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Preface

The Fifth Topical Meeting on Short-Wavelength Coherent Radiation: Generation and Applications
was held in Monterey, California, April 8-10, 1991. This volume contains the papers delivered at
the conference, which chronicle the major advances in short-wavelength laser physics and technol-
ogy since the last meeting in this series in North Falmouth, Massachusetts in September 1988. These
proceedings are an important record of the rapid advances in this exciting field.

Ninety-eight scientists and students participated in the conference, which had representation
from North America, Europe, the Far East, and Australia. The number and diversity of contributions
to this conference series continues to grow. In keeping with past tradition, no sessions were held in
parallel. The number of oral presentations was kept to 39 in order to ensure adequate time for
discussion.

To accommodate the additional contributions there were 37 posters. These were presented in
two sessions and provided focal points for lively discussions at breakfast and between the oral
sessions. Included among the posters were nine postdeadline papers, representing last minute
advances in short-wavelength laser physics.

Short-wavelength coherent radiation generation is inextricably linked to high-intensity laser-
matter physics, and this meeting had more emphasis on the basic high-field light-matter interaction
than ever before. There were three sessions devoted entirely to this subject, with additional papers
on high-field technology and physics scattered throughout the meeting.

Since the last meeting inthis series in 1988, short-wavelength projection lithography has emerged
as an application of great potential commercial importance. In recognition of the broad connections
between short-wavelength laser sources and this new application, the fifth Short-Wavelength
meeting was held in conjunction with a special topical meeting on Soft-X-Ray Projection Lithog-
raphy. The lithography conference ran from April 10-12, and the overlap on Wednesday, April 10,
was a day ofjoint sessions between the two meetings. Some of that day's presentations are contained
in this volume; the rest are to be found in the OSA Proceedings on Soft-X-Ray Projection
Lithography, vol. 12.

This meeting required the efforts of many people. We particularly wish to express our appreci-
ation to the Technical Program Committee for their help and advice. The Optical Society provided
logistical support through their meetings department. We especially thank Barbara Hicks and Kevin
Fitzpatrick for their efforts. Alan Tourtlotte of the Optical Society directed the publication of this
Proceedings with great efficiency. Finally, we gratefully acknowledge the generous support of the
U.S. Air Force Office of Scientific Research, the Office of Naval Research, the U.S. Depatment of
Energy, the National Science Foundation, and the Optical Society of America.

Philip H. Buckesbum
University of Michigan

Natale M. Ceglio
Lawrence Livermore National Laboratory

xiii
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Towards Extreme VUV by Harmonic Generation
in Strong Fields

L. A. Lompre, A. L*Huillier, and G. Mainfray

Centre d'Etudes de Saclay, 91191 Gif-sur- Yvete cider., France

Abstract
Extreme VUV radiations may be produced by harmonic generation in rare gases

exposed to intense laser fields. Posibilities and limitations will be discussedi

1- Introduction
The absorption of a large number of photons by an atomic system may lead to very

interesting features, and significant advances have been made in this domain : above
threshold ionization, multiply charged ion production and more recently high order
harmonic generation. As far as harmonic generation is concerned, most of the
experiments in a gaseous medium use short incident wavelength in order to obtain the
shortest generated wavelength 1"5 . McPherson et a$4 have reported up to the 17th
harmonic in Ne (X - 15 nmn; 85 eV) using a KrF laser (X = 248 nm; 5 eV) for a laser
intensity of the order of 1016 W/cm2 . More recently, Sarukura et a15 using the same type
of laser but with a laser intensity of the order of 1017 Wjcm2 have observed the 23rd
harmonic in Ne and the 17th harmonic in He. But recent experiments have shown that
with a photon energy of 1.165 eV (YAG laser), it is also possible to generate short
wavelength through harmonic generation 6,7.

The purpose of the present paper is to discuss some VUV or XUV light emission
by harmonic generation in a rare gas medium irradiated by an intense 1064 nm laser
field. The main results obtained in the 1013-1014 W/cm 2 intensity range will be presented
in order to explain the main features which govern short wavelength production. The
different processes which may affect the harmonic production will be discussed, mainly
the Stark shift effect induced by the laser intensity and the limitation due to ionization of
the medium which occurs at such laser intensity and their consequences on the
propagation of the harmonics.

2- Experiment and main features.

The experimental setup has been described in details elsewhere6 ,7. A brief
description will be given here. The laser used is a 30 ps mode-locked Nd-YAG laser

Aw*egvi on W&awkma cohrew Rarim 2
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Short- Wavelength Coherent Radiation 3

operating at 10 Hz. It is focused into a vacuum chamber by a lens with a focal length of
200 mm. The gaseous target is provided by a pulsed gas jet. At 0.5 mm from the nozzle,
the gas density has been measured to be 15 Torr, for a baking pressure of 150 Torr8 . The
use of a gas jet limits the reabsorption of the VUV radiation and enables the detection of
very short wavelengths. The VUV or XUV radiation (350 - 10 rm) emitted along the
laser axis is analyzed by a monochromator. It is composed of a toroidal grating which
forms an aberration free image of the interaction region. The collection solid angle is
imposed by the grating size, not by the entrance slit. The VUV radiation is detected by a
photomultiplier or a windowless electron multiplier depending on the spectral range.

When a spectrum is recorded, several major points come out : (1) only odd
harmonics are observed. That is due to the fact that harmonics are created in an isotropic
medium with inversion symmetry which excludes even harmonics. (2) the maximum
number of harmonics created at the maximum laser intensity is strongly dependent on the
rare gas investigated: up to the 21st in Xe, 29th in Kr and 33rd in Ar. (3) other lines than
the harmonics seen in the first and second orders of the grating can be observed. They
correspond to fluorescence from discrete levels of excited atom or ion7. These
fluorescence lines can be easily resolved temporally and exhibits a significant delay with
the infrared laser pulse excitation, typically few tenths of ps.

Taking into account the efficiencies of the gratings and the detectors, harmonic
intensity distribution shows three different regions (Fig.1): a rapid decrease from the
third to the fifth or seventh harmonic followed by a "plateau' which extends differently
from one atom to the other, and then a cutoff. This is the first important observation on
harmonic distribution. The second one concerns the intensity dependences of the number
of harmonic photon. They behave as the number of ions versus the laser intensity. Fig.2a
and 2b show the intensity dependence of the seventh and 13th harmonics. The signal first
rapidly increases with the laser intensity then a saturation is observed when the medium
beomes ionized9 . It shows that the harmonic production is strongly influence by the

7$ H

Of Xe0 H, I
~/

_tA,

xo , loll $
10' , - . .. 0

3 7 I1 S 19 23 27 31 Ion 101i to, log 100 to.

w Order LASER NTENSITY 1w cma' LA.M$ PTOIsry (w .

Fig. 1 Fig.2a Fig2.b
Fig. : Harmonic distribution in Xe and Ar at 3 1013W/cm2 .
Fig.2 Intensity dependences of the 7th (a) and the 13th (b) harmonics in Xe.



4 Short- Wavelength Coherent Radiation

presence of ions in the interaction volume. This observation has been made for all the
harmonics in all the rare gases studied. Below saturation, the harmonics vary as some
power law of the laser intensity. The lower harmonics (q<9) vary as predicted by the
lowest perturbation theory. The I1th and the 13th harmonics exhibit a more complex
intensity dependence. The highest harmonics vary all in the same way approximatly as
the 12th power of the laser intensity. Table 1 summarizes the effective order of
nonlinearity determined by a least-square fitting procedure for the different harmonics in
Xe.
3- Discussion.

The theoretical interpretation of these experimental results has to take into account
two steps: (1) the determination of the photon spectrum emitted by an atom exposed to a
strong laser field, (2) the resolution of Maxwell equations using as a source term the sum
of the atomic dipole moments created in the medium10 . If the first step can be done by
solving numerically the time-dependent Schr6dinger equation, the second step points out
the importance of the phase relation between the different dipoles. In strong fields, phase
matching affects the conversion efficiency very strongly. But these phase matching
conditions are directly related to the behavior of the atomic medium towards the laser
intensity. Two important consequences of the medium properties will be discussed now :
AC Stark shift effects on harmonic production, and the limitations due to ionization of
the medium.

3.1- AC Stark shift effects.
One question we may ask is the following : 'What could explain the behavior observed
on harmonic intensity dependences ?'. In fact, the laser intensity used for these
experiments is of the order of 1013 W/cm2 . At such a laser intensity, we have to take into
account the AC Stark shift of the atomic levels. If we assume that the AC Stark shift is
directly correlated to the ponderomotive shift given by Up= 9.33 10-14 I(Wjcm 2 ) X2 (pm),
then at 1013 W/cm 2 and X - 1.064 pim, Up = I eV, close to the photon energy (1.165 eV)
for the YAG radiation. The shift of the Rydberg levels has been directly measured for a
laser intensity of 1010 W/cm 2 and shows lower shift values 11. Indirect measurement
through electron energy reveals that all the levels are shifted as the ionization potential 12.
But, whatever the exact value of the Rydberg level shift is, it leads to resonance effects
which have to be considered. It is well known that resonances will affect the ion
production, and consequently the harmonic production. In the Xe atom case, the first
possible resonant statc will require a minimum of 9 photons. Resonances are then
expected to take place at 9, 10, 11 and possibly 12 photons. Consequently we may expect
that for the lower harmonics (q<9) resonances would not play any role, which means that
the behavior will be as expected (Iq). For the I1th or 13th harmonics, due to resonances
we may expect some influences from the resonances : slopes are not any more reflecting
the Iq power law (as shown in Fig2b and Table 1). For higher harmonics, it will be very
difficult to predict what could be the intensity dependence : the value of the slopes is
meaningless 13. Futhermore, as for resonant electron production, in the interaction region,

Table I. Iiarmonle Power Lawe

3 5 7 9 II 13 II 17 19 21

3.3 0.2 6 *0.5 7.5.0.7 8,3A 0.7 7,7 *0.7 5.3 *0.6 11.7 * 0.7 12.51 13*1 12.5 *1
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when the laser intensity is increased, the different region of the interaction region would
not experience the same laser intensity, and therefore will contribute differently to
harmonic production and phase matching because the suceptiblity in the vicinity of a
resonance will change dramatically 14. A carefull treatment of such a behavior will be
very difficult but must be taken into account in any theoretical treatment.

3.2- limitations due to ionization.
As mentioned previously the intensity dependences of the harmonics show a clear

saturation when the laser intensity is increased above a given value which corresponds to
the saturation of the ionization. This information is important because it clearly shows
that the ionization strongly influences the harmonic production, but it may have two
possible explanations. Either the harmonic production efficiency is much smaller in an
ionized medium than in an atomic medium via the relative susceptibilities which could be
different, or the presence of the free electrons in the interaction volume seriously affects
the phase matching conditions. The contribution of the free electrons will introduce a
positive phase mismatch changing the propagation conditions. Unfortunatly, the
experiment does not allow to conclude which effect is the major one. But this limitation
due to ionization have an important consequence. The harmonic distributions, as in Fig.1
show a clear cutoff. Similar distributions were obtained in Xe and Kr for different laser
intensities. Fig.3 shows the maximum number of harmonics detected, plotted versus laser
intensity for Xe, Kr and Ar. It appears clearly that, for each rare gas, when the laser
intensity is below the saturation intensity, experimental cutoff points lie on the same line,
independently of the gas considered. The maximum number of harmonics which can be
generated is only intensity dependent, while the conversion efficiency depends on the
atom. When the laser intensity is higher than the saturation intensity, the maximum
harmonic order stops increasing, indicating that ionization of the medium perturbs the
harmonic production or its detection. This observation confirms that the harmonics are
mainly created in an atomic medium and not in an ionic medium. Let us point out that in
the case of Ne or He, which have much higher saturation intensities, of the order of 5
1014 W/cm 2, an extrapolation of the curve shown in Fig.3 "predicts" the creation of
greater number of harmonics.
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4- Experimental results in Ne at 5 1014 W/cm 2 . Conclusion.

Fig.4 shows a very recent experimental result obtained in a 15 Torr of Ne, at 5 1014
W/cm2 , using a picosecond Nd-Glass laser system developed in our laboratory. The laser
wavelength is 1053 nm and the system may deliver up to 1 J in 1.2 ps 15 . Only a fraction
of this energy has been used (25 m J) for avoiding damaging of the VUV grating of the
monochromator. After a rapid decrease for the first harmonics (up to the 1 3th harmonics
where resonances may begin to play a role), there is a slow decay of the relative
harmonic amplitude extending up to the 53rd harmonic (62 eV, 20 rn). These
preliminary results are encouraging because one may expect to reach shorter wavelengths
and higher efficiencies by increasing laser intensity. But it appears that effects such as
AC Stark shifts (dynamic resonances), ionization or Kerr effects (which has not been
discussed in the present paper) may influence considerably the production or the
propagation in the medium of very short radiations in the XUV domain produced by
harmonic generation in rare gas in intense laser fields with a photon energy of around
leV.
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1 Abstract

We report both theoretical calculations and experimental observations of second harmonic
(SHG) and third harmonic generation (THG) in long scale-length underdense plasmas. Sec-
ond harmonic generation, normally forbidden in a uniform plasma, is allowed by a radial
electron density profile that results from the laser-intensity dependent ionization. Experi-
mental measurements of the scaling of the harmonics with density and laser intensity are
presented.

2 Introduction

Modest power lasers interacting with a neutral gas have been observed to produce coherent
harmonic radiation (up to the 6 1"t harmonic) at odd multiples of the fundamental laser
frequency[l]. This is a result of the laser field causing the bound electrons to oscillate in the
anharmonic atomic potential. Increasing the fundamental laser intensity, however, leads to
ionization of the gas and to the production of unbound electrons. Multiphoton ionization
in the long wavelength, high intensity tunneling limit may also lead to harmonic generation
[2]. A very high-power laser interacting with a fully ionized plasma, however, may lead
to the generation of large levels of coherent radiation at high harmonics (including even
harmonics) of the incident laser frequency based on an entirely new mechanism. If the
laser pulse is sufficiently intense, the plasma electron mass becomes modulated because of
nonlinear relativistic effects (3]. We describe in this paper the theory and some experiments
in which we may have observed signatures of these mechanisms.

3 Theory

The theories of harmonics produced by lasers interacting with neutral gases and by tunneling
ionization of gases are both given elsewhere [1] [2]. We will therefore only outline in this
section the theory of harmonic generation by high intensity lasers interacting with a plasma.

3.1 Relativistic Harmonics

When a laser beam interacts with a fully ionized plasma, the intense electric field of the
laser beam causes the plasma electrons to oscillate at the fundamental frequency of the

Procelhug on Shmrt- Wawknph Cobtre Raimo 7
VOL 11, Philip H. Acwbaa and Natale M. Ceglio (edL)
0 1991 Optical Society qtAmerica
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laser. As the laser intensity increases, the electron quiver motion develops higher harmonic
components due to nonlinear relativistic effects. The process by which relativistic effects
produce coherent harmonic radiation may be understood by a simplified single-particle
model. This model includes only the effects of the relativistic electron quiver motion.
Other effects, such as the plasma density response, will be neglected. A linearly polarized
laser field will be assumed, al(z,t) = &I sin 'ey, where a = eA/mc2 is the normalized vector
potential and k = kz - wt, where k and w are the wavenumber and frequency of the laser
field.

In the single-particle model, the transverse plasma current is J, = -enVq, where v, is
the relativistic electron quiver motion and no is the ambient plasma density. In the ID limit,
vq = cal/7.L, where 7j. = (1 + a2)112 is the relativistic factor associated with the transverse
electron motion. This expression for J, acts as the source term in the wave equation which
drives the harmonic radiation, (V 2 

- a2/c2 8t2 )a = S, where

i sin 1I + a' sin 2

and wpo = ckpo = (4re2no/m)1/ 2 is the plasma frequency. In the limit a2 << 1, the
denominator in the source term S may be expanded and the component driving the £1I

odd harmonic (wj = tw) may be determined. For example, the ratio of the third harmonic
power to the fundamental is P3 /P = (&2k 2Lp/16k)

2 =_ R3,, where Lp is the laser-plasma
interaction length. In the single particle limit, P 3 - n~I3, where I (,- a') is the incident
laser intensity.

3.2 Collective Effects

The single-particle model assumed that the plasma response is dominated by the electron
o'tiver motion. This is an oversimplification and collective plasma effects, i.e., the plasma
t - sity response, cannot be neglected. Including the density response, 6n(z,t), in the
transverse current, gives J.± = -e(no + 6n)vj.. Letting vi. = vq gives S = k 2a(1 + 6n/no-
42/2), where the term a2/2 arises from expanding the relativistic factor. Using 1D cold
fluid theory, the density response Sn(z, t) may be calculated, giving

s k2 a, Sin 0(1iL,+ 3 WO a cos 20)o 4 1-6 2 '

Hence, the effect of including the density response is to reduce [3] the source term for the
third harmonic, - exp(-3iiO), by the factor 3w'o/4W2 << 1 as compared to the single
particle model. The power in the third harmonic will be reduced by the square of this
factor, P3 /P = R,(3k2/4k2 )2. Hence, in the ID limit, P3  n~J3 . Physically, this

reduction arises from the longitudinal ponderomotive force, F, - -V~a 2. This modulates
the density, bn/no , exp(-+2i0b), in such a way that it nearly cancels (to order 2o/ 

2 ) the
contribution from the relativistic factor, a2 /2. In the absence of the space charge potential.

-o - 0, this cancellation is exact and no third harmonics are generated in the ID limit.

3.3 3D Effects

When a laser pulse interacts with a plasma with finite radial density gradients, harmonics
are also generated at even multiples of the incident laser frequency. Radial density gradients
arise when a Gaussian laser pulse produces intensity-dependent ionization of a neutral gas.
Electrons undergoing quiver motion in the presence of a density gradient produce density
oscillations of the form 6n, - & sin 0. Vin/k. This produces a source current S2 =
k2o(6n, /no)4 sin io which drives the second harmonic radiation. For a broad laser profile,

I PIIo
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Figure 1: Spectrum of SHG signal in the forward direction from hydrogen, p = 1 Torr, with
w pulse energy - 200 mJ; the frequency-shift is due to rapid ionization of the gas. The
reference spectrum was obtained from a doubling crystal.

1/kr0 << 1, where ro is the radial dimension of the laser field, the power in the second
harmonic scales as P2/P - (&lk2 L /k 2 ro)2. Hence, P2/P - n 2 2.Furthermore, radial
density gradients also produce additional source currents which drive the third harmonic
radiation. In the limit r.kyo << 1, the 3D terms dominate the ID term and the power in
the third harmonic scales as P3/P1 - Rp(1/k2r2) 2 and, hence, P3 " no2I

3 .

