 56.60 21.32 57.77 22.46 59.19 23.61 9.35
108 1358 56.14 19.81 56.79 20.84 58.01 21.95 59.45 23.07 9.13

*109 1392 56.24 19.31 56.95 20.35 58.23 21.45 59.69 22.53 8.91

110 1426 56.32 18.83 57.10 19.89 58.43 20.96 59.92 22.01 8.69
ill 1460 56.38 18.38 57.23 19.45 58.60 20.50 60.13 21.52 8.49
112 1496 56.41 17.92 57.35 18.98 58.78 20.02 60.35 21.00 8.29
113 1533 56.41 17.46 57.43 18.49 58.92 19.50 60.51 20.47 8.09
114 1570 56.38 17.01 57.47 18.03 59.02 19.01 60.64 19.95 7.90

115 1609 56.32 16.57 57.48 17.56 59.10 18.52 60.73 19.44 7.71
116 1648 56.20 16.15 57.44 17.11 59.12 18.05 60.79 18.95 7.52
117 1688 56.06 15.74 57.38 16.68 59.12 17.60 60.83 18.47 7.34
118 1730 55.90 15.33 57.29 16.24 59.09 17.14 60.86 18.00 7.17
119 1772 55.68 14.91 57.16 15.81 59.05 16.69 60.85 17.52 7.00

120 1815 55.40 14.50 56.97 15.38 58.94 16.23 60.80 17.04 6.83
121 1860 55.04 14.10 56.72 14.96 58.78 15.78 60.71 16.57 6.67
122 1905 54.63 13.71 56.42 14.56 58.57 15.35 60.53 16.13 6.51
123 1952 54.02 13.33 55.99 14.16 58.27 14.93 60.33 15.68 6.35
124 2000 53.40 12.96 55.54 13.77 57.95 14.52 60.12 15.25 6.20

Ey(E)keY-cul
205.8 *203.0 201.2 200.3 ga

Atoic 204.4 207.2 209.0 210 ainu
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ATOMIC SCATTERING FACTOR, fl+ if 2

At (85) Rn (86) Fr (87) Ra (88)
N E(eV) f, f2  f1  f2  f, f2  f f2  X(A)
0 100 19.95 30.38 15.67 35.48 16.18 34.80 12.89 35.75 124.0
1 102 20.97 29.72 17.58 34.64 17.44 34.17 14.90 36.23 121.5
2 104 22.01 28.99 18.95 33.83 18.56 33.57 16.84 35.70 119.2
3 107 23.33 27.36 20.77 32.68 20.14 32.70 19.36 34.66 115.9
4 110 24.18 25.88 22.31 31.60 21.53 31.88 21.32 33.69 112.7

5 112 24.57 25.02 23.25 30.92 22.43 31.35 22.45 33.06 110.7
6 115 25.11 23.82 24.69 29.91 23.86 30.60 24.06 32.17 107.8
7 118 25.58 22.66 25.94 28.44 25.28 29.75 25.68 31.32 105.1
8 121 25.93 21.58 26.86 27.07 26.62 28.32 27.33 30.52 102.5
9 124 26.20 20.64 27.51 25.81 27.46 27.00 29.52 29.18 100.0

10 127 26.47 19.77 28.05 24.63 28.13 25.76 30.87 26.82 97.6
11 130 26.75 18.91 28.50 23.53 28.70 24.61 31.62 24.70 95.4
12 133 27.05 18.10 28.90 22.50 29.17 23.54 31.86 22.,80 93.2
13 136 27.20 17.04 29.19 21.54 29.45 22.53 31.62 21.07 91.2
14 140 27.23 15.79 29.56 20.35 29.84 21.29 31.14 19.50 88.6

15 143 27.14 14.97 29.85 19.42 30.10 20.42 30.78 18.79 86.7
16 147 26.95 14.03 30.00 18.17 30.41 19.23 30.61 17.89 84.3
17 150 26.79 13.40 30.06 17.31 30.58 18.36 30.54 17.26 82.7
18 154 26.62 12.63 30.02 16.24 30.58 17.27 30.41 16.48 80.5
19 158 26.46 11.90 29.92 15.27 30.55 16.27 30.30 15.74 78.5

20 162 26.29 11.19 29.77 14.38 30.46 15.36 30.20 15.06 76.5
21 166 26.04 10.37 29.58 13.56 30.34 14.52 30.09 14.43 74.7
22 170 25.74 9.63 29.37 12.80 30.20 13.74 29.97 13.83 72.9
23 174 25.36 8.94 29.12 12.11 30.01 13.02 29.84 13.27 71.3
24 178 24.82 8.22 28.85 11.46 29.78 12.35 29.70 12.75 69.7

25 182 24.24 7.68 28.57 10.86 29.56 11.73 29.55 12.26 68.1
26 187 23.48 7.13 28.21 10.18 29.24 11.02 29.37 11.68 66.3
27 191 22.77 6.75 27.91 9.62 29.00 10.49 29.20 11.25 64.9
28 196 21.99 6.62 27.45 8.94 28.69 9.84 29.02 10.75 63.3
29 201 21.30 6.49 26.93 8.33 28.34 9.10 28.85 10.28 61.7

30 206 20.68 6.41 26.35 7.77 27.85 8.43 28.77 9.72 60.2
31 211 20.05 6.34 25.67 7.26 27.29 7.83 28.51 8.99 58.8
32 216 19.44 6.30 24.89 6.96 26.59 7.28 28.05 8.34 57.4
33 221 18.83 6.31 24.17 6.89 25.79 6.94 27.47 7.84 56.1
34 227 18.06 6.37 23.48 6.79 24.99 6.78 26.82 7.45 54.6