4 Experiment

In order to study harmonic generation, laser pulses from a glass laser of wavelength 1.053
pm, up to 200 mJ in energy, and 1 ps FWHM in duration were focused into a backfilled
vacuum chamber using an f/16 lens. The w light-after passing through the chamber-was
blocked, first by an HR mirror, followed by two IR. filters. The spectrum of the SHG in the
forward direction was recorded by a 1/3 m spectrometer coupled to an optical multichannel
analyzer with an intensified linear photodiode urray. The resolution of the system was
estimated to be , 1.6 A.

Harmonic generation was observed from various plasmas: hydrogen, helium, and nitro-
gen. The SHG spectrum for a hydrogen plasma is shown in Fig. 1, with a reference 2w
spectrum obtained using a frequency doubling crystal. The scalings of SHG and THG with
gas pressure and intensity. shown in Fig. 2, were measured with a photomultiplier tube and
appropriate band-pass filters.

4.1 Preliminary Analysis

The frequency shift and broadening of Fig. 1 may be explained by the rapid change of
the index of refraction during the ionization of the gas [4]. The neutral gas density no is
assumed to be linearly proportional to the pressure through the ideal gas law, p = nkT.
The electron density ne is assumed to be a large fraction (n,/no > 0.1) of no. Calculations
indicate that tunneling ionization is the dominant ionization mechanism. Ignoring colisional
damping for the low pressures considered here, the index of refraction of the plasma is
n' = I -top(t) 2/w2 = I - (47rne(t)e2/m)/W2, where the electron density ne(t) increases with
time during the risetime of the laser pulse. The frequency shift due to this index change
can be written as AA/A = -Aw/w = (z/c)dn/dt, where z is taken to be the Rayleigh range
of the laser focus. For X = I pm, z = 1 cm, and supposing that ne(t) increases from 0
to 1016cm - 3 within 100 fs, then we would expect AA , 1 A. The shift in SHG spectrum
is assumed to be induced by the shift in the laser and the cross-phase modulation by the
laser, which is in approximate agreement with the observed frequ( y shift.
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Figure 2: Scaling of SHG and THG in a hydrogen plasma. (a) Scaling of SHG with intensity
for fixed pressure. At iow laser intensity, the SHG scales as P2 cc 110. At higher laser
intensity, far above the ionization threshold, the SHG scales as P2 cc 1.. (b) Scaling of
SHG with pressure for fixed intensity. (c) Scaling of THG with intensity for fixed pressure
agrees with the prediction, P3 cc 13, at intensities above the saturation threshold. (d)
Scaling of THG with pressure for fixed intensity. The measured scalings of the SHG and
THG with pressure shown in (b) and (d), P 2,3 - p2, are identical to the predicted scalings.

We also measured the polarization of SHG and THG. For linearly polarized laser input,
the ratio of SHG parallel with the laser to perpendicular SHG was about 10:1. The THG
was parallel with the laser. However, whereas circularly polarized laser light was found to be
more efficient (a few times higher) in producing SHG than linear polarization, it produced
no THG (the signal was about 2 orders of magnitude smaller than the linear polarization
case, which we attribute to imperfect circular polarization produced by the waveplate). As
shown in Fig. 2(a), the scaling of the SHG at low intensities agrees with the prediction of
Bethune [5], in which P2 would scale with intensity approximately as the number of photons
required to ionize Hydrogen ('- 10). In this case. the origin of the SHG is attributed to
electric-field-induced third-order mixing, driven by charge separation, arising from either
the initial kinetic energy of the ejected electrons, observed by Malcuit, et al. [5], or by the
ponderomotive force of the laser, observed by Augst, et al. [5]. At higher laser intensity, far
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above the ionization threshold, the SHG scales as P2 cc P -5. The THG also scales differently
above the saturation intensity threshold than below it; above it scales as predicted by the
theory of Sec. 3, P3 x 13. Finally, it is predicted that odd harmonics may be driven by
nonlinear currents due to multiphoton ionization [2], and-although nc theory has yet been
done to treat this case-it is possible that a density non-uniformity may allow for SHG
as it did in the theory of Sec. 3.3. In order to unambiguously determine the importance
of this competing mechanism, experiments are under w-y in which the the plasma will be
produced with a pre-ionizing laser pulse.
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ABSTRACT

Two-photon resonant, difference frequency four wave mixing using the 5pj12 (J=0) level
in krypton has been performed to generate tunable VUV radiation for photoabsorption
measurements of oxygen resonances in the 1200 - 1300A region. This has yielded the
highest resolution spectra to date of the E3Zu- - X3 ,g- (0-0) bands in 1602, 1802 and
160180. Striking differences in the appearance of rotational structure between the isotopic
species are observed, in some cases for the first time.

INTRODUCTION

Previous VUV high resolution absorption and photo-dissociation studies of molecular
oxygen in our laboratory have used stimulated anti-Stokes Raman scattering to produce
tunable VUV radiation(1,2). However, such studies are limited in practice by low
conversion efficiencies to wavelengths >1500A i.e. the Schumann-Runge band and
continuum region.

In the present work, use is made of the versatility of four-wave difference-frequency
mixing in krypton to generate radiation over a more extensive range of VUV wavelengths
down to the LiF window cutoff (1050A). This technique enables high resolution (-0.15
cm- 1 ) spectroscopy of oxygen below 1300A i.e. the band systems in the window region of
the 02 spectrum. The present work is concerned with obtaining absolute cross sections of
photodissociating resonances in the 1200 - 1300A region (3) which have been measured
previously using conventional monochromator techniques to a resolution of - 3cm-1 (4,5).

EXELRIMENI

The present experiment used the excimer pumped, dual dye laser system described at the
1988 Short Wavelength meeting(6 ) (fig. 1). The first dye laser was operated at 425.1nim
and was frequency doubled using BBO to produce 2(o radiation two-photon resonant with
the 5p(1/2) (J=0) level in krypton. The second laser (Rhodamine 700) was difference
frequency mixed with the 212.55nm radiation to generate VUV radiation in the 125.3 -
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123.8nm region. This technique has been proposed( 7 ) and demonstrated( 8 ) elsewhere to
generate other VUV wavelengths, but is used here to generate radiation in this region for
the first time.

The generated VU.V radiation was filtered by a monochromator and passed through an
oxygen absorption system used previously(l). Scans were taken using a monitor
photomultiplier prior to the oxygen cell to remove shot-to-shot VUV intensity fluctuations.

I trigger line

P111'4mm r boxia

High resolution scans were obtained of the longest (1244A) oxygen band in the Tanaka
grsin at low (<0.1 tort) pressures for which pressure-broadening is negligible. Forhp ecaCin fig. 2 showed smooth P and R branches with no rotational structure.

which were identical with spectra obtained previously by conventional techniques(4 ) and
were in good agreement with theowy( 4 ).

However, the measured cross sections using isotopic 1802 revealed detailed rotational
and fine-structue (fig.3) which had been observed previously only by photographic

techniques(9 ). The triplet fine-structure in the R branch shown in more detail in fig. 4.
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Figure 4. Detailed triplet structure in the R-branch of fig.3.

The spectra obtained using 160180 revealed even more striking structure (fig. 5) on a
wavelength scale much smaller than for 1802. The structure at low rotation near the band
head shown is the narrowest of the three isotopes studied. The poor signal to noise ratio is
mainly caused by the reduction of the data from spectra which include overlying
contributions due to the other isotopic constituents.
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Figure 5. The same band showing frner structure for 160180.
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THEORETICAL PREDICTIONS

Our measured absolute cross-sections for the isotopic species were again in good
agreement with theoretical predictions obtained using coupled Schrodinger equation theory.
This theory used diabatic potentials to model the E3yu- - X3y- - absorption bands of 02
which are predissociated and asymmetric due to strong electromc interactions between the
valence and Rydberg 31u- states. The resultant effects are highly dependent on the
isotopic species, with small changes in the rovibrational energy levels producing large
changes in the rotational linewidths. These linewidths were measured experimentally for
the first time here due to the use of these high resolution, nonlinear laser techniques.

3.0 I

2.5 I from4P 1 3

-! 0 from R3

E 2.0
I It

- 1.5-

1.0

0.5 -

0.0 I III I
8 12 16 20 24 28

N'

Figure 6. Rotational lincuidths for 1802 showing experimental values.

The triplet fine structure observed in the 1802 spectrum exhibited a marked variation in
linewidth with rotational quantum number. The R branch linewidths shown in the fig. 6 (as
well as those of the weaker NP1 3 transition) reveal a pronounced non-zero minimum at N'
= 22. The non-zero linewidth minimum is due to an orbit-rotation interaction between the
E3 Eu- and 3 lu- states. Both contributions to the linewidth are well predicted by the
theoretical model.

CONCLUSIONS

The four-wave, difference-frequency mixing technique has proved versatile in the
generation of high resolution, high signal-to-noise VUV spectra which will have wide
applicability in future gas phase molecular spectroscopy. The novel features associated
with rotational fine-structure observed in the isotopic spectra of the oxygen bands in the
1200 - 1300A window region demonstrate the usefulness of this technique.
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Abstract

A system using only one tunable dye laser has been constructed for
generating efficient vacuum ultraviolet (VUV) radiation by near
resonant third-order frequency mixing, oyvjv = 2oiuv - wyj, in krypton
(Wvuv, ouv and wut are the frequencies of vacuum ultraviolet,
ultraviolet, and infrared radiation respectively). Enhancement effects
on the generation efficiencies using various intermediate resonances
and phase matched mixtures of rare gases have been investigated. This
instrumentation and the schemes can be used to generate hydrogen
lyman-a at 1215.6 A and helium is 2 - ls2s 1S two-photon resonance
radiation at 1202.8 A.

Introduction

Since the earliest nonlinear frequency mixing experiments by New and
Ward [1,21, many efforts have been made to develop mixing schemes for
generating vacuum ultraviolet (VUV) radiation in gases and vapors [3-
61. Among the well-established techniques are the use of intermediate
resonances and the use of phase matching of the nonlinear media [3,41.

In this paper, we discuss a simple system (one dye laser and one
pumping laser) constructed for generating tunable VUV radiation
suitable for high resolution spectroscopy. Our special considerations are
focused on the capability of generating hydrogen lyman-a at 1215.6 A
and helium two-photon excitation radiation at 1202.8 A, and on the
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capability of monitoring both the intensity and the wavelength of the
generated VUV radiation for precision spectroscopy. Third-order sum-
difference frequency mixing, covuv = 2couv - couR, is used to generate the
VUV radiation in rare gases of Kr, Xe, and Ar. The input UV frequency
is tuned near, but not on, two-photon intermediate resonances (Kr: 4p -
5p) to enhance the nonlinear susceptibility X3, and to provide the
tunability of the VUV radiation. The optimal phase matching condition
is achieved by mixing two oppositely dispersive gases.

Apparatus

Fig. la shows a parametric sum-difference frequency mixing process,
covuv = 2ouv - corn, using the near resonant enhancement (4 p - 5p) in Kr.
In the scheme shown in Fig. 1b, the input UV radiation in the region
from 2125 A to 2167 A is produced from the dye laser (LDS 867 dye)
radiation by two successive doubling processes in nonlinear crystals
(KDP and BBO). In another scheme, the input UV radiation in this
region is produced by summing the Nd: YAG fundamental at 1.06 P
with doubled dye laser (Fluoresein 548 dye) radiation. The input IR
radiation for the two schemes is a part of the radiation from either the
YAG fundamental or the fundamental of the dye laser.

IComputer or L. Waverneter or

o = 5p Oscilloscope M Interferometer

COWV 864 nm 1 6 tu

0 v  N d Y GD y e LI E r

couv VUV UV&IR

,r4p Gnrto

(b) SysmCeU(a)

Figure 1. (a) Near resonant sum-difference frequency mixing, owjv =
2cuv - corn, in Kr (4p - 5p). (b) Schematic block diagram of apparatus
for generating VUV radiation by sum-difference frequency mixing.

Since near resonant schemes are used for the generation of tunable
VUV radiation, only one tunable dye laser is needed in the above
parametric processes, covuTv = 2couv - comr. This allows the output VUV
wavelength and the linewidth to be conveniently monitored during the
experiment by measuring those parameters of the input tunable
radiation. The generated VUV radiation is separated from the input
UV and IR radiation by a dispersive lens mounted off the center axis. A
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knife edge in the focal plane of the VUV allows all the generated VUV to
pass through into the detector system, and blocks the remaining input
UV and IR radiation. The detector system consists of a NO ionization
tube and a PMT mounted to a 0.2 m monochromator. The absolute
intensity is determined by measuring the NO ion current. A wavemeter
and an Fabry-Perot interferometer are used to monitor the wavelength
and linewidth of the driving fundamental radiation.

Results and Discussions

In addition to the dependence on the input UV and IR powers, the
generated VUV power for sum-difference frequency mixing (ovu v =
2(Ouv - cout) is given by (7]:

Pvuv , [X(3)]2 N2 e I NCb, (1)

where XM3) is the third-other susceptibility, N is the number density of the
medium, b is the confocal beam parameter, and C (= Ak/N) is the
wavevector mismatch (Ak) per atom defined as:

C = [kvuv - (2kUv - km)] / N. (2)

VUV radiation from 1180 A to 1240 A has been generated using
different intermediate resonances in Kr (4p - 5p). The experimental
results (TV to VUV conversion efficiencies) are presented in Table 1 for
on resonance sum-difference generation using pure Kr and the mixture
of Kr and Xe. At each resonance, the input IRl radiation is taken from
either the YAG fundamental or the dye laser radiation. An
enhancement factor of 2 - 10 has been obtained at different VUV
wavelength by phase matching two oppositely dispersive gases.

Table 1 Absolute conversion efficiencies from UV to VUV at
different Kr intermediate resonances. (a) in pure Kr; (b) in
mixture of Kr and Xe. Puv = 10 kW, Pu = 1 MW.

Resonance [5/2,21 [3/2,21 [1/2,01
VUV Wavelength (A) =206 1238 1194 17 1181 1215

Peak pressure (torr) 29 4 -2 2.5 10 14
Efficiency (a) (10-) 100 12 55 2 12 6
Efficiency (b) (10-) 200 N.A.* N.A.* 2D 30 30

* Not Applicable (both Kr and Xe are positively dispersive)

We have measured the dispersive properties of Kr gas and found they
agree with the theory very well except when the output radiation is
within - 2 A of a resonance in the nonlinear medium. The VUV power
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dependence on the gas pressure is shown in Fig. 2. At 1215 A, the
wavevector mismatch per atom is experimentally determined to be CE,,p
= -1.1 x 10 -17 cm 2 , which compares favorably with the calculated value of
Ccd = -1.0 x 10-17 cm 2 [8,91. However at 1238 A, which is close to the first

excitation line (Kr 4p - 5s) at 1236 A, CE, = 4 x 10-17 cm 2 , while Coal = 19
x 10 -17 cm 2 [8,9]. The rapid change of the dispersion characteristics
around this excitation line, and the possible line shift due to the AC
stark effect are partially responsible for the above large discrepancy.

1.4 ..... ...................
12-o1238 A 100o 1215 

0 0.0 o.o . . ..... ..

0 10 20 30 40 50 1200 1202 1204 1206 1208
Krypton Pressure [ tort] Wavelength [A ,I

Figure 2 The VUV power dependence Figure 3 The VUV power versus
on the krypton gas pressure at 1238 the wavelength near Kr 4p - 5pI and 1215 A. [5/2, 21 resonance.

Several schemes in Table 1 can be used to generate the radiation at
1202.8 A and 1215.6 A by tuning the input UJV off the exact resonance.
The conversion efficiencies in pure krypton are much less for the off (but
near) intermediate resonance situation than for the on resonance
configuration. However, the enhancement due to phase matching is
much higher for the off resonance situation. Fig. 3 displays the relative
efficiencies from 1200 A to 1208 At when the UV frequency is tuned on
and near resonance 4p - 5p [5/2, 21 in Kr. The input IR radiation is kept

fixed (from YAG 1.06 .). We can see that when the input UV is tuned
away from the exact resonance by 70 cm-1 , the efficiency could drop as

much as two orders of magnitude. At resonance, 320 W VUV radiation
(1206 A) was obtained in the phase matched mixture of Kr and Xe using
120 kW input UV This conversion efficiency is less than we would
expect, indicating possible saturation effects. For the off resonant
situation, e.g. at 1203 A (225 cm "1 off resonance), 80 W VUV has been
generated in the mixture of Kr and Xe with 200 kW input UIV (the above
phase matched results are represented by "*" in Fig. 3). Similarly 40 W(-1011 photons/pulse) at hydrogen lyman-a radiation of 1216 A (650 cm 1

off resonance) has been generated with 100 kW input UV radiation in a
phase matched medium. Proper phase matching of the Kr and Xe gases
with opposite dispersion provides an enhancement of more than two
orders of magnitude for the non-resonant generation scheme. The
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enhancement for resonant up conversion was never more than a factor
of 10. Ar and Kr, having opposite dispersion in this region, have also
been used in the experiment to enhance the conversion efficiency.

Conclusion

Operating near, but not on, intermediate resonances allows an efficient,
tunable system with only one tunable laser. The use of phase matching
with a mixture of rare gases raises the off resonance conversion
efficiency to within an order of magnitude of the saturated on resonance
value. Both the intensity and the wavelength of the generated VUV can
be controlled with this system. The schemes of using the dye laser
radiation to provide the input ER radiation and also to produce the input
U'7 radiation (in nonlinear crystals) can be applied to the Ti: sapphire
laser system, which has a maximum efficiency at 840 nm [101.
Experimental results provide useful information for generating 1202.8 A
and 1215.6 A radiation for spectroscopy applications. This work was
supported by the National Science Foundation.
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Spatial Distribution of High-Order Harmonics
Generated in the Tunneling Regime
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ABSTRACT

High-order harmonic production in a jet of krypton or xenon gas is studied using a
1.053-gm wavelength laser. All the harmonics in the 9th to 31st range display
approximately equal angular widths with cone angles that are approximately half that of the
laser. Lowest order perturbation theory predicts the angular widths to decrease with
harmonic order N as N'112.

The study of highly nonlinear processes in an intense laser field has become a topic of great
interest. Among the possible effects is harmonic production of the laser field. In atomic
gases the dipole approximation predicts the presence of only odd harmonics. We have
studied the angular distribution of high-order odd harmonics (9th through 31st) and we
find the results to be inconsistent with predictions of lowest order perturbation theory
(LOP'). As expected, the harmonics are present when linearly polarized light is used and
absent with circularly polarized light

General features of the harmonic spectra are in agreement with previous experiments. A
plateau in the intensities of the 9th through 31st harmonics is observed with a cutoff at the
23rd harmonic in xenon and the 31st harmonic in krypton. This is similar to the plateau and
cutoff, which have been observed previously by several groups [1-41. The laser intensity
required to produce high-order harmonics is consistent with the findings of these other
groups.