35 232 17.44 6.50 22.92 6.72 24.36 6.65 26.25 7.14 53.4
36 238 16.70 6.69 22.24 6.64 23.61 6.50 25.56 6.93 52.1
37 244 15.99 6.98 21.52 6.68 22.82 6.54 24.93 6.81 50.8
38 250 15.28 7.30 20.88 6.78 22.15 6.65 24.35 6.69 49.6
39 256 14.58 7.67 20.22 6.88 21.52 6.76 23.74 6.58 48.4

40 262 13.90 8.08 19.52 6.98 20.91 6.87 23.09 6.48 47.3
41 269 13.10 8.64 18.73 7.31 20.11 7.00 22.31 6.59 46.1
42 275 12.44 9.15 18.16 7.63 19.47 7.30 21.68 6.71 45.1
43 282 11.56 9.78 17.43 8.01 18.70 7.66 20.94 6.86 44.0
44 289 10.58 10.76 16.80 8.40 18.00 8.04 20.21 7.03 42.9

45 296 9.67 12.03 16.17 8.80 17.38 8.51 19.48 7.36 41.9
46 303 9.12 13.80 15.50 9.21 16.79 9.00 18.78 7.70 40.9
47 311 8.98 15.72 14.67 9.68 16.12 9.58 18.02 8.12 39.9
48 318 9.44 17.24 13.64 10.24 15.53 10.10 17.34 8.57 39.0
49 326 9.94 18.46 12.66 11.40 14.78 10.72 16.54 9.11 38.0

50 334 10.41 19.63 11.86 12.66 13.93 11.35 15.66 9.66 37.1
51 342 10.90 20.71 11.20 14.02 12.92 12.26 14.64 10.43 36.3
52 351 11.45 21.80 10.64 15.69 12.01 13.82 13.69 11.72 35.3
53 359 12.01 22.79 10.31 17.29 11.40 15.34 12.99 12.98 34.5
54 368 12.69 23.72 10.12 19.24 10.93 17.19 12.37 14.52 33.7

55 377 13.33 24.67 10.27 21.36 10.79 19.22 11.96 16.19 32.9
56 386 14.06 25.60 11.11 23.65 11.25 21.42 11.86 18.01 32.1
57 396 14.88 26.69 12.65 25.98 12.30 23.91 12.06 20.47 31.3
58 406 15.97 27.22 14.36 26.65 13.75 24.82 13.00 21.66 30.5
59 415 16.71 27.70 15.34 27.25 14.57 25.64 13.48 22.76 29.9

60 426 17.55 28.27 16.44 27.99 15.50 26.66 14.07 24.15 29.1
61 436 18.28 28.80 17.37 28.67 16.33 27.60 14.67 25.45 28.4
62 447 19.07 29.37 18.39 29.41 17.31 28.65 15.52 26.93 27.7
63 458 19.85 29.90 19.41 29.99 18.41 29.47 16.60 28.10 27.1
64 469 20.61 30.39 20.35 30.42 19.41 30.07 17.61 28.97 26.4
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At (85) Rn (86) Fr (87) Ra (88)
Astatine Radon Franciuma Radium

N E(eV) f, f? fj f2 fj. f2 f, _fL (A)
65 480 21.35 30.88 21.20 30.85 20.31 30.66 18.50 29.84 25.83
66 492 22.15 31.40 22.03 31.32 21.25 31.31 19.47 30.81 25.20
67 504 22.95 31.93 22.81 31.78 22.20 31.96 20.47 31.77 24.60
68 516 23.75 32.45 23.54 32.24 23.22 32.61 21.68 32.75 24.03
69 529 24.62 33.02 24.24 32.79 24.49 33.11 23.27 33.52 23.44

70 542 25.55 33.61 24.98 33.48 ";.49 33.18 24.56 33.67 22.87
71 555 26.56 34.20 25.74 34.16 29 33.26 25.63 33.82 22.34
72 569 27.81 34.83 26.81 35.31 .66 33.32 26.42 33.94 21.79
73 583 29.19 35.10 28.28 35.92 .84 34.22 27.05 34.46 21.27

*74 597 30.39 35.22 29.60 36.31 L17.52 35.44 27.85 35.13 20.77

75 612 31.59 35.35 30.96 36.72 28.63 36.76 28.81 35.85 20.26
76 627 32.78 35.47 32.35 37.13 30.12 38.09 29.87 36.56 19.77
77 642 34.07 35.47 33.99 37.30 32.46 38.92 31.10 37.21 19.31
78 658 35.25 35.21 35.43 36.96 34.51 38.55 32.42 37.76 18.84
79 674 36.33 34.96 36.63 '36.63 36.10 38.20 33.77 38.30 18.39

80 690 37.30 34.68 37.63 36.43 37.38 37.97 35.29 38.74 17.97
81 707 38.26 34.37 38.72 36.22 38.70 37.73 37.15 39.08 17.54
82 725 39.12 33.92 39.71 35.78 39.97 37.30 38.90 38.65 17.10
83 742 39.79 33.50 40.51 35.39 41.03 36.91 40.26 38.27 16.71
84 760 40.20 33.08 40.98 34.98 42.02 36.51 41.49 37.87 16.31

185 779 40.45 32.80 41.26 34.73 42.99 36.08 42.72 37.45 15.92
86 798 40.71 33.33 41.59 35.43 43.83 35.57 43.80 36.93 15.54
87 818 41.46 33.89 42.48 36.15 44.53 35.05 44.78 36.41 15.16
88 838 42.71 34.44 44.04 36.88 44.87 34.55 45.66 35.91 14.79
89 858 44.13 34.66 45.83 37.12 45.09 34.39 46.42 35.41 14.45

90 879 45.66 34.10 47.63 36.35 45.43 34.93 47.16 34.85 14.10

91 901 46.74 33.54 48.85 35.59 46.37 35.50 47.66 34.30 13.76
92 923 47.72 33.00 49.86 34.85 47.77 36.05 47.79 33.76 13.43

293 945 48.59 32.44 50.72 34.21 49.31 35.81 47.91 34.00 13.12
94 968 49.38 31.86 51.53 33.61 50.65 35.20 48.35 34.59 12.81

95 992 50.11 31.27 52.30 33.00 51.71 34.59 49.48 35.20 12.50
96 1016 50.78 30.71 53.01 32.41 52.65 34.00 50.86 35.57 12.20
97 1041 51.39 30.11 53.66 31.77 53.50 33.33 52.37 34.87 11.91
98 1067 51.90 29.62 54.23 31.27 54.18 32.82 53.35 34.40 11.62
99 1093 52.42 29.15 54.80 30.79 54.88 32.33 54.25 33.94 11.34

100 1119 52.93 28.70 55.37 30.32 55.56 31.86 55.10 33.50 11.08
101 1147 53.46 28.23 55.95 29.84 56.25 31.38 55.96 33.04 10.81
102 1175 53.99 27.78 56.55 29.38 56.98 30.91 56.78 32.60 10.55
103 1204 54.46 27.33 57.09 28.93 57.59 30.44 57.59 32.16 10.30
104 1233 54.95 26.90 57.67 28.48 58.27 29.99 58.41 31.74 10.06

105 1263 55.49 26.42 58.30 27.99 59.02 29.47 59.34 31.22 9.82
106 1294 55.95 25.84 58.85 27.37 59.66 28.79 60.13 30.46 9.58
107 1326 56.37 25.27 59.34 26.75 60.23 28.12 60.82 29.73 9.35
108 1358 56.73 24.72 59.77 26.17 60.72 27.48 61.40 29.02 9.13

j 109 1392 57.05 24.17 60.15 25.58 61.17 26.83 61.92 28.31 8.91

110 1426 57.35 23.64 60.51 25.01 61.58 26.21 62.39 27.63 8.69
111 1460 57.61 23.13 60.84 24.47 61.96 25.62 62.82 26.99 8.49
112 1496 57.88 22.60 61.19 23.91 62.33 25.02 63.23 26.33 8.29
113 1533 58.09 22.04 61.47 23.31 62.65 24.39 63.59 25.68 8.09
114 1570 58.26 21.50 61.71 22.75 62.92 23.79 63.91 25.05 7.90

115 1609 58.40 20.96 61.93 22.18 63.18 23.19 64.21 24.42 7.71
116 1648 58.49 20.45 62.10 21.63 63.38 22.62 64.47 23.83 7.52
117 1688 58.56 19.95 62.25 21.11 63.57 22.06 64.70 23.25 7.34
118 1730 58.62 19.45 62.39 20.58 63.73 21.50 64.92 22.66 7.17
119 1772 58.63 18.94 62.50 20.05 63.87 20.95 65.11 22.08 7.00

120 1815 58.59 18.44 62.55 19.52 63.96 20.40 65.25 21.51 6.83
121 1860 58.51 17.94 62.57 19.00 64.03 19.86 65.37 20.94 6.67
122 1905 58.39 17.47 62.56 18.51 64.07 19.34 65.45 20.40 6.51

*123 1952 58.18 17.00 62.49 18.01 64.05 18.83 65.48 19.86 6.35
124 2000 57.96 16.54 62.42 17.54 64.03 18.33 65.52 19.34 6.20

E()200.3 189.4 188.6 186.1 gra-m'

Ateih 210.0 222.0 223.0 226.0 a
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ATOMIC SCATTERING FACTOR, f1+ if2
Ac (89) Th (90) Pa (91) U (92)

N E(eV) fl f2 fl f2  f, f2  f, f2  _____

0 100 10.96 35.89 -20.74 71.91 -18.92 22.68 -6.11 25.08 124.0
1 102 12.79 36.24 13.37 81.59 -23.87 33.00 -11.25 12.35 121.5
2 104 14.53 35.82 27.75 56.16 -20.01 47.67 -15.63 21.05 119.2
3 107 16.81 34.98 30.00 43.26 -0.73 78.19 -19.33 39.89 115.9
4 110 18.57 34.19 29.44 38.76 24.25 61.36 -11.68 53.79 112.7

5 112 19.58 33.69 29.84 36.24 30.07 52.40 0.89 63.45 110.7
6 115 20.99 32.96 30.21 33.43 34.18 41.56 19.44 61.75 107.8
7 118 22.30 32.26 31.12 30.91 33.55 33.85 33.07 50.47 105.1
8 121 23.55 31.60 31.47 28.78 32.08 31.40 35.14 39.39 102.5
9 124 24.68 30.96 31.94 27.12 32.15 29.18 34.47 31.84 100.0

10 127 25.95 30.36 32.43 25.50 32.29 27.16 32.55 29.62 97.6
11 130 27.24 29.52 32.81 23.82 32.47 25.33 32.20 27.59 95.4
12 133 28.35 28.36 32.89 22.29 32.60 23.66 31.97 26.09 93.2
13 136 29.08 27.27 33.14 20.89 32.61 22.13 32.35 24.77 91.2
14 140 29.92 25.91 33.15 19.20 32.58 20.29 32.75 22.54 88.6