The laser used for these experiments is a Nd:glass laser, which uses the chirped pulse
amplification and compression technique to produce high-intensity 1-ps laser pulses. It has
been described in detail elsewhere [5,61. Using f/20 optics (60-cm focal length lens)
intensities ranging from 1013 to 1015 W/cm 2 were obtained. We have previously
performed low gas density experiments to measure the degree of ionization versus laser
intensity [7,81. These experiments show that intensities of 1015 W/cm 2 are sufficient to
produce Xe5+ and Kr'+ in the absence of collisions. The laser has also been operated in a
more conventional manner with a bandwidth limited 55-ps pulse and focused intensities in
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the 1014 W/cm 2 range. The maximum charge states obtained with this pulse were Xe5

and Krt .
The harmonics are produced in a jet of krypton or xenon gas. The gas is introduced into

a vacuum chamber using a Lasertechnics model LPV pulsed nozzle. The nozzle is directed
into the mouth of a 2-in. diffusion pump, which keeps the chamber pressure from rising
above 10-5 Ton when the jet is fired. The laser is focused approximately 0.5 mm from the
nozzle opening. Two nozzle sizes were used: 1000 pim and 300 gtm. No harmonics were
seen with the 1000-ptm nozzle since the confocal parameter of the laser was less than the
width of the jet. Phase-matching conditions for harmonic generation require the interaction
length to be less than the confocal parameter of the focused beam (9].

The backing pressure for the gas jet is approximately 1 atm. Xenon and krypton can
form dimers at these high pressures resulting in a broadband fluorescent emission, which
spans the wavelength range of the harmonics [I]. This signal cannot be detected with our
spectrometer since its low collection efficiency reduces the signal-to-noise ratio to the point
where the fluorescence light has an intensity at or below the noise level.

The spectrometer used in these experiments is shown in Fig. 1. It consists of a slit with
approximate dimensions of 100 gim x 2.5 cm followed by a bare gold wire transmission
grating. The slit is aligned to be parallel to the grating wires. The grating consists of
0.5-ptm diam gold wires, which are separated by 1 pim (center to center). Following the
grating is a microchannel plate (MCP) image intensified phosphor screen (Galileo model
8081). The MCP intensifier is not UV enhanced so it cannot detect harmonics lower than
the ninth. The screen is positioned colinearly with the laser beam. The light incident on the
slit and grating is dispersed by the grating and produces spectral lines on the phosphor
sreen. The spectral content of the light can be measured in the direction perpendicular to
the grating fines and the angular distribution of the harmonic lines can be measured parallel
to the slit. Thus we simultaneously obtain information about the spatial distribution as well
as the spectral content of the light

Laser and i

harmonic MCP screen
d Grating -- 0

~Slit

Gas jet
ESN3

Figure 1. The spectrometer configuration. Laser and harmonic signals pass through a
100-pLm slit and are dispersed by the gold wire transmission grating. The spectral lines are
detected with an MCP intensified phosphor screen. The frequenc) spectrum is measured in
the vertical direction and the angular distribution is measured in the horizontal direction.
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Measurements of the harmonic distribution have also been done with the slit and the
transmission grating removed so that the laser and harmonic beams directly strike the
surface of the MCP. We were able to compare the spatial distribution of the harmonics to
that of the laser by pulsing the gas jet on every other shot. Although the MCP is not
sensitive to 1-gim wavelength light we were able to see a signal from the laser itself by
increasing the bias voltage on the plates from 1.0 kV to 1.8 kV (a gain increase of -1000).
The extremely high intensity of the laser was sufficient to create a small signal. When the
slit and transmission grating were in place, however, the laser beam alone would not create
a signal on the MCP using comparable voltages. This is due to the large amount of
1.053-lim light, which is reflected by the grating.

A calibration of the gas pressure at the laser focus was performed by measuring the
visible light emission perpendicular to the direction of laser propagation. The backing
pressure of the jet was varied and the scattered signal measured. The entire chamber was
then backfi'led to various pressures, which produced similar signal levels. The spatial
extent of the gas is clearly less in the case of the gas jet, which means there are fewer atoms
from which the light can scatter. If low laser intensities are used, however, most of the
scattered light will come from a very short region near the beam waist so the back-filled
chamber should give only a slightly larger signal than the gas jet would at equal pressures.
We estimate the output pressure of the gas jet at the laser focus to be -5 (x 311) Tort
(particle density = _-10 7 cm'3).

The angular distributions of some harmonics is shown in Fig. 2. The peak heights have
been normalized so that their widths can be compared. The small spatial structure could be
due to many things such as defects in the grating or MCP, density variations in the gas jet,
structure in the incident laser beam, or harmonic generation due to resonance effects. Some
of these effects could be reduced by signal averaging, but the harmonics in Fig. 2 represent
data from a single laser shot We do not yet know if the structure is a significant feature of
the data shown.

Fourier transform methods can be used to calculate the beam profile at the focal and
detector planes f 10,11] (if cylindrical symmetry is assumed, Hankel transforms are used).
A comparison of the calculated and measured focal spot sizes suggests a nearly diffraction-
limited spot size. If the harmonics are assumed to have an IN dependence as predicted by
LOPT, the spatial distribution of the harmonics at the focal plane can be calculated by
raising the laser beam profile to the Nth power. The beam profile at the detector can then be
calculated by performing an inverse Fourier transform. The results of these calculations are
shown in Figs. 3-5, which assume (1) a Gaussian beam (Fig. 3); (2) a super-Gaussian
(Fig. 4); and (3) a circular ring shape at the focus (Fig. 5), which would be the case for
resonant harmonic production due to atomic levels being Stark shifted into resonance.

Clearly the LOPT prediction does not coincide with the experiment. Even though a
Gaussian shape for the incident laser beam is not a realistic representation of the actual
beam profile, almost identical results are obtained by using a super-Gaussian of the form:
expI-laxtan(O)14). The "best-fit" width to the curve is obtained with the value a = 50. The
super-Gaussian laser beam profile shown here is at the plane of the MCP detector
approximately 60 cm from the focus.
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Figure 2. Experimental measurement of Figure 3. Lowest order perturbation
the spatial extent of high harmonics theory prediction of the spatial extent of
relative to that of the incident laser. The high harmonics relative to that of the
peak heights have been normalized so that incident laser. The width depends on
their widths could be compared. Note that harmonic order N as N- 1/2.
the laser beam profile represents a
different laser shot from the other three
curves.
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Figure 4. Comparison of the laser beam Figure 5. Angular distribution of the I I th
spatial profile to a super-Gaussian and the harmonic assuming a circular ring
calculated harmonic widths using the distribution at the focus. A ring distribution
super-Gaussian profile as described in the might arise from resonant harmonic
text. generation.

Harmonic production due to resonances would create harmonics in a circular ring at the
focus. Figure 5 represents a calculation assuming a circular ring at the focal plane. Note
that this calculation assumes a two-dimensional source whereas the actual source would
more likely be some sort of ellipsoidal shell. Figure 5 is included for interest purposes
only, and we do not suggest that this is the actual profile that would be expected from
resonant harmonic production.
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A recently proposed theoretical model of harmonic generation accounts for the presence
of free electrons in the focal volume [ 12]. Those calculations do a good job of modeling the
intensity dependence of the harmonics for large N. We are presently calculating the spatial
profiles that are predicted by this model.
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Resonantly Enhanced Harmonic Generation and
Above-Threshold Ionization in Krypton

J. K. Crane, S. W. Allendorf, K. S. Budil, and M. D. Perry

Lawrence Livermore National Laboratory, P.O. Box 808, L-490,
Livermore, California 94550

Abstract

We describe the results of experiments performed in Krypton to observe the effect of an
isolated atomic level on harmonic generation at intensities above 1013 W/cm 2- We have
measured the intensity of harmonics produced as a function of laser intensity and focal
conditions as well as recorded the photoelectron energy spectra in complementary
experiments. We discuss a simple model fit to our data that describes an atomic level ac
Stark shifting through resonance.

In the search for an intense source of vacuum ultraviolet radiation, nonpertubative high-
order harmonic generation (NHG) is being studied carefully by a number of experimental
and theoretical groups.1 .2 .3 This research followed closely the exploration of above
threshold ionization (ATh, and more than one worker has suggested a strong connection
between the two processes. 4 -5 In this paper we present the results of our experimental
investigation of the connection between NHG and ATI, focussing in particular on the effect
of an intermediate state resonance on these two processes. We chose krypton for this work
because it contains two atomic levels, the 4p5 (2P3/2)5s and the 4p 5(2 Pl/2)5s', that are
isolated from the higher lying levels and can be expected to ac Stark shift into coincidence
with five photons at 532 nm with intensities in the 1013 - 1014 W/cm2 range (the 5s state
lies 1.6 eV below the five-photon energy while the 5s' state is 1.0 eV below the energy of
five photons).
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The experimental conditions for observing AT! and NHG are quite different. AT!
measurements are made with an electron spectrometer that operates at relatively low
densities(-1010 cm- 3) so that space-charge effects on the electron flight times are
minimized. In contrast, harmonic generation is proportional to the density squared and
yields large signals at the high, localized densities(10 15 - 1018 cm- 3) of a supersonic
nozzle. To satisfy the quite different density requirements of AT! and NHG while
maintaining all else the same, we used separate chambers with identical focussing
conditions. The laser system consists of a mode-locked Nd:YAG laser that seeds a
regenerative amplifier, which is frequency doubled to produce up to 125 mJ energy in a 75
ps pulse.6 For the NHG experiments the laser is focussed at the output of a pulsed
supersonic gas jet. The generated harmonics pass through the entrance slit of a normal
incidence vacuum monochromator, are dispersed by a 1200 lines/mm grating, and are
detected by a CsI-coated dual microchannel plate (MCP) detector. An identical lens is used
to focus the laser between the pole pieces of a magnetic bottle photoelectron spectrometer
for the ATI experiments. The use of 75 ps laser pulses means that the ponderomotive
energy of the electrons in the intense field is completely recovered: the observed
photoelectron time-of-flight is therefore independent of the laser intensity. To determine
the laser intensity per pulse we simultaneously measure pulse energy, using a calibrated
photodiode, and the beam profile at the focal plane, using a CCD-based beam profiling
instrument. The focussed beam is Gaussian and slightly elliptical. In both experiments the
signals are binned according to laser intensity and each recorded point is an average of 20-
100 individual laser shots.

Figure 1 presents results from an NHG experiment where the laser was focussed with a
50 cm lens (the confocal parameter b=0.8 cm). The MCP signal is converted to photon
number by correcting for the grating and MCP efficiencies at each harmonic wavelength
and the fractional transmission of the monochromator input slit. We estimate this
conversion is within a factor of five in absolute value but better than 50% when comparing
the individual harmonics. We show data for the 3rd, 5th, and 7th harmonics. The higher
orders were not observed above the background from the bright plasma formed at the laser
focus. The 3rd harmonic was observed to increase as 13 where I is the fundamental
intensity. The 5th harmonic increases as J5, but levels off at 3 x 1013 W/cm 2 then begins to
rise again. The 7th harmonic shows a dip or step at the same intensity as the 5th.
Harmonics measured with a shorter confocal parameter (b=0.3 cm) behaved similarly, with
the exception that the 7th harmonic actually overtakes the 5th harmonic at the intensity near
the step. With a shorter focal length lens we see the 9th harmonic above the background
fluorescence. Figure 3 shows harmonic intensities from shorter confocal parameter NHG
experiments (b=0.3 cm) for several peak laser intensities. At the lowest intensity we see
the harmonic signal fall precipitously with order. At 2.8 x 1013 W/cm 2 the 5th and 7th
harmonics have increased with respect to the 3rd, forming a small plateau where the 7th has
actually surpassed the fifth. At the highest intensity the 9th harmonic is also beginning to
catch up to the lower orders, causing the plateau to widen.
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Figure 1. Number of harmonic photons Figure 2. Integrated electron signal, seven
detected, b=0.8 cm. photon ionization of Krypton, b=0.8 cm.

Figure 2 presents the results of AT! experiments using the longer focal length lens (b=0.8
cm). Each point is the integrated area of a peak in the time-of-flight photoelectron
spectrum, corresponding to the production of Kr+ in either the 2PI12 or 2P3/2 spin states by
absorption of seven photons. The 2P3/2 signal rises as 15, but otherwise displays no
notable features. Conversely, the 2P1/2 signal clearly shows a step similar to the feature
observed in the harmonic data. A similar feature is also seen on the eight-photon 2P1 /2 ATI
data. We do not see a similar step in the higher AT! peaks; however, the effect of a five-
photon resonance may be washed out at the higher orders as was seen for the 9th
harmonic. Additionally, we are unable to resolve the ion spin states for the higher AT!
peaks, so the step is probably softened by the 2P3/2 signal. The presence of the resonance
feature in the 2Pi/2 ATI data but absence in the 2P3/2 data suggests the resonant state has a
2p,/2 core; we assign the 4p5(2Pj/2)5s'excited state as the intermediate state at work in our
ATI and NHG experiments.
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Figure 3. Relative harmonic production at selected laser
intensities (Wlcm2) for b=0.3 cm confocal parameter.

To model the effect of this resonance, we calculate the total ions produced per laser shot
when a state is nearly five-photon resonant. 7 The model is based on the five photon
excitation to a level that is ac Stark shifted through resonance, followed by a two photon
ionization to a continuum state. We integrated the following equation over the known
temporal and spatial profile of our las.

NioM = JdVjdt-Y( (2

where Q is the five photon Rabi rate given by -2 = a515 , a5 is the five-photon Rabi
coefficient, 71 is the two-photon ionization rate and is given by 72 = 012 (or is the two-
photon ionization cross section), a is the ac Stark coefficient, and 5(&-woo is the five-
photon frequency offset. The fit results give a5=2 x 10-137 cm 10 -sec 3, 'n=8 x 10- 4 9 cm 4-
sec, and as=6.5 x 10- 14 eV-cm 2/W; the solid curve in Fig. 2 is the plot of Eq. (1) for these
values of the three parameters. Clearly the better way to determine the ac Stark shift of this
excited state is to record the ATI spectrum using short (I ps) laser pulses; these
experiments are currently underway.

In conclusion, we have shown the first direct evidence of the role that intermediate
resonances play in producing the patently nonperturbative behavior that has become the
trademark of high order harmonic generation in the regime of laser intensities greater than
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1013 W/cm2 . In particular we showed a single, isolated level being ac Stark-shifted through
resonance, causing the selective enhancement of the seventh harmonic and the beginning of
plateau formation. In addition, by measuring the ATI spectra in a complementary
experiment we have associated the state with a particular ion core state, which enabled us to
identify the resonance as the 2P1/2 5s' state. Based on these results that show a single level
being shifted through resonance to form a small plateau we suggest that the extended
plateaus seen by several groups consist of many levels being shifted in and out of
resonance as the atom is excited into the high density Rydberg and continuum states.
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Photon accelerator: A novel method of frequency upshifting
sub-picosecond laser pulses

Scott C. Wilks
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Abstract

A novel method of frequency upshifting subpicosecond pulses of laser light, which
makes use of relativistic plasma waves, is described in this paper. This method
makes use of the fact that the response of a plasma to either a short laser pulse
or a short relativistic electron beam is nearly identical. Thus, the wakefields, or
electric fields, that are left behind in the plasma as either of these drivers pass,
are also very similar. Since electron acceleration in plasma waves can effectively
be thought of as the simple superposition of wakes, this analogy brings about
the interesting question of whether the superposition of short laser pulse wakes
would produce "acceleration" (or equivalently, frequency upshifting) of a trailing
laser pulse. We estimate the rate of frequency upshift possible, and discuss some
important physical limitations.

Two recent particle acceleration schemes, the plasma beat wave accelerator (PBWA)I 1] and
the plasma wake field accelerator (PWFA),[2 ] employ relativistic plasma waves to generate
large electric field gradients (- I GeV/cm) [3 for the acceleration of charged particles to ultra-
relativistic energies. A third method, which was actually the proposed method in the original
laser accelerator article by Tajima and Dawson [I] will be implicitly included in our references to
the PBWA. This method relies on a short (_< Ap/2, where Ap is a plasma wavelength) powerful
laser pulse to create the plasma wave. Each scheme relies on using a finite-length, electrical
disturbance (in the PBWA, an intense laser pulse; in the PWFA, a relativistic electron beam)
propagating through a plasma to set up plasma waves that have a phase velocity of nearly the
speed of light in vacuum. Once generated, one then injects a trailing bunch of electrons into the
accelerating phase of the plasma wave, so that energy can be transferred from the wave to the
trailing electrons (this is referred to as "beam loading.")14 ,5,6)

We will discuss the results of replacing this trailing bunch of electrons with a short (less
than 1/2 of a plasma wavelength) pulse of electromagnetic radiation. It will be shown that
the frequency of the radiation is continuously upshifted, in analogy with tle energy gain of the
trailing bunch of electrons in the original concept of plasma accelerators. First, we will review
the process of accelerating electrons with plasma waves. The acceleration of charged particles
via plasma waves can be viewed in the following way. Consider it is as the superposit ion of the
longitudinal electric fields (also referred to as wakefields) of an accelerating wave, which we take
to have been generated some type of driving beam, and a trailing beam that lags the end of the
driver by a few plasma wavelengths. We find that the density perturbation left behind by the
driving beam is given by

ii =n nsin k,(: - ct).

where we have taken 6n to be the amplitude of the disturbance in an otherwise homogencous
plasma of density no, and we have also assumed that the phase velocity of tIe vayv. is approxi-
mately the speed of light (c). The wavenumber. k., is related to the plasma frcquency through
tile dispersion relation k. . wp/c; tile plasma frequency being defined as wr = (4rnoc )/m,.
When a second bunch of electrons is then injected with te appropriate phase, %%c find that the
field behind the trailing pulse is zero. This can be understood by saying that thim driving beam
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put energy into the plasma in the form of plasma waves, which we now call the accelerating
field. As the trailing beam follows, it extracts this energy that was stored in the plasma waves-
This energy finally shows up as an increase in the kinetic energy of the trailing beam electrons.

The idea of "loading" the plasma wave with a laser pulse can be explained in a manner
similar to that of electron beam loading. This time we will assume that the driving beam is
also a short laser pulse, although a driving electron beam would also create a suitable wake.
As discussed above, this light pulse traveling through a plasma leaves behind it a "wake,"
or density perturbation given by the above equation. (The amplitude can be shown to be
6n/no z (eEo)/(mewoc), where E0 is the amplitude of the electromagnetic wave associated
with the laser pulse of frequency w..) Now consider a second, identical, pulse placed 1- plasma
wavelengths behind the first pulse. This second pulse will create an identical wake that is 180
degrees out of phase with the first wake. The superposition of the two wakefields behind the
second pulse results in a lowering of the amplitude of the plasma wave. It is clear that the
second laser pulse will absorb some fraction of the energy stored in the wake created by the first
laser pulse. Assuming photon conservation, this increase in energy implies that the frequency
of the second pulse can be upshifted, i.e.,

AU = NhAw.