15 143 30.45 24.96 33.08 18.05 32.51 19.05 32.76 21.05 86.7
16 147 31.00 23.78 32.89 16.66 32.33 17.54 32.73 19.35 84.3
17 150 31.34 22.95 32.77 15.71 32.18 16.51 32.82 18.19 82.7
18 154 31.75 21.91 32.49 14.55 31.87 15.26 32.64 16.33 80.5
19 158 32.10 20.94 32.20 13.51 31.53 14.13 32.12 14.78 78.5

20 162 32.48 20.04 31.86 12.56 31.15 13.11 31.51 13.69 76.5
21 166 32.76 18.95 31.48 11.70 30.74 12.19 31.01 12.70 74.7
22 170 32.94 17.93 31.07 10.91 30.31 11.35 30.49 11.80 72.9
23 174 32.97 16.99 30.61 10.20 29.84 10.59 29.99 10.99 71.3
24 178 32.93 16.12 30.19 9.55 29.35 9.89 29.47 10.24 69.7

25 182 32.88 15.31 29.68 8.95 28.86 9.26 28.89 9.57 68.1
26 187 32.73 14.38 29.06 8.27 28.16 8.54 28.17 8.80 66.3
27 191 32.56 13.69 28.50 7.78 27.57 8.01 27.55 8.25 64.9
28 196 32.34 12.90 27.72 7.21 26.71 7.42 26.66 7.62 63.3
29 201 32.07 12.17 26.74 6.82 25.71 7.00 25.61 7.18 61.7

30 206 31.78 11.50 25.89 6.91 24.80 7.09 24.65 7.27 60.2
31 211 31.48 10.87 25.23 7.00 24.13 7.18 23.93 7.36 58.8
32 216 31.15 10.30 24.70 7.08 23.57 7.27 23.34 7.45 57.4
33 221 30.81 9.74 24.23 7.17 23.05 7.36 22.82 7.54 56.1
34 227 30.33 9.09 23.69 7.27 22.50 7.46 22.23 7.65 54.6

35 232 29.89 8.59 23.27 7.36 22.06 7.55 21.78 7.74 53.4
36 238 29.32 8.05 22.77 7.46 21.53 7.65 21.23 7.85 52.1
37 244 28.68 7.54 22.22 7.55 20.98 7.75 20.65 7.95 50.8

438 250 27.89 7.09 21.60 7.65 20.32 7.85 19.98 8.05 49.6
39 256 27.11 6.95 21.01 8.06 19.71 8.27 19.36 8.48 48.4

40 262 26.39 6.89 20.51 8.48 19.17 8.71 18.82 8.93 47.3
41 269 25.65 6.82 20.02 8.99 18.69 9.23 18.29 9.46 46.1
42 275 24.98 6.76 19.65 9.44 18.30 9.69 17.90 9.93 45.1
43 282 24.20 6.84 19.28 9.97 17.90 10.24 17.51 10.49 44.0
44 289 23.47 6.93 18.93 10.53 17.54 10.80 17.14 11.08 42.9

45 296 22.58 7.04 18.59 11.09 17.22 11.39 16.81 11.68 41.9
46 303 21.79 7.38 18.33 11.69 16.94 11.99 16.53 12.30 40.9
47 311 21.03 N 7.77 18.05 12.40 16.58 12.72 16.23 13.04 39.9
48 318 20.33 8.12 17.87 13.04 16.33 13.38 16.04 13.72 39.0
49 326 19.50 8.53 17.72 13.79 16.20 14.15 15.83 14.51 38.0

50 334 18.62 8.95 17.62 14.56 16.12 14.95 15.71 15.33 37.1
51 342 17.63 9.78 17.62 15.36 16.07 15.77 15.69 16.17 36.3
52 351 16.76 10.84 17.79 16.25 16.26 16.68 15.86 17.10 35.3
53 359 16.11 11.86 17.95 16.79 16.39 N 17.23 16.00 17.66 34.5
54 368 15.48 13.10 18.09 17.39 16.49 17.85 16.14 18.30 33.7

55 377 14.99 14.42 18.18 18.00 16.55 18.47 16.20 18.94 32.9
56 386 14.62 15.84 18.25 18.62 16.54 19.11 16.24 19.59 32.1
57 396 14.38 17.84 18.32 19.31 16.55 19.82 16.26 20.32 31.3
58 406 14.77 19.11 18.42 20.00 16.45 20.66 16.28 21.15 30.5
59 415 14.91 20.29 18.48 20.63 16.46 21.51 16.34 21.96 29.9

60 426 15.15 21.81 18.56 21.41 16.55 22.58 16.47 22.96 29.1
61 436 15.47 23.24 18.59 22.12 16.69 23.56 16.63 23.90 28.4
62 447 16.07 24.89 18.56 22.91 16.94 24.67 16.87 24.94 27.7
63 458 16.95 26.26 16.43 23.97 17.25 25.80 17.17 26.00 27.1
64 469 17.80 27.33 18.51 25.30 17.64 26.96 17.53 27.08 26.4
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Ac (89) Th (90) Pa (91) U (92)
Actinium Thorium Protactinium Uranium

N E(eV) fl* f2f 2 fl f2j f, f2 X (A)
*65 480 18.57 28.43 18.75 26.68 18.09 28.13 17.95 28.18 25.83

66 492 19.44 29.64 19.27 28.22 18.75 29.44 18.51 29.40 25.20
67 504 20.45 30.88 20.06 29.82 19.54 30.78 19.17 30.64 24.60

*68 516 21.71 32.14 21.23 31.46 20.60 32.15 19.95 31.90 24.03
69 529 23.50 33.16 23.17 32.80 22.16 33.35 21.08 33.20 23.44

70 542 24.98 33.39 24.76 33.08 23.55 33.89 22.42 34.34 22.87
71 555 26.32 33.63 26.16 33.36 24.87 34.43 23.88 35.48 22.34
72 569 27.51 33.85 27.43 33.64 26.22 35.01 25.66 35.94 21.79
73 583 28.59 33.92 28.55 33.74 27.59 35.29 27.11 36.14 21.27
74 597 29.44 33.94 29.50 33.79 28.76 35.46 28.39 36.27 20.77

75 612 30.17 33.97 30.38 33.83 29.92 35.65 29.61 36.41 20.26
76 627 30.68 33.99 31.11 33.87 31.02 35.82 30.74 36.55 19.77
77 642 30.60 34.42 31.63 33.84 32.18 35.88 31.85 36.61 19.31
78 658 31.08 35.91 30.35 33.63 33.14 35.67 32.90 36.49 18.84
79 674 32.05 37.42 26.84 N 33.42 33.93 35.46 33.73 36.37 18.39

80 690 33.72 38.60 33.19 38.89 34.39 35.36 34.44 36.31 17.97
81 707 36.00 39.60 35.60 38.80 34.52 35.39 35.08 36.27 17.54

*82 725 38.23 39.21 37.32 38.70 34.86 36.40 35.58 36.23 17.10
83 742 39.85 38.86 38.81 38.61 35.55 37.36 32.70 N 38.41 16.71
84 760 41.24 38.51 40.20 38.52 36.81 38.37 35.54 38.78 16.31

85 779 42.63 38.12 41.65 38.38 38.44 39.29 37.82 39.16 15.92
86 798 43.82 37.63 43.00 38.01 40.22 39.29 39.24 39.54 15.54
87 818 44.91 37.13 44.20 37.64 41.72 39.28 40.61 39.93 15.16
88 838 45.87 36.66 45.33 37.28 43.24 39.27 42.15 40.31 14.79
89 858 46.73 36.18 46.39 36.88 44.69 39.10 43.88 40.40 14.45

90 879 47.53 35.65 47.38 36.37 46.16 38.58 45.48 39.89 14.10
91 901 48.14 35.12 48.26 35.86 47.35 38.05 46.85 39.36 13.76
92 923 48.41 34.62 49.07 35.37 48.48 37.55 48.04 38.86 13.43
93 945 48.65 34.84 49.76 34.83 49.45 36.98 49.11 38.30 13.12
94 968 49.21 35.39 50.23 34.27 50.35 36.37 50.05 37.69 12.81

95 992 50.43 35.97 50.32 33.70 51.13 35.76 50.91 37.09 12.50
96 1016 51.92 36.31 49.80 33.69 51.80 35.16 51.61 36.50 12.20
97 1041 53.64 35.62 51.01 36.24 52.25 34.50 52.01 35.88 11.91
98 1067 54.74 34.92 53.03 35.59 52.65 34.36 52.51 35.79 11.62
99 1093 55.69 34.24 54.48 34.96 53.18 34.22 53.11 35.70 11.34

100 1119 56.54 33.60 55.46 34.36 53.78 34.08 53.77 35.62 11.08
101 1147 57.34 32.93 56.40 33.74 54.46 33.94 54.52 35.53 10.81
102 1175 58.07 32.29 57.22 33.14 55.18 33.81 55.28 35.44 10.55
103 1204 58.69 31.66 57.93 32.55 55.92 33.67 56.12 35.35 10.30
104 1233 59.27 31.06 58.53 31.98 56.71 33.53 57.06 35.26 10.06

105 1263 59.74 30.50 59.09 31.47 57.62 33.32 58.12 35.06 9.82
106 1294 60.24 30.06 59.65 31.08 58.47 32.92 59.09 34.59 9.58
107 1326 60.76 29.61 60.23 30.69 59.26 32.52 59.98 34.13 9.35
108 1358 61.29 29.18 60.83 30.31 60.00 32.14 60.79 33.68 9.13
109 1392 61.83 28.74 61.45 29.93 60.74 31.74 61.60 33.22 8.91

110 1426 62.37 28.32 62.09 29.56 61.47 31.36 62.39 32.78 8.69
111 1460 62.93 27.92 62.75 29.20 62.22 31.00 63.18 32.36 8.49
112 1496 63.59 27.44 63.55 28.75 63.09 30.54 64.08 31.84 8.29
113 1533 64.15 26.77 64.22 28.04 63.83 29.84 64.85 31.10 8.09
114 1570 64.63 26.14 64.79 27.37 64.47 29.17 65.52 30.40 7.90

115 1609 65.05 25.50 65.28 26.69 65.05 28.49 66.11 29.69 7.71
116 1648 65.40 24.89 65.69 26.05 65.54 27.85 66.63 29.02 7.52
117 1688 65.72 24.30 66.07 25.42 66.00 27.22 67.13 28.36 7.34
118 1730 66.03 23.70 66.43 24.79 66.44 26.59 67.61 27.70 7.17
119 1772 66.30 23.11 66.74 24.16 66.85 25.95 68.03 27.02 7.00

120 1815 66.52 22.51 67.01 23.54 67.19 25.31 68.41 26.35 6.83
121 1860 66.71 21.92 67.25 22.93 67.50 24.67 68.76 25.68 6.67
122 1905 66.87 21.36 67.41 22.34 67.76 24.06 69.01 25.05 6.51
123 1952 66.97 20.80 67.56 21.76 67.97 23.46 69.26 24.41 6.35
124 2000 67.07 20.26 67.72 21.20 68.20 22.87 69.52 23.80 6.20

EE)185.3 181.3 182.1 176.7 gra-m2

Atoic 227.0 232.0 231.0 238.0 MUi
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ATOMIC SCATTERING FACTOR, f1+ if 2
Np (93) Pu (94)