This follows from the fact that the energy of the pulse is U = Nhw, N being the total number
of photons in the packet.

We obtain an estimate on the rate of frequency upshift possible in the presence of a relativistic
Langmuir wave of amplitude 6n in an otherwise homogeneous plasma with density n, that moves
with the velocity of the driver, v. We first find that the laser pulse can be represented by an
equivalent charge similar to our trailing electron beam discussed above. Once this is recognized,
the electron beam loading formalism developed in previous section can be used to investigate
the "acceleration" of the laser pulse. Computer simulations of both a short laser packet and a
short trailing electron beam provides further evidence that this is a valid analogy. We find the
rate of frequency upshift per unit distance to be

dw w !,

dr 2
w

where e is now the maximum density perturbation, normalized to the background plasma density;

i.e., - 6n/no. It is found that this increase in frequency of the accelerated laser packet exactly
accounts for the loss in the energy of the accelerating plasma wave. Numerical examples will be
given, assuming the initial laser pulses come from KrF and Nd :glass, or YAG lasers. Various
physical limitations will begin to limit the upshift possible after the pulse has propagated some
finite distance, and these will also be discussed.

Computer simulations have been performed with the plasma simulation codes WAVE 171 and
ISIS, and they confirm this upshifting mechanism. We will now describe a simulation in which
photon acceleration was observed. The plasma wave was set up by a wakefield driver 14) with
initial y = 22. The density perturbation, c - 0.25, set up by this driver produced a wake into
which was injected a laser pulse of width Lp,,l. ~ 2.5c/w,, the initial frequency wi = 18wp.
After a distance of 237c/wp, we found that there was an upshift of 10% in the laser frequency,
or a final frequency of ft 19.8w.. The above equation for the rate of frequency upshift predicts
an upshift to ft 19.5w.. This slight difference is attributed to the fact that even at density
perturbations of 25%, the wake shows nonlinear wave steepening.

In conclusion, we will present a novel method of continuously upshiftingshort (Lpt,. S Ap/2)
pulses of electromagnetic radiation by use of relativistic electron plasma waves. By choosing
the length of time the packet interacts with the plasma wave, any frequency between the initial
frequency and the final frequency can be obtained. It is found that frequency increases of a
factor of five may be possible. I and 2-D PIC simulations have confirmed the existence of this
effect.
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Generation of Ultrafast VUV Radiation by
Reflection from a Relativistic Ionization Front
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Abstract

Tunable radiation can be produced by Doppler upshifting light from a laser-generated
moving ionization front. We analyze this technique as a way of generating ultrashort
tunable short-wavelength light pulses, and demonstrate the possibility of making pulses
of duration -1 femtosecond in the UV and XLIV. The demonstration of this technique
should be possible using the current generation of high power ultrashort-pulse
(0.1 Joules in 100 fsec) laser systems.

1. Introduction

Herein we propose a method of producing short-wavelength radiation, which has the
potential to produce optical pulses shorter than any that have been generated to date.
This method is based on the process of upshifting light by reflecting it off a moving
ionization front. Reflection from an ionization front has been considered in detail as a
method for upshifing microwave radiation.' We show that by using an intense
femtosecond light pulse to generate an ionization front through multiphoton ionization
(MPI), it is possible to upshift a single-cycle far-infrared light pulse to optical and
ultraviolet wavelengths. Since the ionization front created by MPI can be very sharp, the
reflection process adds little dispersion to the pulse, making it possible to generate
nearly single-cycle light pulses at wavelengths as short as 100-200 nm. This upshift
process should be experimentally realizable using the current generation of high energy
ferntosecond (0.1 Joule in 100 fsec) lasers. We discuss several physics issues unique to
the generation of short-wavelength light using this technique. In particular, more
detailed calculations of MPI rates would be helpful to determine the efficiency of the
reflection process, as will be discussed.

2. Fundamental physics

Consider an intense optical pulse (the "driver pulse") traveling through a gas. It can
generate a sharply rising ionization front at the leading edge of the pulse through the
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process of multiphoton ionization. To calculate the interaction of a counterpropaganng
pulse (the "probe pulse") with this "moving mirror", we shift to a reference frame
moving at the velocity 3c with the ionization front. In this reference frame, the
frequency of the probe pulse will not change upon reflection. The frequency of the probe

pulse before it encounters the ionization front is c' = wo y1(+13) , where Y= (1- 2 J12 ,
and co is the frequenzy of the probe in the lab frame. The plasma dispersion relation is
invariant under Lorentz transformation, since (k, _%) is a four-vector and thus

C1k 2 = 2 - k, 2c2 = 4.' Therefore, in the moving reference frame the upshifted
pulse will reflect off the ionization front for frequencies o' < &)p. After reflection, the

probe frequency in the lab frame will be o" = y o'(1 + 13). In the absence of dispersion,
the number of cycles in the pulse is unchanged, and the duration of the probe pulse is

reduced by the same factor f2 (1 + 13) 2 as the frequency upshift. This is exactly
analogous to a mirror which is physically moving. However, in contrast to a real mirror,
for the ionization front the electrons that make up the plasma are streaming away from
the interface in the moving reference frame and thus can carry energy away with them.
This reduces the energy in the reflected pulse by a factor of "/Oo independent of the
details of the ionization profile.1

If the velocity of the ionization front is the group velocity of the driver pulse in the

plasma, 2 the maximum reflected upshifted frequency will be

(" < YMp(l + 0) = d(l + P), while the maximum initial probe frequency wo must be
< - P). For 1 close to 1, the maximum upshifted frequency corresponds to

twice the frequency of the driver pulse. A UV driver pulse thus will allow the generation
of VUV light. However, if the driver pulse is converging to a focus, the position of the
ionization front relative to the peak of the pulse will advance. This effect can be used to
obtain arbitrarily large upshifts. We have done simple simulations 2 which indicate that
upshifts to a few times the driver frequency appear feasible. Thus the generation of
VUV and XUV radiation should be possible even using visible-wavelength driver
pulses.

3. Simulation

The initial wavelength of the probe pulse can be very long. If a single-cycle duration far-
infrared (FIR) pulse .4 is used, it may be possible to create nearly single-cycle duration
pulses at optical wavelengths. Since multiphoton ionization is a high-order process, it
should readily be possible to create an ionization front which has a risetime much
shorter than the length of the ionizing pulse, minimizing dispersion of the probe pulse.
In order to investigate this dispersion, a model was developed. The simulation assumes a
driver pulse of wavelength 400 nm, upshifting from a single-cycle far infrared pulse
centered at 600 lim, with 1.2 psec pulse width, up to a pulse with a center wavelength of
250 nm. The gas density to provide the necessary upshift is 1.2 x 1019 cm "3 , and the gas
was assumed to be hydrogen for simplicity. The light pulse was taken to be
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100 fsec (FWHM), with a peak intensity of

2 x 1015 W cm 2 . Two models for multiphoton
ionization (a Keldysh a.pproximationA, and a
threshold approximation') were used to model
the ionization front. Given an ionization
profile, group velocity dispersion of the pulse
can be calculated in the moving reference (a)
frame using the WKB approximation, in which
the phase function of the reflection process is
given by (p(co') = f k' dx.

The results of the simulation are shown in
figure 1. Figure 1(a) shows the electric field of
the incident FIR pulse as a function of time.
Figure 1(b) and (c) show the electric field of
the reflected pulse for each case. For the case
of the Keldysh model, the ionization front -4 Time (psec) 4
risetime of -20 fsec necessitates additional
group-velocity pre-compensation in the form of (b)
a grating pair, which reduced the probe pulse
width from 20 fsec to the shown 3 fsec. In the
case of the threshold model with an ionization
risetime of a few ferntoseconds, nearly single-
cycle pulses are produced without any GVD
compensation.

To determine the experimental feasibility
of this technique, the enery , requirement for
the driver pulse must be estimated. This energy
requirement is determined by the time its takes
the incident pulse to reflect from the ionization -10 Time (fsec) 10
profile. If Lp is the length of the ionization (c)
front in the laboratory frame, in the moving
reference frame this length is Tp by relativistic
length contraction. The velocity of the probe
pulse in the moving frame is near c, so that the

time required for reflection is tp - 2yLA.
C

Shiaing back to the laboratory frame, time
dilation must be taken into account so that the

interaction time will be Tb = 2-LI, - Time (fsec) 10c - T.)
The minimum confocal parameter of the

driver pulse necessary to completely reflect Figure 1: Simulation of reflection
the pulse will be given by b = c Tlab. Self- and upshifting of a FIR pulse.
defocusing of the driver pulse due to plasma
creation is the major factor limiting its confocal
parameter, an effective plasma defocusing
confocal parameter can be estimated to be

b -- r7/f. ".This yields an energy require-
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ment of Ed= r/4 b2(I-03) Id'r - K. L°" L 4Idt. Other considerations on the pulse energy,8 o-

such as depletion of the driver pulse through ionization, and diffraction of the beam, are
less stringent limitations. Dispersion of the driver pulse over the interaction length can
also be shown to be small in comparison to the length of the driver pulse; thus the driver
pulse and the ionization front can remain intact during the interaction process. For the
simulation of Figure 1, the energy requirement of the driver pulse works out to 70 mJ--
well within the range of technological feasibility using the current generation of high-
energy femtosecond laser systems.

The amount of energy in the ultrashort pulse that one could obtain from this process
can be estimated. Very large area photoconductive antennas4 are in principle a feasible
method of producing high pulse energies of FIR radiation. As was discussed previously,
the reflection process has a theoretical maximum efficiency of (oo/g,., which for the

simulation parameters is 4 x 10-4. Collisional absorption can be shown to be
insignificant compared with this factor. However, multiphoton absorption of the
reflecting pulse is not negligible. An exact calculation of this absorption mechanism is
difficult, but the magnitude can be estimated. Light with the maximum reflected
frequency has a frequency of y op= cod in the lab frame at the point of reflection. Thus,
at this point the reflected light must have the same absorption depth as the driver

photons, which is just I = = I , where F is the driver photon flux, R is
Rnn" c n hvi

the ionization rate, n is the gas density, n* is the average number of photons required to

ionize an atom, and the final expression assumes that R = LP and n* = hvFor the
above simulation, this results in a transmission coefficient of 0.044 over the interaction
length. Thus, the total reflection efficiency of the ionization front would be expected to

be about 10-5. It should be possible to generate ultrashort light pulses with an

experimentally useful energy of -10"6 - 10"7 Joules using this technique. A calculation
of multiphoton ionization rates in the case of an intense pulse and a less intense pulse of
differing frequency and polarization would be a useful theoretical extension of this
analysis.
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ABSTRACT

The electron density of the x-ray emitting volume in a plasma produced by intense
subpicosecond ultraviolet Irradiation of UV-transparent targets is determined by
measurement of the line ratio of dielectronic satellites from lithium-like ions.

1. DISCUSSION OF RESULTS

Plasmas produced by subpicosecond laser excitation of solid targets can produce
powerful short duration x-ray pulses [1] for x-ray laser excitation [2]. X-ray
spectroscopy can provide a simple and convenient diagnostic on the properties of
these high-density plasmas. In this work, we explore the use of dielectronic
satellite transitions from lithium-like (Li-lke) ions for the determination of the
electron density of the plasma. The experiments under discussion were conducted
with intensities up to - 1017 W/cm2 with a 248-nm source [31.

The dielectronic satellite transitions of interest are situated spectrally on
the long-wavelength side of the resonance lines emitted by the He-like ions and
are produced by spontaneous radiative decay from autoionizing states of the
corresponding LI-like species. In the low density corona model for these satellite
line Intensities [4,5], one assumes that the autolonizing levels are populated
either by Inner-shell electron collislonal excitation or by the radiationless electron-
capture process which is the initial step in the two-step mechanism of dielectronic-
recombination described by Burgess [5]. However, it has been demonstrated by
Jacobs and Blaha (6] that, with increasing plasma density, the population of
these autolonizing levels can be substantially and selectively altered from their
low density values by collisional mechanisms. In particular, angular-momentum-
changing collisions have high rates and can efficiently redistribute population
among the metastable autolonizing states. This redistribution of excited state
population gives rise to a dramatic density-dependent enhancement of the dielectronic
satellite spectra that is particularly evident in the high-density region.

The sets of satellite lines under investigation are, following the notation of
Gabriel (4], the 1s2p2 2 D - t 2s2p 2P (j,k,l), 1s2p2 2 P - 1s 22p 2P (a,b,cd) and
ls2p('P)2s 2P - 1s22s 2S (q,r) transitions. The (j,k,i) lines, which depend only
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on the He-like ion abundance, provide a convenient reference, since the intensity
of these lines has been predicted [6] to vary quite weakly with electron density.
On the other hand, the (a,b,c,d) lines, which are vanishingly weak at low density,
exhibit dramatic enhancement [61 at high plasma densities due to the collisional
mixing of tlc autoionizing states noted above. For Z = 12 - 14, this effect is
significant at electron densities in the range of 1022 to 1024 cm "

3
.

The KrF* (248 nm) laser [3] employed in these experimental investigations has
a pulse duration of - 600 fs and a pulse energy of - 150 mJ. The laser system
was focused with a CaF 2 lens onto flat targets, composed of either Si0 2 and
MgF2, and produced intensities up to - 1017 W/cm2 at the target surfaces.

High-resolution x-ray spectra were recorded on DEF film by flat potassium acid
phthalate (KAP, 2d = 26.6A) and pentaerythritol (PET, 2d = 8 7A) crystal spectro-
meters. Each spectrum was generated by an integrated exposure derived from 25
laser shots. A question of particular concern in this work is the influence of a
low density plasma potentially produced by the prepulse, sinc3 it could alter the
nature of the interaction of the subpicosecond pulse with the dense target
material. Independent measurements have shown [7], however, that for UV-
transparent MgF2 and Si02 targets, the prepulse plasma is not present for the
range of Intensities involved in these studies.

The dependence of the intensity ratio of the dielectronic satellite transitions
to changes in this electron temperature has been experimentally investigated by
varying the intensity of Irradiation for the MgF2 and SiO, targets over a factor
of - 30. The x-ray spectra obtained by means of this procedure are shown in
Fig. (1). No substantial variation can be seen in the relative intensities among the
various satellite lines. This behavior Is in agreement with the previous calculations
of Jacobs and Blaha [61 which predict that the relative intensities of these transitions
are weakly dependent upon the electron temperature. Conversely, with the same
variation of focused laser Intensities, the intensity ratios exhibited by the hydrogen-
like 2p - Is and the helium-like 1s3p - Is2 resonance lines of Mg and Si are
found to change by approximately a factor of ten. This observed behavior of the
resonance lines reveals the existence of a strong temperature variation with laser
Intensity. Furthermore, the optical opacity for the satellite lines is estimated to
be small, on the order of 0.1. This estimate takes into account only thermal Doppler
broadening and assumes that the emission occurs from a plasma with an ion tempera-
ture of 0.5 keV, that the electron density is 5 x 1022 cm - 3 , and that the path length
[71 Is 2500 A.

The theoretical predictions [6] for the dielectronic satellite intensities have
been made with the assumptions (1) that the electron-ion encounters involve
electrons with a Maxwellian velocity distribution and (2) that the autolonizing
level populations and charge state distributions are determined by the time-
Independent equilibrium balance established by the elementary atomic processes
occurring in the plasma, A consideration of the collisional and radiative time
scales, similar to that presented by Cobble et al. [81, reveals that electron-electron
collisions are sufficiently rapid, even for subpicosecond excitation, to justify the
assumption that the plasma electrons have a Maxwelllan velocity distribution.
However, the electron-ion collision times are generally not sufficiently short to
satisfy the requirement for the establishment of the corresponding equilibrium
values for the bound-state densities and charge state distributions. The exception
to this for the Ion levels is the case of the angular-momentum-changing electron-
ion collisions that are responsible for the density enhancement of the satellite
transitions [6,8]. These collisional rates are sufficiently rapid to fulfill the
conditions for the establishment of a local statistical-equilibrium distribution of
populations among the autoionizing levels. Since the rate coefficients for the
(j,k,I) lines used in the model calculations are insensitive to bt~h the electron
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Fig. (1). Dielectronic spectra associated with the gS2p 'P - s2 'S resonance
lines of helium-like Mg and Si. obtained for various focused laser intensities.
The aiphabetical designation of the satellite transitions has been Introduced by
Gabriel (Ref. (4)). The pair of spectra for sets (a), (b), and (c) have the intensity
Indicated In the Mg column.

temperature and density, these lines serve as a good reference for comparison
with the density sensitive (a-d) lines.

The observed values of the Intensity ratios I(a,b,c,d)/I(j,k,l) for both Mg and
Si are 0.9. In addition, the Intensity ratio between the Is2p('P)2s 2p - 1s22s2S(q,r) satellite lines and the Is2p2 2D - Is 2 2p 2P (,k.L) satellite lines is observed
to be between 0.7 and 0.8 for both Mg and SI. This latter case also represents
a substantial enhancement In comparison with the low density prediction. The
comparison with the theoretical findings [6) obtained for the (a-d) satellite line
in intensity ratio, shown for Si in Fig. (2), leads to the result that the electron
density Is on the order of 102" cm- 3. A similar result is found for the (qr) line.

Since the spectra are space-time Integrated, it Is necessary to understand the
possible role of other mechanisms in producing 1s2p2 2P states which can result
in a-d emission. Inner-shell excitation from the ts22p state of Li-like Ions, which
requires both a high temperature and a large Li-like ion abundance, is an alternative
mechanism. At low electron temperature (<65 eV), Li-like ion (1s22p) abundance
is less than 10%, based on a Saha equilibrium estimate. until the electron density
exceeds 1021 cm -

3. At such a low electron temperature, the inner-shell excitation
rate for the Is2p2 2P state Is extremely low and, therefore, this process will give
a negligible contribution to the a-d emission. As the electron temperature increases,
the minimum density required to produce Li-like ions also increases rapidly reaching
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Fig. (2). The intensity ratio between the 1s2p2 2p _ 1S2 2p 2p (a.b,c,d) satellite
lines and the 1s2p2 2D - 1S2 2p 2p (j,k,t) satellite lines for Si, as a function of
the electron density N0 for various values of the electron temperature Te.
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Fig. (3). Plot of the Saha relationship indicating the curves for 99%. 60%, and 10%
abundance of Li-like Ions.