N- E(eV) f2 f2f ft. f2 f2f f2  X(A)
0 100 -13.83 23.78 -3.62 20.00 124.0
1 102 -15.00 27.61 -4.33 21.82 121.5
2 104 -16.14 31.95 -4.86 23.77 119.2
3 107 -17.60 39.58 -5.41 26.94 115.9
4 110 -10.38 56.38 -5.56 30.43 112.7

5 112 -2.75 57.24 -5.28 32.96 110.7
6 115 7.74 58.51 -4.49 37.06 107.8
7 118 16.35 58.92 -3.03 41.55 105.1
8 121 23.62 55.29 -0.12 46.45 102.5
9 124 29.24 51.96 4.45 51.01 100.0

10 127 33.71 48.09 10.32 54.22 97.6
11 130 36.99 43.36 17.68 55.37 95.4
12 133 38.83 39.19 23.61 53.26 93.2
13 136 39.63 35.49 28.08 51.28 91.2
14 140 40.10 31.21 33.63 47.51 88.6

15 143 39.91 28.73 36.12 44.00 86.7
16 147 39.72 26.07 38.52 39.82 84.3
17 150 39.58 24.28 39.74 37.02 82.7
18 154 39.27 22.13 40.65 33.66 80.5
19 158 38.83 20.22 41.17 30.67 78.5

20 162 38.37 18.59 41.43 28.02 76.5
21 166 37.89 17.13 41.48 25.65 74.7
22 170 37.39 15.82 41.30 23.54 72.9
23 174 36.87 14.64 40.96 21.64 71.3
24 178 36.31 13.56 40.52 19.94 69.7

25 182 35.75 12.59 40.01 18.65 68.1
26 187 35.02 11.50 39.47 17.19 66.3
27 191 34.43 10.72 39.04 16.13 64.9

29 201 32.83 9.07 37.94 13.83 61.7

28 216 33.65 9.83 38.50 14.92 63.3

32 216 30.18 7.62 36.20 11.14 57.4
33 22 294 7.7 3.1 1.051
34 227 28.48 7.09 34.87 9.56 54.6

35 232 27.65 7.06 34.20 8.90 53.4
*136 238 26.88 7.20 33.30 8.19 52.1

37 244 26.21 7.33 32.25 7.56 50.8
38 250 25.61 7.46 31.05 7.47 49.6
39 256 25.07 7.59 30.25 7.56 48.4

40 262 24.54 7.72 29.54 7.64 47.3
41 269 23.91 7.86 28.83 7.74 46.1

342 275 23.32 7.99 28.27 7.82 45.1
43 282 22.69 8.37 27.65 7.92 44.0
44 289 22.12 8.78 27.03 8.02 42.9

45 296 21.62 9.20 26.42 8.26 41.9
46 303 21.17 9.63 25.91 8.49 40.9
47 311 20.66 10.14 25.36 8.77 39.9
48 318 20.27 10.63 24.89 9.01 39.0
49 326 19.87 11.22 24.37 9.28 38.0

50 334 19.47 11.82 23.81 9.56 37.1
51 342 19.10 12.44 23.20 9.83 36.3
52 351 18.76 13.15 22.42 10.31 35.3
53 359 18.48 13.80 21.88 10.91 34.5
54 368 18.24 14.56 21.33 11.61 33.7

55 377 18.04 15.33 20.84 12.34 32.9
56 386 17.84 16.13 20.42 13.09 32.1
57 396 17.65 17.04 20.03 13.96 31.3
58 406 17.58 17.98 19.67 14.86 30.5
59 415 17.50 18.85 19.39 15.70 29.9

60 426 17.55 19.94 19.14 16.76 29.1
61 436 17.63 20.86 18.97 17.77 28.4
62 447 17.72 21.89 18.87 18.91 27.7
63 458 17.88 22.94 18.96 20.08 27.1
64 469 18.08 24.02 19.09 21.00 26.4
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Np (93) Pu (94)
Neptunium Plutonium

N E(eV) ft fEf 2  fl f fL f2~.. i(A)
65 480 18.32 25.12 19.17 21.94 25.83
66 492 18.67 26.35 19.25 22.98 25.20
67 504 19.19 27.61 19.36 24.05 24.60
68 516 19.91 28.89 19.50 25.15 24.03
69 529 20.61 29.50 19.69 26.36 23.44

70 542 21.02 30.92 19.93 27.60 22.87
71 555 21.68 32.38 20.17 28.86 22.34
72 569 22.92 33.98 20.44 30.25 21.79
73 583 24.51 34.96 20.70 31.93 21.27
74 597 25.86 35.66 21.33 33.88 20.77

75 612 27.25 36.41 22.40 36.06 20.26
76 627 28.66 37.16 24.02 38.32 19.77

*77 642 30.34 37.65 26.52 39.94 19.31
*78 658 31.89 37.64 28.98 40.16 18.84

79 674 33.20 37.64 30.89 40.38 18.39

80 690 34.33 37.59 32.54 40.52 17.97
81 707 35.40 37.51 34.21 40.57 17.54
82 725 36.39 37.44 35.76 40.19 17.10
83 742 37.28 37.37 36.88 39.85 16.71
84 760 38.14 37.30 37.74 39.50 16.31

85 779 38.24 36.42 38.21 39.14 15.92
86 798 37.98 37.74 37.21 38.79 15.54
87 818 38.60 39.14 39.35 40.59 15.16
88 838 40.26 40.56 40.45 41.13 14.79
89 858 42.24 41.47 41.60 41.66 14.45

90 879 44.40 41.14 42.85 42.21 14.10
91 901 46.01 40.80 44.36 42.79 13.76
92 923 47.51 40.47 46.20 43.35 13.43
93 945 48.89 39.98 48.22 43.10 13.12
94 968 50.05 39.40 49.75 42.46 12.81

95 992 51.14 38.82 51.12 41.81 12.50
96 1016 52.07 38.23 52.27 41.17 12.20

*97 1041 52.75 37.53 53.08 40.41 11.91
*98 1067 53.39 37.37 53.85 40.25 11.62
*99 1093 54.09 37.21 54.67 40.10 11.34

100 1119 54.87 37.06 55.58 39.95 11.08
101 1147 55.74 36.90 56.58 39.79 10.81

102 175 6.63 36.5 5760 3.6410.55
103 1204 57.59 36.59 58.71 39.48103
104 1233 58.68 36.44 59.96 39.33 10.06

105 1263 59.88 36.12 61.32 38.98 9.82
106 1294 61.00 35.40 62.60 38.17 9.58
107 1326 61.91 34.69 63.65 37.37 9.35
108 1358 62.72 34.02 64.58 36.60 9.13
109 1392 63.46 33.33 65.44 35.82 8.91

110 1426 64.09 32.67 66.20 35.08 8.69
111 1460 64.68 32.04 66.93 34.37 8.49
112 1496 65.22 31.42 67.64 33.63 8.29
113 1533 65.73 30.87 68.27 32.87 8.09
114 1570 66.23 30.34 68.86 32.13 7.90

115 1609 66.75 29.80 69.42 31.40 7.71
116 1648 67.23 29.29 69.92 30.69 7.52
117 1688 67.72 28.78 70.40 30.00 7.34
118 1730 68.23 28.28 70.87 29.31 7.17
119 1772 68.70 27.70 71.29 28.61 7.00

120 1815 69.15 27.11 71.69 27.91 6.83
121 1860 69.56 26.53 72.05 27.22 6.67
122 1905 69.88 25.97 72.33 26.56 6.51
123 1952 70.22 25.41 72.61 25.90 6.35
124 2000 70.57 24.86 72.89 25.26 6.20

EE)177.4 172.4 keV-cs'

Atomic23.24. zWeight23.24. m
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AIP Conference Proceedings

L.C. Number ISBN

No.1 Feedback and Dynamic Control of Plasmas 70-14596 0-88318-100-2

No.2 Particles and Fields - 1971
(Rochester) 71-184662 0-88318-101-0

No.3 Thermal Expansion - 1971
(Corning) 72-76970 0-88318-102-9

No.4 Superconductivity in d-and f-Band Metals
(Rochester, 1971) 74-18879 0-88318-103-7

No.5 Magnetism and Magnetic Materials - 1971
(2 parts) (Chicago) 59-2468 0-88318-104-5

No.6 Particle Physics (Irvine, 1971) 72-81239 0-88318-105-3

No.7 Exploring the History of Nuclear Physics 72-81883 0-88318-106-1

No.8 Experimental Meson Spectroscopy - 1972 72-88226 0-88318-107-X

No.9 Cyclotrons - 1972 (Vancouver) 72-92798 0-88318-108-8

No.10 Magnetism and Magnetic Materials - 1972 72-623469 0-88318-109-6

No.11 Transport Phenomena - 1973
(Brown University Conference) 73-80682 0-88318-110-X

No.12 Experiments on High Energy Particle
Collisions - 1973 (Vanderbilt Conference) 73-81705 0-88318-111-8

No.13 T7T- Scattering - 1973 (Tallahassee Conference) 73-81704 0-88318-112-6

No.14 Particles and Fields - 1973 (APS/DPF Berkeley) 73-91923 0-88318-113-4

No.15 High Energy Collisions - 1973 (Stony Brook) 73-92324 0-88318-114-2

No.16 Causality and Physical Theories
(Wayne State University, 1973) 73-93420 0-88318-115-0

No.17 Thermal Expansion - 1973 (lake of the Ozarks) 73-94415 0-88318-116-9

No.18 Magnetism and Magnetic Materials - 1973
(2 parts) (Boston) 59-2468 0-88318-117-7

No.19 Physics and the Energy Problem - 1974
(APS Chicago) 73-94416 0-88318-118-5

No.20 Tetrahedrally Bonded Amorphous Semiconductors
(Yorktown Heights, 1974) 74-80145 0-88318-119-3

No.21 Experimental Meson Spectroscopy - 1974 (Boston) 74-82628 0-88318-120-7

No.22 Neutrinos - 1974 (Philadelphia) 74-82413 0-88318-121-5

No.23 Particles and Fields - 1974 (APS/DPF Williamsburg) 74-27575 0-88318-122-3

No.24 Magnetism and Magnetic Materials - 1974
(20th Annual Conference, San Francisco) 75-2647 0-88318-123-1

No.25 Efficient Use of Energy (1he APS Studies on
the Technical Aspects of the More Efficient
Use of Energy) 75-18227 0-88318-124-X
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No.26 High-Energy Physics and Nuclear Structure
- 1975 (Santa Fe and Los Alamos) 75-26411 0-88318-125-8

No.27 Topics in Statistical Mechanics aid Biophysics:
A Memorial to Julius L. Jackson
(Wayne-State University, 1975) 75-36309 0-88318-126-6

No.28 Physics and Our World: A Symposium in Honor
of Victor F. Weisskopf (M.I.T., 1974) 76-7207 0-88318-127-4

No.29 Magnetism and Magnetic Materials - 1975
(21st Annual Conference, Philadelphia) 76-10931 0-88318-128-2