_102 CM-1 at 100 eV for 10% abundance. Furthermore, even a relatively high
electron temperature (>300 eV). gives a Li-like ion abundance that Is small unless
the electron density Is the order of 1024 cm-2. These relationships are illustrated
In Fig. (3). Therefore, significant a-d emission is only expected when the plasma
Is hot and dense.
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Time integration does not change this conclusion. The time span during which
the relevant plasma conditions are satisfied is expected to be very short due to
rapid cooling by electron thermal conduction. Consequently, space-time-integration
of the emission is not expected to change the results significantly. These conclusions
are supported by comparison with the spectra observed with long pulse irradiation
in which hot low density plasmas are generally produced. In this case [91, the
strength of the a-d emission, relative to the (j,k,t) transitions, is low, a finding
in conformance with the picture described above.

11. CONCLUSIONS

In conclusion, the analysis of high-resolution satellite spectra of multi-charged
lithium-like ions, produced by the interaction of high-intensity subpicosecond
ultraviolet irradiation of solid surfaces, shows that the properties of these spectra
can give a direct measure of the ambient plasma electron density in the radiating
zone. In the case presented in this paper, it is found that the satellite transitions
originate from a region having a plasma density on the order of 1023 cm - 3. It
is the sensitivity of these spectral features to a selective collisional process,
particularly active in the high density regime, that gives rise to the enhancement
of their strength.
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Abstract

We have studied the interaction of 290-fsec, 308-nm laser pulses with Aluminum targets
at irradiances exceeding 5x1 018 W/cm2 (5 EW/cm2). The x-ray spectrum shows a hot
electron component with a characteristic temperature of 30 keV, and a low temperature
component of 1 keV. Imaging of the x-rays shows an emission region of few
micrometers for the hot component and a larger region for the 1 keV emission. The x-ray
spectrum is dominated by the hydrogen- and helium-like lines from Aluminum, with the
brightest lines radiating 0.6% of the incident laser light energy. The spectral luminosity
of the L, line was measured to be 3x1 014 W/cm2/eV/sr.

Introduction

The interaction of ultrashort laser pulses with matter has become a significant method of
generating very short x-ray pulses.[1,2] These x-ray pulses could be useful in the
pumping of inner shell x-ray lasers where the instantaneous power requirements are very
high. We have been advocating the use of selected x-ray lines to pump these inner shell
x-ray lasersJ3j rather than using continuum radiation as has been suggested
previously.[4,51 This selective method of ionization reduces the x-ray pump energy
requirements as well as the extraneous heating that accompanies the pumping by
broadband radiation.

In this present paper we investigate the effect of increased laser irradiance on the
interaction of a short (290 fsec) laser pulse with an Aluminum target. We present data
that shows that when the laser irradiance was increased from 1 x1 017 W/cm 2 to 5x1 018
W/cm 2, the x-ray spectrum changed from a helium-like dominated spectrum to one
where the hydrogen-like Aluminum lines became as intense. However, the peak x-ray
conversion efficiency into each line did not change significantly.

These encouraging results lead us to believe that irradiating higher Z targets with
higher irradiance, in the presence of amplified spontaneous emission (ASE) prepulse,
will produce significant line emission at much shorter x-ray wavelengths permitting the
pumping of shorter wavelength inner-shell x-ray lasers.
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Experiment

The experiments were carried out at the Los Alamos Bright Source Laser-iI. A detailed
description of the laser system has been given elsewhere.[6] The laser (308 nm)
produces 250 mJ in a 290 fsec pulse. A 10 ns long ASE prepulse with up to 15 mJ of
energy precedes the main laser pulse. The pulse is focused, using a reflective f/1.9
off-axis parabola with 18 cm focal length, to irradiances (I) exceeding 5x1018 W/cm 2. A
1 0-mil thin flat plate made from Schlieren quality quartz and polished to X/20 quality is
used as a blast shield to protect the parabola from target debris. A planar diamond
turned aluminum target was placed normal to the laser axis and the best focus of the
laser was determined by adjusting the target axial position to maximize the x-ray
emission. The x-rays generated in the interaction region were detected and analyzed
using a variety of diagnostics as shown in Fig. 1. Filtered Silicon-pin-diodes were used
to measure the broadband x-ray emission in various energy ranges. Other pin-diodes
were used, with interference filters, to measure the scattered laser light and some of its
harmonics. A flat pentaerythritol (PET) crystal spectrometer was used to record the
hydrogen- and helium-like spectral emission from aluminum between 1.6 and 2.2 keV.

z.TAa. COMMe

N =.~ Figure 1. Schematic diagram of
b ,,s urn the target interaction region and

lrmllMthe associated diagnostics.

XI"

The crystal spectrometer was also used in an imaging mode, Fig. 2. In this mode a knife

edge was inserted in front of the spectrometer with its edge parallel to the dispersion
direction. The spatial information was used to determine the size of the emission region
for each recorded line. An imaging XUV grating spectrometer viewing the target parallel
to the surface was used to look at the spectrum between 30 and 100 Angstroms. A
vacuum ultraviolet spectrometer monitored the laser harmonics at 25 degrees to the
target normal. Various diodes monitored the prepulse energy, the laser energy, and
their relative timing. A 12.5-pm diameter pinhole camera with a 1 0-mil thick beryllium filter
was used to image the x-ray emission region. A Faraday cup was also used to measure
the speed of the ion expansion normal to the surface.
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Figure 2. Comparison between the x-ray spectra from an aluminum plasma at
1012 W/cm2 (LABS I) and 5x1 018 W/cm2 (LABS II).

Hot Electron Temperature

The hot electron temperature (TH) was measured using two diagnostics. The first used
filtered pin diodes to measure a temperature of 25-35 keV from the slope of the
Bremsstrahlung spectrum above 8 keV.[7] This TH agrees with previous[8,9]
measurements at the same IA2 parameter.

The second method[10,11] relates TLI to the speed of the fastest ion. This was
measured with a Faraday cup to be 2x1 00 cm/sec, resulting in a TH of 22 keV.

X-Ray Une Spectra

The time-integrated line spectra from the target were observed using both crystal and
grating spectrometers. A comparison of typical crystal spectrometer spectra from an
aluminum target taken at irradiances of .1 and 5 EW/cm2 are shown in Fig. 2. The low
irradiance spectrum was obtained with a .7-ps 248-nm laser. Note that at higher
irradiance the hydrogen-like emission increases relative to the helium-like emission, the
energy per line increased with irradiance signifying constant conversion efficiency, and
the ratios of the He, satellites changed apparently due to the intercombination line.
Curiously, the width of each line increases weakly with n, signifying that the plasma was
formed at low density. Using the spectral line broadening code of R. W. Lee[12 for the
4-1 and 3-1 Helium like lines, we obtain an electron density of 6x1021 cm-3

corresponding to fully ionized aluminum at a density of 4.6x1 020 cm-3 .
Other indications as to the density of the plasma come from the satellite and the

intercombination line intensities.[13,14] The ratio of the a,b,c,d to the j,k,l component is
sensitive to the electron density because the a-d emission is not normally allowed,
except when electron collisions mix the autoionizing states. At high irradiance the ratio
2.5/3.5 gives an electron density of 6x10 2 1 e/cm 3 , below the critical density at 308 nm
(nc= 1.2x10 2 2 e/cm3 ).

Imaging

The imaging of the plasma in the different x-ray spectral regions are indicative of the
plasma behavior. We used a pinhole camera, with a 12.5 pm diameter aperture and
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filtered with 10-mils thick Beryllium, to image the x-rays emitted from the target at
energies above 4 keV. The emission region was found to be circular with a diameter of
11 pm at its base and with a FWHM diameter less than 3.5 pm. The emission region was
thus a few times larger than the diffraction limit of the laser beam.

The spatial extent of the hydrogen- and helium-like lines emission regions were
determined using the shadow of an edge in a crystal spectrometer, as shown in Fig. 3.
Using the width of the penumbra of the image, the emission was found to come from a
spot that has a full width at the base of 144 pm. This region is larger than the region from
which the harder x-rays were emitted from.

S " Film Aluminum Target

,Stel stofl

Figure 3. Schematic diagram
- - of the PET x-ray crystal

PET spectrom'J~er used in the
imaging mode.

Discussion

From the present data one can present a simple model that describes the method by
which the laser energy is deposited and then converted into x-ray energy. The ASE
prepulse energy from the laser is absorbed by inverse bremsstrahlung. A self-similar
expansion of the resultant cool plasma ensues with a scale length that is determined by
the ASE energy.[15J When the high irradiance main pulse arrives, it is partially absorbed
by inverse bremsstrahlung and multiphoton ionization in the prepulse plasma. The
electron density increases rapidly and a new critical density region is generated at some
point in the prepulse plasma. This new critical density region is in front of the ASE
generated critical den:-,ity and may be well in front of the initial solid target interface.
Resonance absorptior then dominates. Hot electrons are generated and the region
gets heated, emitting high energy bremsstrahlung.

The origin of the keV He- and H-like aluminum line radiation is not entirely clear. One
can think of two limiting cases. If the electron temperature is sufficiently high for a long
enough time to completely strip the aluminum, the line radiation is due to subsequent
recombination. This mechanism favors emission at a lower temperature and hence at a
later time to allow expansion and cooling. The line emission would come from a larger
region over a longer time.

On the other hand, if the electron temperature is not sufficiently high over a long
enough time to completely strip the aluminum, it may be enough to strip through Li-like
aluminum and excite He-and H-like ions, leading to rapid radiative relaxation. In this
case the line radiation would be emitted from the small absorption region for a short time
prior to cooling and expansion. We suspect that experiments[1 51 on our 1017 W/cm2

system were in the latter regime, and our present experiments at 5x10 18 W/cm2 in the
former.

The data show that the hot electron temperature is close to what is expected given
the input laser irradiance, and that the spot size is also close to what is expected. Thus
we have no evidence for defocusing of the laser beam. Since electrons of 30 keV
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temperature lose their energy primarily by ionization which causes atomic radiation, 16]
one can use the spot size at low x-ray energies to infer an ion density. A continuous
spectrum of electrons has a range of only 0.2 mg/cm 2 corresponding to a range of
0.7pm of solid aluminum.[17] The observed image of the x-ray lines was, however,
72 pm in radius. This range corresponds to an aluminum density 0.01 solid density
(6x1020 ion/cm3) or an electron density 2/3 critical density. This electron density,
8x1 021 e/cm3, is consistent with that derived from the satellite ratio measurements.

Conclusions

We have investigated the effect of increasing the laser irradiance to 5x1 018 W/cm 2 on
the interaction of a 290 fsec laser pulse with an aluminum target. We found that the
plasma heats up sufficiently to burn through to the hydrogen-like aluminum. We
measured a hot electron temperature that is compatible with the predictions from
measurements at lower irradiances and longer pulses. Though absorption occurs at low
ion density, the energy conversion efficiency into individual hydrogen- and helium-like
lines is close to the 0.6% that was measured at lower irradiance. However, at the current
laser irradiance, higher ionization states are now observed. With faster (f/1) optics.
irradiances in excess of 2x10 19 W/cm2 will soon be available to us, permitting the
observation of H-like lines for even higher Z material with higher x-ray energies and
hopefully similar conversion efficiencies.
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Line-shaped plasmas produced by laser irradiating solid targets in line focus are of a
large aspect ratio. Such plasmas are useful for x-ray laser demonstration and
amplification and absorption spectroscopy as well. Soft x rays emitted from line-shaped
plasmas can provide accurate information of such plasmas. Here, we report the studies
of x-ray radiation transfer and spatial uniformity of line-shaped plasmas with a pinhole
transmission grating spectrometer (PTGS), with a spectral resolution of 2-5 A and a
spatial resolution of 60 pmn, and a soft-x-ray streak camera, with a time resolution of 30
ps-

The line-shaped plasmas were created by 1.05-pim laser beam with pulse width of
500-700 ps and an average power density of 101-_103 W/cm2 . Slab targets of low- and
medium-Z elements such as Al, Si and Cu were used.

The key element of the PTGS is a free-standing gold transmission grating with a
period of 2000 lines/mm in a 25-pmo-diameter pinhole. The P7JGS was mounted along
or off the plasma axis to measure axial or off-axis soft-x-ray spectra in the range 5-150
A and the corresponding one-di-nensional spatial Images of the line-shaped plasmas at
each wavelength.

Time-integrated spectra were recorded on film. Real emission bpectra were obtained
involving the response of the film used and the correction of the transmission grating's
higher-order diffraction.

Comparisons of off-axis and axial spectra of different plasma length indicate that
plasma opacity has a remarkable effect on resonance line radiative transfer. This effect
may cause a detrimental influence on the realization of maximum x-ray laser gains in
the case of long line-shaped plasmas.

Measurements of spatial uniformity along the line focus of different wavelength
emission Images show that spatial nomniformity of higher-charged-state ions are more
serious than that of lower-charged ones. With uniform and coherent laser illumination,
the nonuniformity can be decreased but cannot be eliminated. Tune-resolved
measurements indicate that such nonuniformity occurs during optical laser heating.
Various instabilities can be excited owing to long scale length in line-shaped plasmas to
produce the nonuniformity.
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Laser irradiation of cylindrical cavities has attracted considerable interest in the con-
text of soft x-ray laser experiments because the confined plasma may act as an x-ray
waveguide. 1) W .veguiding requires a concave, radially symmetric density profile
and thus uniform plasma ablation inside the cavity. In the case of transverse irradia-
tion presented in this work, the uniformity of plasma ablation is primarily determined
by the mechanisms which redistribute the energy from the initial location of plasma
generation by the incident laser. Among the mechanisms to be considered are x-ra-
diation, hot electrons, and laser light reflected at the primary spot. Experimentally,
evidence was found that for short-pulse, long-wavelength, high-irradiance conditions,
the redistribution of energy is dominated by reflected laser light.

In our continuing experiments, 300-pm diameter, 1-2 mm long Al cavities were irra-
diated at up to 1014 W/cm 2 with 1.05 pm/40 ps laser pulses directed through a 100-
Vim wide longitudinal entrance slit. Off-center slits were used to reduce direct reflec-
tion losses. A schematic of the irradiation geometry is shown in Fig. 1 a. In order to
study the basic characteristics of plasma ablation from the cavity walls, a point focus
was chosen in most of the experiments. The distribution of the soft x-ray emission
from the cavities was imaged onto the cathode of an x-ray streak camera by means
of a 30-1im diameter pinhole. Alternatively, a Nomarski-type interferometer was used
for diagnosing the density profiles.

A typical recording of the soft x-ray emission (0.1-6 keY) from an Al cavity with the
streak camera in focus mode is shown in fig. lb. Clearly, more than one region of
strong x-ray emission is observed. A comparison with the result of the ray tracing
calculation in Fig. 1 a, shows the locations of plasma ablation to exactly coincide with
the locations of (multiple) reflections of laser light at the cavity walls. Similar findings
have been obtained in earlier work on time-resolved x-ray pinhole photography of
laser-irradiated cylindrical cavities.2 ) The area of brightest emission at the lower left
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can be attributed to the directly irradiated spot (primary plasma). Along the upper
wall of the cavity a less intense but larger region of emission is seen (secondary
plasma). In addition, most of the cavity's interior as well as part of the slit region are

seen to be filled with a third, rather inhomogeneous zone of emission which results
from the collision and interpenetration of plasma streaming in from all sides.

300gm S

Laser

Fig la Fig lb
The setup of the Nomarski interferometer used for diagnosing the density profiles
has been described previously.3 ) For the experiments to be reported here, the f-
number of the imaging optics was changed from 3.5 to 2.4, with the consequence of
higher plasma electron densities being diagnosed. An upper limit of about
ne =- 3.1020 cm-3 is estimated for the present experimental conditions, mainly limited
by the 527-nm probe beam wavelength. In addition, the shorter probe pulse duration
(40 vs. 80 ps) results in reduced smearing of the fringes due to plasma motion.
The delay of the 2(o probe pulse was adjusted from 40 ps to 3 ns with respect to the
main laser pulse. Fig. 2a shows a typical interferometer recording of an A cylinder ir-
radiated at 6.1013 W/cm2 and diagnosed 370 ps after the main laser pulse.

Later on in time (1.5 ns after the peak of the laser pulse, Fig. 2b), severe fringe dis-
tortion at the center indicates that the plasma is piling up near the axis of the cavity.
The dark central region is the result of the corresponding probe beam missing the
aperture of the imaging optics. Interesting features to be observed are jet-like struc-
tures protruding from the cylinder walls radially in towards the center. The origin of
these jets is not clear to date; similar structures observed in short pulse experiments
with spherical targets have been suggested to be caused by plasma instabilities.4)

The information on the change in optical path length obtained from the interfero-



Short- Wavelength Coherent Radiation 55

7t

Fig 2a Fig 2b
grams can be used to reconstruct the electron density distribution. A modified Abel
inversion assuming an elliptical distribution of the refractive index was adopted to

account for the nearly planar expansion typical of short pulse interactions.
Fig. 3 shows the tempo-
ral evolution of the un- T

derdense electron den- Ne/Nc 0

sity along the line A-B AB

for a series of shots as 01 + 4 I

shown in Fig. 2. The '-% 0C140oS

plasma is seen to ex- 0 7p

pand with slight asym- 0 00 • <0

metry. The density scale 0EC*

length at a delay of

230 ps is about 17jtm pm ,
-150 -100 -50 0 50 '00 ISO

for the primary (A) and x4-1

10 tIm for the secondary Fig 3.

(B) plasma. Interferograms at times when plasma collision has occurred could not be

analyzed, since Abel inversion requires undisturbed fringes at the centre. Improve-
ment of symmetry and the mechanisms of jet formation is a matter of further
investigations.
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Multiphoton Spectroscopy Using Tunable VUV
Radiation from a Raman-Shifted Excimer Laser

Gregory W. Fars and Mark J. Dyer

Molecular Physics Laboratory, SRI International, 333 Ravenswood Avenue,
Menlo Park California 94025

Abstract

Raman shifting an ArF excimer laser in D2 and HD, and applications to two-photon
spectroscopy in the vuv and near-vuv are described. Preliminary results on generation of
vuv by two-photon-resonant difference-frequency mixing of an ArF laser and frequency-
doubled dye laser are reported.

Multiphoton spectroscopy has proved to be a valuable technique at visible and uv
wavelengths, allowing access to high-lying states and the excitation of transitions not
allowed for one photon excitation. Using vuv radiation for multiphoton excitation allows
probing even higher states, but high powers are required to obtain reasonable signals.
Two-photon excitation-with vuv radiation has been performed using tunable excimer laser
radiation I and by Raman-shifting a frequency-doubled dye laser. 2

We are using the technique of Raman-shifting a tunable ArF excimer laser for the
production of high powers in the vuv. Raman-shifting can provide relatively high
efficiency for frequency conversion compared to non-resonant four-wave-mixing
techniques. By Raman shifting an ArF laser, which provides high energy radiation tunable
around 193.4 nm, anti-Stokes orders in the vuv can be obtained with low order Raman
shifts. This allows high powers and lower power fluctuations than when using higher
order Raman shifting. Raman shifting an ArF laser in H2 for production of vuv radiation
has been reported previously.3 We have investigated Raman shifting in D2 and HD. The
use of different isotopes of hydrogen for Raman shifting allows greater spectral coverage.
compensating in part for the limited tuning range of the ArF laser.