No.30 Particle Searches and Discoveries - 1976
(Vanderbilt Conference) 76-19949 0-88318-129-0

No.31 Structure and Excitations of Amorphous Solids
(Williamsburg, VA., 1976) 76-22279 0-88318-130-4

No.32 Materials Technology - 1975
(APS New York Meeting) 76-27967 0-88318-131-2

No.33 Meson-Nuclear Physics - 1976
(Carnegie-Mellon Conference) 76-26811 0-88318-132-0

No.34 Magnetism and Magnetic Materials - 1976
(Joint M141-Intermag Conference, Pittsburgh) 76-47106 0-88318-133-9

No.35 High Energy Physics with Polarized Beams and

Targets (Argonne, 1976) 76-50181 0-88318-134-7

No.36 Momentum Wave Functions - 1976 (Indiana University) 77-82145 0-88318-135-5

No.37 Weak Interaction Physics - 1977 (Indiana University) 77-83344 0-88318-136-3

No.38 Workshop on New Directions in Mossbauer
Spectroscopy (Argonne, 1977) 77-90635 0-88318-137-1

No.39 Physics Careers, EiMploy nent and Education
(Penn State, 1977) 77-94053 0-88318-138-X

No.40 Electrical Transport and Optical Properties of
Inhomogeneous Media (Ohio State University, 1977) 78-54319 0-88318-139-8

No.41 Nucleon-Nucleon Interactions - 1977 (Vancouver) 78-54249 0-8 58-140-I

No.42 Higher Energy Polarized Proton Beams

(Ann Arbor, 1977) 78-55682 0-88318-141-X

No.43 Particles and Fields - 1977 (APS/I)PF, Argonne) 78-55683 0-88318-142-8

No.44 Future Trends in Superconductive Electronics
( harlottesville, 1978) 77-9240 0-88318-143-6

No.45 New Results in High Energy Physics - 1978
(Vanderbilt Conference) 78-67196 0-88318-144-4

No.46 Topics in Nonlinear Dynamics (La Jolla Institute) 78-057870 0-88318-145-2

No.47 Clustering Aspects of Nuclear Structure and
Nuclear Reactions (Winnepeg, 1978) 78-64942 0-88318-146-0

No.48 Current Trends in the Theory of Fields
(Tallahassee, 1978) 78-72948 0-88318-147-9

No.49 Cosmic Rays and Particle Physics - 1978
(Bartol Conference) 79-50489 0-88318-148-7
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No.50 Laser-Solid Interactions and Laser
Processing - 1978 (Boston) 79-51564 0-88318-149-5

No.51 High Energy Physics with Polarized Beams
and Polarized Targets (Argonne, 1978) 79-64565 0-88318-150-9

No.52 Long-Distance Neutrino letection - 1978
(C.L. Cowan Memorial Symposium) 79-52078 0-88318-151-7

No.53 Modulated Structures - 1979 (Kailua Kona, Hawaii) 79-53846 0-88318-152-5

No.54 Meson-Nuclear Physics - 1979 (Houston) 79-53978 0-88318-153-3

No.55 Quantum Chromodynamics (La Jolla, 1978) 79-54969 0-88318-154-1

No.56 Particle Acceleration Mechanisms in Astrophysics
(La Jolla, 1979) 79-55844 0-88318-155-X

No. 57 Nonlinear Dynamics and the Beam-Beam Interaction
(Brookhaven, 1979) 79-57341 0-88318-196-8

No. 58 Inhomogeneous Superconductors - 1979

(Berkeley Springs, W.V.) 79-57620 0-88318-157-6

No. 59 Particles and Fields - 1979 (APS/DPF Montreal) 80-66631 0-88318-158-4

No. 60 History of the ZGS (Argonne, 1979) 80-67694 0-88318-159-2

No. 61 Aspects of the Kinetics and Dynamics of Surface
Reactions (La Jolla Institute, 1979) 80-68004 0-88318-160-6
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No. 62 High Energy e e Interactions (Vanderbilt , 1980) 80-53377 0-88318-161-4

No. 63 Supernovae Spectra (La Jolla,.1980) 80-70019 0-88318-162-2

No. 64 Laboratory EXAFS Facilities - 1980 (Univ. of

Washington) 80-70579 0-88318-163-0

No. 65 Optics in Four Dimensions - 1980 (ICO, Ensenada) 80-70771 0-88318-164-9

No. 66 Physics in the Automotive Industry - 1980

(APS/AAPT Topical Conference) 80-70987 0-88318-1A5-
1

No. 67 Experimental Meson Spectroscopy - 1980

(Sixth International Conference , Brookhaven) 80-71123 0-88318-lb . 5

No. 68 High Energy Physics - 1980

(XX International Conference, Madison) 81-65032 0-88318-167-3

No. 69 Polarization Phenomena in Nuclear Physics -- 1980
(Fifth International Symposium, Santa Fe) 81-65107 0-88318-168-1

No. 70 Chemistry and Physics of Coal Utilization - 1980
(APS, Morgantown) 81-65106 0-8318-169-X

No. 71 Group Theory and its Applications in Physics - 1980

(Latin American School of Physics, Mexico City) 31-66132 0-8331G-170-3

No. 72 Weak Interactions as a Probe of Unification

(Virginia Polytechnic Institute - 1980) 81-67184 0-88318-171-1

o. 73 Tetrahedrally Bonded Amorphous Semiconductors 81-67419

(Carefree, Arizona, 1981) 0-88318-172-X

No.74 Perturbative Quantum Chromodynamics

(Tallahassee, 1981) 0-88318-173-8

No. 75 Low Eaer~y x-ray Diagnostics-1981
(,onterey) 81-69841 0-88318-174-6