The apparatus used for our experiments is shown in Figure 1. The laser is a Lambda
Physik EMG 150 dual discharge laser. Because the laser mode quality is very important
for multi-wave mixing, we have made a number of modifications to the laser. The laser is
operated as an oscillator triple-pass amplifier instead of an injection-locked amplifier. The
output from the oscillator is passed through a spatial filter, which also magnifies the beam.
The beam is then passed through the amplifier discharge in a vertical zigzag path. saturating
the amplifier on the last pass. Optimum energies of over 60 mJ have been obtained through
pressure optimization of the oscillator and amplifier discharge timing. We have found that
depolarization of the beam can be reduced by careful alignment of the excimer laser's MgF2
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Figure I . Experimental arrangement for multiphoton excitation
using a Raman-shifed using a Raman-shifed excimer laser.

windows. This is performed by passing polarized light at 193 nm through the windows
and rotating and tightening them to minimize the depolarization. Polarization of 200: has
been obtained and the pulse-to-pulse amplitude stability is improved.

'Me laser is focused into a cell containing HID or D2. To minimize absorption from the
oxygen Schumann Runge bands, almost the entire beam path up to the cell is either
evacuated or purged with argon. Because of the low Ramnan gain coefficient in HID, the
Raman cell is cooled to liquid nitrogen temperature. This cooling increases the gain
through redistribution of the HD) ground state population, reduction of the Raman
linewidth, and reduction of losses as impurities are frozen out. The Raman cell and
surrounding liquid nitrogen jacket are contained in a vacuum for insulation and to avoid
condensation on the cell windows. The different Raman orders exiting the Raman cell are
separated using a MgF2 prism.

Raman shifting in D2 at room temperature, we have observed at least eight anti-Stokes
orders (to 132 nm) and five Stokes orders. Up to 60% conversion into the first Stokes has
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been obtained. In HD at room temperature, 10% conversion into the first Stokes, and low
order anti-Stokes were seen. At liquid nitrogen temperature, four anti-Stokes and four
Stokes orders have been observed using HD. Competition from rotational Raman
scattering and phase matching effects lead to a well defined maximum density for anti-
Stokes conversion. By optimizing the second anti-Stokes radiation in HD, we have
obtained 1 mJ at 170 nm at a density of 3 amagat.

We have applied the Raman-shifted source to two-photon-resonant excitation of a
number of states. Detection is through ions produced by absorption of a third photon.
Using the first Stokes radiation in D2 at about 205 nm, we have excited the Ing (v' = 3)
state of F2 from the ground X 11+4
state. This is the central spectrum 23_

shown in Figure 2. The band heads
correspond to the 0 and P branches. .

The top profile in the figure is the , i,/' '
power of the first Stokes radiation. The ,
dips in the power are due to Schumann
Runge absorption of the fundamental -
ArF beam in the small length of beam 5 -
path that is not purged. The bottom _
trace in the figure is a calibration
spectrum for the fundamental ArF
beam. It is obtained in a cell containing
a mixture of H2, HD, and krypton, all __£_. . ...___,,__
of which have two-photon resonances I

within the ArF tuning range. The s 9 .2 3.5 93.8 9..

accuracy of the calibration is limited by -AsER WAV XEN-

the ac Stark effect. We have also
observed single lines for two-photon
excitation of F atoms and H2. Using Figure 2. Two-photon resonant spectrum
radiation at about 169-67 nm produced for excitation of the Il1g (v' = 3) state of F2 .
as the second anti-Stokes 4ine of ArF in The x axis denotes the fundamental
iD we have excited the ' Dr2 state in wavelength of the ArF laser.
atomic fluorine from the P3/2 ground
state. A single rotational level of the HH 14 has been excited using two photons at about
173.53 nm produced as second anti-Stokes radiation using D2.

Through understanding of the Raman process and optimization of the laser beam
quality, Raman shifting an ArF excimer laser can provide large energies in the vuv even
when shifting in D2 and HD. The generated vuv power is more than adequate for two-
photon spectroscopy.

To produce continuously tunable vuv radiation, we have begun to examine the capa-
bilities of the ArF laser for two-photon-resonant difference frequency generation in
krypton. By combining two ArF photons at cal with a photon from a tunable laser at cOT.
vuv photons may be generated through the difference-frequency process

Otvuv = 2w1 - w.

When the two photons at w0 lie near a resonance, this process is efficient, as has been
shown for the 5p15/2.21 (- 4p 6 ISO (Ref 4) and 5pL 1/2,01 *-- 4p6 ISO (Ref 5) resonances.
Two-photon resonances for the 6p +- 4p6 ISo transitions in krypton lie within the tuning
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range of the ArF laser. The high peak powers and good mode quality of the ArF make vuv
generation using this technique attractive.

The apparatus for these experiments is also shown in Figure 1. A Nd:YAG-pumped
frequency-doubled dye laser is used as the tunable laser. The pulse timing of two lasers is
synchronized and they are overlapped using a dichroic mirror. A I m lens focuses the two
beams into a cell containing krypton.
The generated vuv is filtered with a vuv
monochomator and detected with a solar _ .
blind photomultiplier. Light at 147 nm ,
has been generated. The pressure 0.75

dependence of the vuv radiation is
shown in Figure 3. The optimum t
pressure is about 60 torr. By varying -
the input intensities, it is determined that .
both beams are saturating at the input -

energies of 6 mJ and 20 ml for the ArF G
and frequency-doubled dye lasers, '. o-1 -
respectively. Experiments to measure

the linewidth and energy of the vuv arein progress. o OOYLl, ,
inpors.0 80 60 Z40 320 400

This work was supported by the PRESSURE Taorr)

AFOSR under contracts F49620-88-K- PRESSURE DEPENDENCE OF VUV RADIATION

0003 and F49620-90-C-0044.

Figure 3. Pressure dependence of vuv
radiation.
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ABSTRACT:

Recent advances in ultra-short pulse visible and uv laser
technology make it practical for the first time to consider the
production of multiply ionized laboratory plasmas in which ionization
is moderated by an external optical field rather than by electron
collisions. Such plasmas will be remarkable for the high degree of
disequilibrium that can be achieved between the distribution of
ionization and the electron energy distribution. In particular it
should be possible to produce plasmas in which the electron energy
distribution is much cooler (either locally or over a distance
comparable to an electron mean free path) than the ionization
temperature. This leads naturally to consideration of the use of these
plasmas for short wavelength recombination lasers' 2 .

The laser intensity required to produce multiply ionized hydrogen
or lithium like ions suitable for xuv recombination lasers in the 100A
wavelength range can be estimated from generalized tunnelling rates or
more simply from the "over the barrier" intensity threshold which is,

IOW-4x10 9 11" (Watts/cm2) ()

where Eo, is the ionization potential in eV to produce the final
ionization state Z. The above threshold energy of the photo-ionized
electrons associated with multiphoton ionization in the tunnelling
regime can be understood as originating from classical "half inverse-
bremstrahlung" which predicts an excess electron energy of about 10%
of the ponderomotive energy corresponding to the laser field into which
the electrons are released in the case of a linearly polarized ionizing
field and an excess energy about equal to the ponderomotive potential
for a circularly poiarizea ionizing laser. Xultiphoton ionization thus
affords considerable control over the photo-ionized electron energy by
varying the ionization potential of the candidate ion and the
wavelength of the ionizing laser. Perhaps equally importantly for xuv
laser plasmas, photoionization offers a 7eans of controlling spatial
gradients of electron temperature and iGcization potential. In
conventional plasmas where ionization is moderat,1 by binary electron
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collisions it is impossible to achieved large changes in ionization
potential through distances which are small compared to the mean free
path of the electrons responsible for ionization. In general, for xuv
recombination lasers this means that it is probably impossible to cool
these plasmas by diffusion of electrons from an external cold reservoir
and that instead, recombination is strongly dominated by hydro-dynamic
effects. In the case of optical field induced ionization, on the other
hand, it is clear that spatial gradients in ionization potential are
limited only by the wavelength of the optical driver. This can be seen
most clearly by considering photo-ionization in a standing
electromagnetic wave or some more general optical interference pattern.

The simplest (and perhaps most practical) conceptual geometry for
an xuv laser pumped by multiphoton ionization is a filament of highly
ionized plasma surrounded by a cold blanket of less highly ionized
material. In the case of non self-terminating laser transitions, the
central highly ionized region can be of sufficiently small diameter to
cool rapidly by thermal diffusion with little or no hydrodynamic motion
prior to recombination. The production of a suitable plasma filament
may be complicated by refraction effects associated with multiphoton
ionization itself. For a Gaussian pulse focused onto a partially
ionized gas halfspace at an intensity only slightly above the threshold
for ionization, this effect will be significant when the incremental
electron density change introduced by multiphoton ionization is
sufficient to cause a ic/2 phase change upon propagation through its
Rayleigh range, ie.,

8n)m ) (-x2 )12

n, 2% (0

Such refraction effects can be largely avoided by the axicon focusing
of an intense short pulse laser into a volume of uniform density gas.
More efficient use of the icnizing light might be possible if an axicon
were used merely to preionize a column of gas which would be allowed
to expand hydrodynamically to form a guiding structure for an axially
injected ultra-intense pulse to produce the desired final ionization
state'.

The degree of cooling required to produce useful gain in a
recombining plasma and the feasibility of a self terminating or ground
state laser will depend on plasma heating effects associated with the
optical frequency ionizing pump. Nonlinear inverse brehmsstrahlung, for
example, appears to place an acceptable lower bound on electron
temperature even for ground state lasers in the 100 A range. Above
threshold ionization (ATI) will in general produce low energy electrons
for the initial stages of ionization but detrimentally high electron
energies from the final ionization stages. For small diameter plasma
filaments or rapid recombination schemes (ground state lasers) it
appears possible to collisionaly decouple these final photo-electrons
from those produced in earlier ionization stages so that they play no
important role in the recombination kinetics. More severe constraints
on the photo-ionized plasma temperature appear to come from collective
plasma heating effects associated with the high field pump, :n
particular, various Raman modes.

We have used a one dimensional PIC simulation code to study
several of the constraints imposed by plasma phenomena on the
propagation of ultrashort high intensity laser pulses in uniform, low
temperature underdense plasmas. We observe that pulses of durat-on much
shorter than At = 20c-" strongly couple to a plasma wake field- ana
that for v,,,/c in the range from .1 to .3, pulses of duraticn as long
as twenty times (L ." undergo significant Raman backscattering. In the
parameter range of interest for xuv laser plasma .roduction we
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generally observe electron heating associated with Raman scattering
which, for sufficiently long driver pulses, saturates the instability
by heating the bulk of the electron distribution to a temperature
corresponding to the onset of strong Landau damping, ie. 2kCXd - 1, or
T. - l.lxlO5 n./n, eV. A more comprehensive set of PIC simulations under
conditions of relevance to ground state xuv lasers (and with lower
initial electron temperatures than we have used) has been reported from
researchers at LLNL'. Starting at a plasma temperature of 25 eV they
observe that significant heating can be delayed for up to about 15
times the instability e-folding time7 for backward Raman scattering and
they conclude that this is probably sufficient to allow useful ground
state population inversion in some systems in the 100A wavelength
range.

We have used a simple atomic kinetics computer code to model time
dependent population inversion in the recombination of plasma filaments
such as might be produced through multiphoton ionization of hydrogen
or lithium like ions of ionization potential up to about 350 eV . An
example of such a calculation for a lithium-like neon plasma is shown
in figure 1. In this case we follow the population inversion on the 4f-
3d transition of a 50 Jm diameter filament at an initial electron
density of 2xl010 cm"3. The initially fully ionized central filament at
temperature T. is assumed to be surrounded by a constant temperature
(Tb) cooling blanket of non-recombining plasma to which its temperature
is tied by flux limited thermal conduction. That is, electrons in the
recombining filament are heated by superelastic collisions associated
with collisional recombination and cooled by thermal conduction to the
surrounding reservoir. Such a plasma filament might be produced by
multiphoton ionization in a 100fsec duration, .25 pm laser pulse which
achieves a peak intensity of about 4xl02" W/cm 2. In this case, inverse
bremstrahlung heating might be expected to produce a plasma temperature
of 5-10 eV and stimulated Raman backscatter would be strongly damped
at about the same temperature 2k0% =l for T. = 10 eV) The curves in

1017

a -10!8

Li

o -C
z

M o1013

TIME s

Figure 1. Inversion density (N - (g /g, N,) on 4f-3d transition in
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Figure 1 show time dependent population inversion and estimated small
signal gain on the 4f-3d transition (X - 290A ) assuming various
initial filament and cooling blanket temperatures. An inversion density
of 7x10 4 cm-' corresponds to a gain of about 10 cm-1 under these
conditions. It is clear that gain depends strongly on the assumed
initial cooling blanket temperature. Although experiments to confirm
collisional and other heating rates are clearly required, it seems
possible that a useful xuv laser based on this transition could be made
with a uv driver energy of a about a joule.

In order to scale such a thermal conduction cooled, quasi-steady-
state recombination lasers to wavelengths shorter that about 100A it
is apparent from equation 1 that the required driver intensity would
become relativistic even for a .25 Rm ionizing laser. Relativistic
driver intensities in conjunction with the higher electron density
demanded by the recombination kinetics for shorter wavelength operation
inevitably imply large ponderomotive force driven ion acceleration.
This acceleration will occur on a time scale of (A),- and result in MeV
ion kinetic energies. That is, at relativistic intensities most of the
dissipated driver energy will likely go into ion kinetic energy rather
than potential energy of ionization in contrast to the Li-like neon
example cited above. The use of a self-terminating transition to the
ground state principle quantum number of the stripped ion would be an
alternative approach to short wavelength operation.

As an example of such a' situation, we consider the achievement
of population inversion on the resonance line of hydrogen-like boron
at a wavelength of 48A. The complete ionization of boron on a -100fsec
time scale would require a driver intensity of about 5x10' W/cm. The
maximum temporal duration of inversion on this transition is about
equal to the radiative lifetime of the resonance level', ie, about
2psec. Achievement of significant gain requires an electron density of
about 1020 cm-' or greater. An example of the time dependent population
inversion in the recombination of a fully stripped boron plasma with
an initial temperature of 20 eV and electon density ixl020 cm- is shown
in Figure 2. An inversion density of 1016 cm-3 on the Lyman a line
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Figure 2. Inversion density on 3-2 and 2-1 transitions in~ B V.
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corresponds to a gain of about 30 cm-'. It is apparent that simultaneous
gain on both the 3-2 and 2-1 transitions is possible in this case. This
calculation includes reheating by super-eiastic collisions but no
thermal conduction. (Thermal conduction cooling on a psec time scale
would require a filament of impractically small diameter.). The key to
producing such a cold initial plasma lies in the suppression of plasma
instabilities. An analysis of the constraints imposed by Raman
backscatter on population inversion on the self-terminating 3s-2p
transition in lithium like neon has been made by D. C. Eder et al.
This potential laser operates of necessity at a much higher electron
density than the 4f-3d neon scheme discussed above.
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Recent advances in soft-x-ray laser research
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Soft x-ray laser experiments at the Lawrence Livermore National
Laboratory, Nova laser will be described. Much of the work involves the
study of collisionally pumped Ne-like and Ni-like lasers1 although some
studies of recombination pumped and resonantly photo-pumped x-ray
lasers will be discussed. These experiments have produced nickel-like
collisionally pumped x-ray lasers at wavelengths near to, and below that of
the K absorption edge of carbon (43.76-A)2. Recent work has concentrated
on the development of the Ni-like Ta amplifier as a high power source at
44.83-A. Amplification occurs in a laser produced plasma created by
irradiating a thin foil of Ta with two beams of the Nova laser. Up to 8
gainlengths have been demonstrated so far, with a gain coefficient of
3 cm - 1 and a gain duration of 250 psec. The Ni-like Ta amplifier at 44.83-A
lies at the edge of the water window, and provides the basis for the design
of an x-ray laser source that should fulfill some of the requirements for
holography of living cells. It remains to optimize the coherent output
power of the amplifier to use it as a source for future x-ray holography
experiments. Experiments utilizing normal incidence x-ray optics to
enhance the power output from this laser will be described.

Ne-like experiments have been investigating the utility of Ne-like Y
which lases at 155-A as a high power laser at a wavelen'gth where high
reflectivity normal incidence optics are currently available and hence laser
applications are easier. Experiments with both solid and exploding foil
Ne-like amplifiers will be described.

Recently a laser has been discovered in collaboration with LLE, Rochester
that may be driven by resonant photo-pumping 3 . The laser operates at
326.5-A in Ne-like Ti and is believed to be pumped by resonances between
2p - 4d and C- and N-like 3d - 2p transitions. This laser exhibits very
narrow divergence (- 4 mrad) and may be a useful testbed for studies of
soft x-ray laser coherence.
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Abstract
Thomson scattering diagnostics were used to measure electron and ion temperatures in
plasmas similar to those used for x-ray lasers. These measurements were compared with
predictions of a hydrodynamic simulation.

1 Introduction

One of the outstanding uncertainties in modelling x-ray laser experiments lies in determining
the actual plasma parameters which crucially affect the prediction of laser performance.
Electron temperatures are commonly inferred experimentally from x-ray emission spectra
or from the Landau damping cutoff of stimulated Raman scattering, neither of which directly
measures the temperature with sufficient precision at the location where lasing occurs.

Therefore hydrocodes are usually used to estimate the plasma conditions, but there
is still uncertainty in their predictions. Experimental measurements which can test the
accuracy of the codes' predictions can be used to "calibrate" the codes, and he:.ce lead to
either code improvements or an increased confidence in the codes' accuracy.

Experiments were performed with plasmas produced from a laser spot focussed on solid
targets 4.f carbon, germanium and tantalum. The electron temperature could be measured
as a function of time at different locations in the plasma, for various laser intensities.

2 Thomson Scattering

Thomson scattering is the very weak scattering of an optical probe beam liby individual
electrons in a plasma. Depending on the arrangeme t the statterd lielit spectrum can be
used to determine the parameters of the tiectron and ion distributioi fIintions. such as
electron and ion temperat res FT; atid drift velocities I'1, 1*, J.

The LP2 Nd:glass laser system was used to produce piasmas with parameters typical of
x-ray laser conditions. A 500 mJ. 355 nni probe pulse was focussed into the plasma and
the 90' scattered light was dispersed in a pectrograph and recorded on a streak camera.
mte plasma volume being probed wans a ,,ube of approximately s0 pm on each side. This
volume could be moved around within the plasma between shots to determine the spatial
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variation of parameters. The temporal history was recorded by the streak camera on each
shot. The plasma density profile was measured by means of a 20 ps interferometer.

3 Results

Figure 1 shows a streak photograph of the Thomson scattered lght spectrum. The plasma
was produced with about 100 J of 1.064 Am light in a 1.5 is pulse. focussed onto a solid
germanium target. The peak laser intensity was about 2 x 10"% W/cm2 . The measuring
volume was at an electron density of about 102( cm-3.100 jpm from the target surface.

Two peaks are seen in the spectrum. and since their separation is approximately propor-
tional to the square root of the sound speed. T, may be determined. The width of the peaks
and the depth of the valley are related to T,. Lineouts of the spectrum taken at different
times were fitted to theoretical spectra and four fitting parameters werc determined, namely
Te, Ti, Ve, Vi.

Figure 2 shows such a fit and the parameters which were deduced. One additional pa-
rameter to the fit is the electron density ne, In principle this may be determined from the
intensity of the scattered light, but this is very difficult to measure. Instead the interfer-
ograms are used to determine the density of the scattering volume, although this varies
during the pulse. Fortunately, for the scattering geometry used. the fitting parameters are
quite insensitive to density.

Fig. 1. A typical streak record of the Thom- - ",
son scattered light spectrum for a germa-.- -A -"

nium target. Two peaks can be seen which
increase in separation as the plasma tem-
perature increases.

! ,F48I

Fig. 2. A lineout of the data (ol at one
time fitted to a theoretical spectrum -
The inferred temperature is T, = 130± 1.5
eV.
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Figure 3 shows the temporal evolution of the electron temperature of germanium targets
for two intensities. Figure 4 shows the temporal evolution of the measured T, for carbon
targets in comparison w'ith 1D and 2D LASNEX simulations. It can be seen that the
simulations over-estimate the temperature, although the 2D results are quite close at the
peak of the pulse. Ion temperature measurements shown in Fig. 5 are in very good agreement
with the 2D simulations.

L-shell x-ray spectra were recorded with a fiat crystal spectrometer. Figure 6 shows
such a spectrum from a germanium target. Figure 7 shows a spectrum recorded from a
line-focus germanium plasma during a separate x-ray laser experiment. It was found that
the pump laser intensity had to be sufficient to produce fluorine-like emission in order for
laser gain to be observed. The Thomson scattering experiments with a spot focus produce
a similar x-ray spectrum, suggesting that the plasma conditions are quite close to those of
a line-focus plasma.

Part of this work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.

1.5

T

~2.5 x 10 W/cm:

051. 7 x 10 Wicm-

Fig. 3. Temporal evolution of the elec- --

tron temperature of a germanium target
for two shots with different intensities.

Time Relative to Peak of Pulse insi

10.

05

Fig. 4. Measured evolution of T, relative
to the peak of the pulse (o). Also shown
are ID and 2D LASNEX simulations.

Time Relative to Peak ot Pulse in,



72 Short- Wavelength Coherent Radiation

It I

1.5

0.5 
.

Fig. 5. Measured evolution of 2', relative
to the peak of the pulse (o). Also shown
are ID and 2D LASNEX simulations. . . . . . . .. 05 to . 5 .-1.5 -i0 -5c05 l 1.5 20 2

Time Relative to Peak of Pulse (ns

,Al G, T~t m

'I

- I
_' , " ' W "

AD [i s"'

E2Fig. 6. X-ray spectrum from germanium '. ., .. . ",h..;
target with a spot focus at 2 x10 13 

W/cm. "

Fig. 7. X-ray spectrum from a germanium
target with aline focus at 2x 10 13 \/cm . "
This plasma achieved an x-ray laser gain I-
of 4 cm- on the 232 and 236 Alines. The
presence of the fluorine-like emission was a I
necessary condition to observe gain. Thus - I . ,"
the conditions of Fig. 6 during the Thorn- j.... ,
son scattering experiments simulate actual -
line-focus conditions.



Future Directions of Laboratory
X-Ray Laser Research

Mordecai D. Rosen

Lawrence Livermore National Laboratory, P.O. Box 5508, L-477,
Livermore, California 94550

Abstract

We explore ways to make laboratory x-ray lasers and their applications more accessible
to a wider community of users. This includes optical pump facilities that are affordable
due to progress in optical laser technologies, from nsec 1KJ sources, to 100 fsec 1 J
tabletop sources. Based on these possibilities, the future for x-ray lasers seems bright.

Introduction

X-ray lasers(XRLs) produced in the laboratory hold great promise for applications such
as holography of wet biological samples, probing of high density plasmas, and non-linear
x-ray optics. Many current XRLs Pre pumped by very high power. high energy optical
lasers. An important example i.' (he recent achievement of gain-length products
exceeding 8 with the Ni-like (Ta and W), 4d-4p x-ray laser scheme [1 at wavelengths
just inside and just outside the water window, near the carbon K edge at 43.7 A which
are optimal for x-ray holography 12]. This achievement required the utilization of two
of the ten arms of Nova, the world's most powerful laser, to pump the exploding foils 13]
that served as the amplification medium. This is a costly facility, and relatively
inaccessible to most potential users. If applications of x-ray lasers are to become a
reality, we must devote some thought and effort to schemes that can produce such short
wavelength lasing using more user friendly and less costly facilities. It is the purpose of
this paper to explore some of those possibilities.

Schemes in the 1 nsec reaime

The current Ni like success is achieved with a pump duration of about 1/2 nsec. In
principal, the nsec regime allows for multipassing of the beam through the amplification
medium via the use of synthetic multilayer mirrors. This increases the signal
exponentially without requiring further pump power. Moreover, by proper placements
of mirrors and pinholes, more coherent output can be achieved. These methods of
increasing the efficiency of the XRL will be attempted in the very near future. However
these still use two arms of Nova.
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The first important point we wish to make in this paper, is that the technology of
high energy glass lasers has progressed significantly in recent years. While the cost of
laser energy on Shiva (late 70's) was about $2.000/J, it dropped to $500/J for Nova
(late 80's) , and is projected to be about $150/J for the Nova Upgrade (late 90's).
Thus a several kJ facility should be rather affordable (few million $ level, including the
cost of a classroom sized building ) and could serve as a dedicated, stand alone, user
friendly facility for XRL applications [4]. By using 1.06 tim light, which heats an
exploding foil amplifier medium more efficiently than the currently used 0.5 gim light
[51, we believe we can achieve the conditions necessary for Ni-like lasing using only 1
KJ of laser- pump light. This belief is based on calculations [6] using our most
sophisticated modeling tools, which have been successful to within about a factor-of two
in predicting the performance of our Ni like XRLs to date. This then, is our lowest risk
path to successful XRLs in a laboratory conducive to users and dedicated to applications.

Schemes in the 10 psec regime.

A further substantial savings in required optical pump energy can be achieved by
considering a double pulse method for creating the amplification medium [7]- Typically
the single optical laser pulse explodes a foil to create the relatively uniform plasma gain
medium that heats the plasma to the requisite high temperature (typically about 1 keV)
so that the target element is ionized to the proper state and inverted as well. For an
optimized Ni-like W target, requiring 5 x 1014 W / cm 2 irradiance, with a predicted
gain coefficient of 5 cm- 1 , a 200 im line focus height , a 1/2 nsec pulse, and a 4 cm
line focus length in order to achieve saturation (gl of 20), this implies 20 KJ of
required optical (0.53 Aim ) pump energy.

We propose a double pulse method that delivers only the requisite energy when it is
needed. A 1 nsec pulse of only 40 J of green light irradiates the same foil (of thickness
100 jig/cm2 ) focussed somewhat better to 100 im high by 2 cm long. The irradiance of
2 x 1012 W / cm2 is predicted to heat the foil only moderately, to about 100 eV. By the
peak of the 1 nsec pulse, we predict that the foil will have expanded to about a 100 jim
scale size, with an electron density of about 1021 cm- 3 . These energy dnd power
requirements are quite modest and commercially available. In fact. we can probably
achieve these conditions by using any number of alternative technologies such as gas jets
or capillary discharges.

Having created the proper density for the amplifier medium, we then bring in a
very short pulse, of about 20 psec duration, with an even better line focus of about 50
jIm in height, at the required irradiance of 5 x 1014 W / cm2 . This corresponds to an
energy requirement of 40 J for the plasma forming pulse, and 100 J for this short
pulse pump, a savings of over 2 orders of magnitude in required pump energy. In many
laboratories around the world, by using chirping techniques, such high power short
pulse facilities are being built on "tabletops," thus making this approach accessible and
feasible for applications. Under that irradiance , and despite the short pulse length, we
predict that the plasma temperature will rise to over I keV, that about 25% of the ions
will be in the proper, Ni-like state, and that some of those ions will be inverted.
leading to a predicted gain of about 10 cm - These predictions are based on the same
modeling tools mentioned above, and are shown explicitly in Fig. 1 a)-d). Thus the 2 cm
foil will achieve saturation (gl of about 20). Of course it takes 60 psec for the x-ray
laser beam to propagate the full 2 cm, while the gain is predicted to last only on the
order of the 20 psec pulse duration. Thus, the 20 psec pump pulse will have to be phase
driven down the 2 cm length. There are well known techniques to accomplish that [8].

The two-pulse scheme mentioned above has not been demonstrated to date in a line
focus, XRL amplification geometry. However, a proof of principle experiment has been
performed (91, and within the usual factor of two of the predicted required irradiances,
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Ni-like and Co-like Yb has been produced and has shown sensible sensitivities to the
relative timings of the long pulse (2 nsec) plasma-former vs. the short pulse (10 psec)
ionizer/inverter. Thus there is good reason for optimism that this scheme could work,
leading to substantial drops in the pump energy requirements and possibly bringing
XRLs to the table top regime.

Schemes in the sub osec regime

Space limitations do not allow a full discussion of some of the more exotic sub psec
approaches to tabletop XRLs. These include femtosecond, multiphoton ionized gas targets
that lase in a transient recombination mode, and femtosecond laser irradiated solid
targets that serve as radiation sources for inner shell photoionizing schemes. In both
cases the exciting developments of 1J / 100 fsec tabletop lasers allow us to consider
these as real possibilities. A systematic study [10] of the transient recombination
mode, multiphoton approach reveals that efficiencies as high as 0.01% can be achieved
at 98A, though extrapolating to shorter wavelengths may be very difficult due to plasma
instabilities heating the medium and interrupting the rapid recombination required for
inversion.

The scheme using fsec radiation to pump K shell vacancies depends critically on
the efficiency of creating the radiation. This scales favorably with absorbed irradiance
[11]. Moreover, recent success at increased absorption at high irradiance has been
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Figure 1. Time history, at foil center, of a) electron temperature, b) electron density,
c) gain coefficient, and d) fraction of ions in Ni-like and Co-like ionization states.
Arrow indicates onset of high irradiance short pulse.
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reported by groups at Berkeley and Stanford by using roughened surfaces. Thus , if the
radiation from the roughened surface targets still proves to be of short duration, thIPS
approach also holds out great promise for table top XRLs.

Summary

We have shown that there are a wide variety of approaches for future XRLs that utilize
pumps that are either room size or smaller ("true tabletop"). In either case the age of
useful XRLs that are accessible and dedicated to the user interested in applications is
rapidly approaching.
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Abstract

Extension of the Na Balmer-alpha recombination laser to larger o7in-
length product has been made with a simultaneous lasing of F Balmer-
alpha line under short pulse pumping. Up-to-date report including the
collisional excitation Ge laser is also presented.

We present recent progress in soft x-ray laser research at the Institute
of Laser Engineering.- Detailed characterization of the explosive mode
Balmer-alpha soft x-ray laser has been made. Extension of the Balmer-

alpha laser to a larger gain length product has been tested. '< iiso
tested the collisional excitation Ge laser with large gain length
product and good beam quality.

The Recombination Pumped Balmer-Alha Lasers

In our previous experiment[l,2], a stripe turget coated with NaF and
MgF 2 were irradiated with a 351 nm, 130 ps laser pulse with the maximum
energy of 150 J, line-focused to a 7 mm length and 50 um width. in this
"long pulse" experiment,a time- inteqrated qain of 1.2 cm -  n I>i X
Balmer-alpha at 5.42 nm was obtained. Since the pulse width in this ex-
periment was long compared with the required characteristic expansion
time of 30 ps for Na. we have implemented a r,-vised "Thort Fulse" .x-
periment where a foil target was irradiated with a 28 ps, _ J Astir
pulse. The measured time integrated gain :f 4 cm -s, tImf-s ni f,,r
than the value obtained in long pulse ,xiceriment[ 3].

In order to characterize the e xlosive mode B-lmer-alcha IjsAr
more detail, space and time resolved measurements w re made on the .',t
Balmer-alpha line. The intensity of the Balm-r-31ipha line 1Increas,,s -X-
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porientially with the gairn length. The peak gain~ of 5.3 cmK
1 ~ oae

i~t nO urn from the original target surface.

Based on these results we have done an experiment using Gekko X11 to

demonstrate a larger gain l~nqth yroduct in NaF 'hin fail target which
was composed of 0.4 pm thick SCpm wide NaF stripe coated on the 0.2 pm

Chick CHi substrate. A laser hejam of 30 J energy i 2C Is at 0.53 pum was
rocused on 1,o i t-hin -zil target -.ith .3 no mm - pm wide line

focusing optics. The tacused intensity on the tarqet wis i x 10 1 4 W/cm".
Typical space resolved on-axis anectra are shown in. Fig. 1. We can see
the t'.o lasinq lines of Na and F Balmer-aipha trinsitions(5.4.nm and
3.09 nm). rhe time- _,n soace-intelrated Na d F Balmer alpha gain
coefficients of 6.6 cm 1  Ind 6.0 cm ,respectively were obtained from
the calibrated on- and off-axis spectra. The gain-lenoth products of
4.1 and 3.G were obtained for these lines. The peak gain of the F line
is located 150 pm from the original target position while that of Na is
60 pm from the original position. These values are reasonable consider-
ing the atomic number dependence of the temperature and density, i.e.,
F gain occurs in lower t-emperature and denisity region compared to Na
gain.

NaXA0d2p

-60

18 C
aU)

'~4-~4~360
6070 80

Wavelength (A)

;'1~. 1. 1 ixi Lri :. .- , r ice trget
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-he Collisional Excitation Ge Lasers

7he collisional i~xcitation soft x-ray lasers inciudioo:--zQ and tli-
.s~e isoelectronic s;equences have )een investa J -,tensively s
L4 ,. -5 everal c-acers 3,-. :, G, lasers P .rooaoisheol

other iroupsjt;, 7
,' where the rel atively smnall -5 p :7rc-duceol

etnitive iain I'niqth product. -snetmt 'r'r~~ of t h c
caJin medjium having laraeg -_in lenath croduct .1 i i. ten,
tasted the- 'e-likt2 6t- laser -,ho-- ciain i-nath .. i ;z1 Th

Ichematic isoram c'the -xperimental ;etupc nC"r '.,

,rms oi "7

Grazing Incidence spectrometer

Crystal spectrometer

Target Grazing incidence spectrometer
(on axis)
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->Ako X11 laer E9, ill) _rradiajt-d 'he t iri' ma

-,isdliverinq the nerqy 01 1.1 k ' ' ''ar: _m .1

.;. wavem-tngth. 'ho line focusina '.nqth <-1 m %t' h' rage 1_idth1Cj
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o c r o-t -r *... is t.ransIa ted - :. i j r1, 1 'L iom mr

aser b-am axis it, ouer to rrasurt, the initanqity __h12 h
r iy I ise-r :),am. :'- 3lso stle h t-e incidenc r

.:sectrome t'-rs iird icrystal spectrometer ',hich 7, -'isur- *, moniza-
*ion balance of the- medium. T,,,o x-raymr'r l
;nito, th 0 _ linm' focusing ?cdilc 'h IM

o' t'pFted three, ki mnds 2!targetc i.- 'i-h'vn. iri tro

mo i~ raot(1 iii. ian explodiina - i 1p' 'L 5 v

v I j ii I10 i mo-s: thce2'<t ri, 1 I, -11"gimm Ia "h,
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metric expansion, 5, 13er w~as ijocated between toe two 120 nnm thicx 0i
substrates. At first, the optimum thickness -). the taet a-s irnves-

tigated using tr-e hydrodynamic simulation 7oae .tn the NLTE atom.ic
physics package .rncer !he irradiation condition of 1.7 x is 1

3 
W/cM in

ris duration at 1.25 pmr "aveienqth. Desired riasma conditions or toe

medium include one e1lctron density ot 5 x 10 2 cr-l for J=2-1 transition
(91 and the electron teccerature or around I key cosidering the ioniza-

tion balance ana the monopole excitation rate. According to the simula-

tion, Ge thickness of arcund M3 nm was suiable Lecause o! the densit,
matching. Actually %.- found the most intense irnolifie-d beam w.as

produced

with 120 nm thicK Ge target experimentally when w*e testea the thin fctl

targets with various 0- 1syer thickness. Then we fixed the thicxness L

Slab target

Double target

Exploding toil target

ints ire- comnos- l pmn :hick 1 -rip- -vivj on :n.- . -

;tripr-r - -n-er h.: n7 .MCK C strTat-s.
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the foil target and measured the gain coefficient with irradiating the

targets with various lengths. An example of the on- and off-axis spectra
are shown in Fig. 4. Five lasing lines are clearly visible.

#10187 (35mm foil 1200A)
I I

2 1 axial spectra

1 Li

C,, o I I
2 transverse spectra

0

o.

0
150 200 250 300

wavelength (A)

Fig. 4 Typical on-axiskupper) and off-axis spectroararns the X-

ploding foil taroet with G- thickness of 120 nm arOg tne I <atn (-,t
cm.

Op to 45 mm, the intensity of the lasing lines increased exponentially.

However, a 50 mm long target qave weaker signals compared to the *x-
ponential growth due to weaker illumination intensity at the ends of the
line focus. The gain coefficient and the maximum gain lcnqth product of

approximately 3 cm-1 and 12, respectively have been obtained.
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Coherent X-Ray Generation Through Laser
Pumping of a Relativistic Ion Beam:

Feasibility Assessment

S. A. Bogacz

Accelerator Physics Department, Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, Illinois 60510

The efficiency of most popular approach to generating short wavelength radiation in-
volving particle beams, FEL I, is limited by the Thomson scattering cross section. If one
were to use a beam of particles having a resonant scattering cross section for scine fre-
quency, a greatly enhanced gain might be expected. A natural candidate is a hydrogenic
positive ion, having Z > 2, with a single bound electron. The fact that the ion is charged
allows the beam to be accelerated to relativistic energies (y >> 1), therefore one can exploit
the properties of relativistic kinematics which dictate that the back scattered radiation will
have its wavelength shortened by a factor (2y) 2.

Introduction - General Configuration

Suppose the ion beam encounters a laser beam traveling in the tnpuir direction. Il
the rest frame of the ions the frequency of the light is enhanced by a factor 2y (extreme
relativistic case, y>> 1). Assume that the rest frame frequency matches, say, the ls- 2 p
transition frequency, and that the interaction path length in the lab frame corresponds to a
time in the rest frame necessary to invert the level population (a so-called 7t pulse). If we
subsequently apply a different wave, traveling aralle to the ion beam. we may achieve
stimulated emission. The wavelength of this signal would be reduced by a factor 2y from
that cf the resonant radiation in the rest frame, and by a fa.:tor (2y)2 from the original
laser wavelength. If the ions were at rest. there is no reduction in the wavelength since
the frequencies of the pump and the stimulated emission would be identical- for a rela-
tivistic beam with y = 50 the frequency of the stimulated radiation is higher by a factor
104! Feasibility, of course, rests on whether the necessary pump power is achievable and
whether the gain is sufficient to overcome the losses associated with typical x-ray mir-
rors; both of these are governed by the spontaneous emission rate.

Pumping - Population Inversion

One can derive expressions for the time evolution of the ls and 2" level occupation,
(in the rest frame) as a function of an applied oscillatory electric fi .A strength E and
frequency o for some initial occupation of the levels.The time dependence of a two-by-
two density matrix, N, (in the interaction picture) is governed by the following equation::
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a N =ih IU, NJI--(N - Neq). (1)
at T

where U denotes the perturbing Hamiltonian given by:

r I 0 elil -

U = IUI LeE (2)l-- e 1 I2

Here 1UI = eEl( lsfzl2p)I/2, (lsizl2p) = 4-4 (2/3)5(aoiZ), E = ts-,2, - o. and 2

E2p- El, = (3/4)RZ2 , where R and a are the Rydberg and Bohr radius respectively. The
last term in Eq.(l) accounts for spontaneous emission2, where t is the lifetime and Nq is
the equilibrium density matrix (at zero temperature).To describe the pumping stage we
solve Eq.(1) with the initial population entirely in the ground state. The required
evolution of the excited state population is given by the first diagonal element of the
density matrix 3

I,(t (fUT) 2  I F sin iQt 11o U 3,; 2 1 + (- ) 2 1-e t x s- cos ) 
2 

e [t , (3)

where f = 41UI/h. Therefore population inversion N, I 1 - OciXT)-). requires K2.t >> I
(strong field limit) and occurs after a time Trcs. = ti; tihis corresponds to the it-pulse in
NMR). Evaluating t from the Einstein relation ,

3hc3

-=( lslzi2p)1- 2 = 1.59 x 10- q Z- s. (4)4 e 2 ( 0 1 ,s -2 p l

and using the explicit expression for K2,

= 4-F2"(2/3) 5 eEa (5)

one can rewrite the strong field condition (ft >> I) as an inequality on the required elec-
tric field (rest frame value):

EreSt >> 0.349 x Z 5 st. V cm - | . (6)

In the lab-frame the E-field is reduced by a factor 2yand the pulse width . T'",, = 1dM
translates to an interaction length

L = yc Trs = 2.61 x 101 Z/Elab (7)

and a power flux, ( S ) = (c/87t) Elab2
, of
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( S ) >> 3.64 x Z' 0/72 W/cm 2 , (X)

which is readily achievable in steady state for low Z. Were one to operate in the funda-
mental Gaussian mode of an optimized confocal resonator, thc condition on the total
powerflux, P, can beritten as

P >> 10- 2 x Z4 [W] (9)

and may be enhanced over the drive power by a factor involving the Q of the resonator.
Finally, the Doppler-shifted resonance condition 27tc/x = (01s,2(2y) relates y and k as
follows

Y=4.12 x 104 Z2 ). (10)

Stimulated Emission - Lasin

We now examine the second stage of our model, where the inverted population ion
beam is subjected to an incoming electromagnetic wave, which is to be amplified by
stimulated emission. The field strength will be assumed small, i.e. f2'T << 1. where %%e
use fQ' for the precession frequency associated with the amplified wave.

To introduce the gain mechanism we note that the rate of production of coherent pho-
tons, Ncoh, is given by a solution of Eq.(l) with the assumed population inversion as the
initial condition.

Ncoh(t) = 'Je - /1 sin Q't + I + ( c'T 2

21i~ i e-t/" ( sin Q't + Q'T c os Q',I

(Y-- L2'o 2 + E2. (I1)

The above solution describes a general "off resonance" situation (E * 0) which reflects
frequency spread , Ac/o = Ay/y, due to a longitudinal momentum spread in the incom-
ing ion beam (Ay). Note that this effect could be neglected in the discussion of the
pumping stage where the strong field limit (fQ,'t >> 1) applies. However, the lasing stage
is in the weak field regime and the off resonance frequency broadening has to be consid-
ered.

The total number of coherent photons emitted during some time t (to be discussed
shortly) results in an increment to the energy density of the initial wave, AE, given by

t
AE = hn 0s-,2p ( 0 Ncoh(t')dt' ); (12)

0
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here n is the ion density (in the rest frame) and

At/2A 1 ... dE (13)

defines the ensemble average over momenta in the incoming beam. The right hand side of
Eq.(12) is evaluated in two asymptotic regions: (a) cool beam limit (Act << 1); (b) hot
beam limit (Avt >> 1).

Evaluating appropriate c-averages in the above two regimes, one can rewrite Eq.(12) as
follows:

AE n ls---2p (jQ0 t) 2 A (14)

where

A 0.17 ;A << 1 (15)
=0.397t/AE ; Aer >> 1.

The relationship between 0'. and the energy density E,

(J)o)2 = 25It3 e21( lsIzI2p)I2 E /h2 , (16)

allows us to rewrite Eq.(14) as

AE = (2gE) 2An e2 CO Is-2p T2 E/h. (17)

The total gain, G, is defined as

G= (E +AE)/E (18)

and lasing requires GR 2 > 1; here R is the mirror reflectivity of the second (lasing) cavity.
Finally the gain coefficient can be written as:

G = I + (21t) 2An e2
41s-,2p' 

2
/h • (19)
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Assuming mirrors with an intensity reflection efficiency of 50% and a longitudinal
momentum spread in the incoming ion beam of 1% (Ay/y = 1j)- 2) one can estimate the ion
concentration required for lasing as

nrest = 6.84 x 109 Z8 cm- 3 . (20)

In the lab frame this requires an ion beam current density of

ilab = (Z -l)e nrst c. (21)

For the case of Li ions the threshold current density would be

Jlab = 4.31 x 105 A cm- 2 . (22)

Particle beams having the requisite current density, momentum spread and energy are
within the scope of present generation high current storage rings. The discussion in this
paper centers on the ls-2p transition in a hydrogenic atom. However, other types of
transitions may also be of interest; particularly those with longer lifetimes teg., transitions
to various dipole-forbidden or metastable states). It may also be possible to exploit a nu-
clear transition as well as various multilevel systems.
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Abstract

Population inversion is expected on 2p-2s transitions in Ne-like Ge in the 60-80 A
region. The feasibility of observing gain on these transitions is explored.

Soft x-ray amplification in collisionally excited Ne-like Ge plasmas has been
extensively studied in a number of laboratories""l. Gains in excess of 4 cm" have
been reported for the 3p-3s transitions and significant gains have been inferred over
a wide range of irradiance conditions. In our laboratory we have made use of a novel
focusing arrangement41 that employs a segmented wedge array to overlap several line
foci to produce a more uniform linear plasma. The reproducibility of the XUV spectra
was improved allowing gain to be inferred on a core-excited 2s2p83d-2s2p63p J=2-1
transition131 . The 3d-2s quadrupole (E2) emission from the upper state of this core-
excited transition was also identified in the L-shell emission spectrum.

In this paper we report preliminary results of experiments designed to extend Ne-
like systems to shorter wavelengths. The observation of gain on a core-excited
transition has led us to consider the possibility of observing gain on 2p-2s inner-shell
transitions of the form 2s2pe3s-2s 22p53s and 2s2p3d-2s 22p3d. In the case of Ne-like
Ge the n = 3-3 transitions for which gain has been observed occur at wavelengths of
-200 - 250 A. The 2p-2s transitions which are expected to have gain are in the 65 -
80 A region. The gains for these transitions will be somewhat lower than that
inferred for the 3-3 transitions. If the inversion densities and oscillator strengths are
similar to that observed on 3-3 transitions, the gain would be reduced by the square
of the ratio of the wavelengths. In the present experiment this would suggest that
gains 5 0.5 cm' on the 2p-2s transitions. Higher gains would be possible if reduced
refractive effects allow observation of higher density plasma regions.

The experiments were performed with the LP2 Nd:glass laser system operating at
1.06 lim. The laser pulse had a fast (200 ps) risetime with a full width of -1.5 ns.
Optically polished Ge slabs were aligned to an accuracy of 2 mr with respect to the
laser axis. The width of the line focus was -80 pm and the length was fixed at 12
mm. The present results were obtained with incident energies of 140±10 J/cm of line
focus which corresponds to -1.5 x 103 W/cm 2.
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Figure 1. Grotrian diagrams showing the observed n=3-3 transitions (a) and
the 2 p-2s transitions (b).

The diagnostics include two flat field XLUV spectrometers t1 , one of which was
accurately aligned (±5 mr) with respect to the line focus axis. The second
spectrometer was aligned at 45 degrees to the line f$xus axis in the plane of incidence.
For the 3-3 transitions the spectrometers were equipped with 3000 A thick Al foil
filters which transmit from -175 A to greater than 300 A. For the present
experiments the Al filters were replaced with I100 A thick Ag filters which transmit
between 35 and 110 A. The XIJV spectra were recorded on Kodak 101-01 film. The
off-axis spectrometer employed a 300 pim wide slit approximately midway between the
plasma and film to spatially resolve the emission along the line focus. An ADP
crystal spectrograph was used to observe the L-shell emission from the plasma.

In our previous experiments we have measured the wavelengths of nine 3-3
transitions in the 200 A region. This included five 3p-3s and one 3d-3p (core-excited)
transitions for which gain was inferred and three 3d-3p optically thin transitions. In
addition, accurate wavelengths have been determined for the seven resonance (3-2)
transitions and one E2 (3d-2s) transition. These experimentally determined transition
energies have allowed a more precise determination of the excited state energies for
Ne-like Ge. The computed energy levels are based on the calculations of Zhang and
Sampson 6" with corrections to agree with the experimentally determined levels. The
corrections are generally small except for the J = 0 and core excited-levels. Fig. 1(a)
shows a Grotrian diagram showing all the observed 3-3 transitions with the solid lines
representing transitions for which gain has been inferred. Fig I(b) is the same
diagram showing the strong 2p-2s dipole transitions. The solid lines rerresent
possible lasing transitions since the lower level can decay by a dipole transition to the
ground state. The calculated wavelengths for these transitions are given in Table 1,
and are expected to be accurate to within -0.10 A. These 2p-2s transitions will appear
as Ne-like satellites of F-like resonance lines at 79.75 and 65.90 A.
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Table I. Computed and observed wavelengths of 2p-2s transitions in Ne-like Ge.
transitions marked with an asterisk are possible lasing transitions. Lines
appearing as blends are noted (b)

2p,2sI Calculated I Observed 2pw-2s Calculated Observed

I (A) I (A) L(A) (A)
2s3s- 2s3s-

2pr3s 2p=3s
3S1-3P," 79.10 79.00 3S1-3P2  64.82 64.W
1So- 3Pl"  75.14 75.00 'So-1P I"  63.10 63.06

2s3p- 2s3p-
2pm3p 2p&,3p
3P,- 3D 83.00 83.05b  3P2-3D. 67.37 67.45

SPI-1P, 78.24 78.14 3P2-sP2  66.30 66.33

IlSP _ 65.07 65.09
3 P2-'D2  62.93 63.W

2s3d. 2s3d.
2p,3d 2p ,3d
3D1-

3
F2  79.75 79.75" 3D3-

3F4  65.33 65.26
3D 3-IF3 80.54 80.52 (34) 3

D2-3F3  65.71 65.68

'D2."F3  77.10 77.08 (34) 'D2-F3 63.08 63.06 b
SD2-IPl '  85.28 85.18 3D3-3D3  64.72 64.85 b

3D,-'P , "  85.58 85.55 3D,-1 P," 64.92 64 .8 5 b

'D2-'P," 80.91 80.75 (3")

0.6
Na-like (x2)

0.5 F-like (x2)

Ne-like (x2)
~0.4

z
Ne-like (x2

0.3

0.2

OA

0 ..
120 130 140 1SO 160 170 1so

WAVELENGTH (A)

Figure 2. Axial XUV spectrum of the Ge plasma. The F-like and Na-like
resonance lines and Ne-like 2s-2p lines are in second order.
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Fig. 2 shows an axial XUV spectrum of the Ge plasma. The Ag filter does not
transmit above -110 A so the lines appear mostly in second order (although 3' and
4' order lines have been identified). F-like and Na-like resonance lines are clearly
visible and have been used to accurately determine the wavelength scale. The
instrumental resolution, as determined by the width of the narrowest lines is less
than 0.1 A. In this spectral region, the off-axis spectrum consisted only of the Na-like
and F-like resonance lines. The spatially-resolving slit on this spectrometer limited
the field of view of this instrument (in the film plane) to -0.6 mm of plasma length,
too short to observe the weak, optically thin lines. A number of lines in the axial
spectrum have been tentatively identified as 2p-2s transitions in Ne-like Ge: Table
1 compares the observed wavelengths to the calculated values. The asterisk identifies
the possible lasing transitions. The 2p-2s transitions around 66 A are easily
identified. Unfortunately the possible lasing transitions at 63.06 and 64.05 A are seen
to blend with other (probably stronger) 2p-2s transitions. In the region of 80 A the
Na-like resonance lines complicate the spectrum. Nevertheless it is possible to
identify several potential lasing transitions. In some cases the 3' order spectrum has
been used to more accurately determine the wavelength.

In summary we have used the L-shell emission spectra and the observed 3-3
transitions in the 200 A region to calculate more accurate wavelengths for 2p-2s
transitions in Ne-like Ge. A number of optically thin lines have been identified in the
axial XLUV spectra that correspond to these transitions. Transitions for which gain
is expected have wavelengths of 63.06, 64.85, 75.00, 79.00, 80.75, 85.18, and 85.55 A.
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Absract

The role of smoothly varying transverse gain and refraction profiles on x-ray laser
intensity and coherence is analyzed by modally expanding the electric field within
the paraxial approximation. Comparison with a square transverse profile reveals
that smooth-edged profiles lead to: (1) a greatly reduced number of guided modes,
(2) the continued cancellation of local intensity from a loosely guided mode by
resonant free modes, (3) and the absence of extraneous (or anomalous) free mode
resonances. These generic spectral properties should enable a considerable
simplification in analyzing and optimizing the coherence properties of laboratory
soft x-ray lasers.

1. Introduction

Current X-ray laser (XRL) designs rely on amplifying spontaneous emission in a
high temperature plasma.' Arn important issue in the study of XRL's is the degree of
transverse spatial coherence necessary for holographic applications. 2 Longitudinal
coherence appears to be satisfactory, but transverse coherence remains problematic
and requires further optimization study.

Recently, London et al.3 have undertaken a study of transverse coherence based
on a modal decomposition of the electric fields in an amplifying medium. With
this ansatz for the laser fields, the paraxial wave equation is transformed into two
equations which separately govern the longitudinal and transverse behavior. The
longitudinal equation describes the usual longitudinal amplification from a
distributed noise source, whereas the transverse equation is of the Schr6dinger-type
with complex "potential" arising from the gain or imaginary part of the atomic
susceptibility. The analysis of this latter equation leads to a spectrum of eigenmodes
which determines the possible transverse profiles of intensity and coherence.
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The above mathematical characterization for the fields has formed the basis in
the literature for the predicted phenomenon of "excess noise" in an amplifying
medium. 4 In particular, the inherent non-self-adjoint property of a general
amplifying medium presumably allows for the possibility that loosely guided or
bound transverse eigenmodes may dominate the profiles at large transverse
distances from the lasant medium. Such a prospect has serious implications for
coherence and intensity studies since the predicted profiles will be overly sensitive
to the precise value of gain used, and which we argue cannot be physical.

Previous use of the modal approach to understand XRL phenemena has been
restricted to the bound or discrete portion of the transverse eigenmode spectrum.
For sufficiently large values of gain-length product this restricted analysis can obtain
accurate transverse profiles of intensity and coherence. Unfortunately, most gain-
length products observed in the present generation of amplified spontaneous
emission (ASE) XRL experiments are not sufficiently large to justify use of this
truncated approach in general.

More recently, Amendt et al.5 have reexamined the modal approach by
appending the continuum or free modes to the bound mode portion of the
transverse spectrum for the particular example of transverse square gain and
refraction strength profiles. The primary motivation for including the continuum
is that by virtue of the non-orthogonality of the eigenmodes, sufficient cancellation
from cross-terms in the expression for the modal intensity may occur and possibly
eliminate to a large extent the "excess noise" phenomenon. It is found that for
small and moderately large gain-length products the anomalously large intensities
associated with one loosely bound transverse mode are significantly reduced by the
inclusion of neighboring free eigenmodes. This feature has the two-fold effect of
greatly reducing the level of "excess noise" and of removing the source of undue
sensitivity of previous modal modelling to the exact value of the gain parameter
adopted.

Amendt et al.5 address some fundamental problems arising in a general ASE XRL
environment, but they do not determine the degree of transverse coherence
relevant for an ASE XRL experiment. In particular, the square gain and refraction
strength profiles explored in that analysis were intended mostly for analytic ease
and conceptual clarity. What remains to be chwr is whether the effective modal
intensity cancellation persists as effectively for rounded profiles which now allow
for the beneficial effect of refractive defocussing. In this paper we continue our
analysis of modal XRL coherence by considering some consequences of rounded
gain and refraction strength profiles in a finite geometry.

2. Modal Analysis

Our starting point is the paraxial equation for the slowly varying wave electric field
amplitude E:3

!_ V , .2ii), -h(x) + ig(x)1 E (x, z) = -4,nk PP(x, z) ()Lk -

where k is the free-space longitudinal (or parallel to z-axis) wavevector, V2 is the
transverse Laplacian, h=(o. 2(x)/kc2 is the refraction strength, (o, is the electron
plasma frequency, g(x) is the atomic gain of the medium, and P,P is the random (in x
and z), spontaneous atomic polarization. Upon writing E (x, z) = Ec,(z)u,(x) we find
a transverse mode equation:
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[i2 - Fe(l h(x)- i g (x))] Un(X) =- Enun(x), (2)

and a longitudinal transfer equation:

[ un Clzcn FinnJ -i SP(3)

where F. =kg0a
2 is an effective Fresnel number, a is the lasant half-width, E, is the

eigenvalue, x -> xa, z -> zka 2, P p-> P,,/2(ka)2,lr-ho/gO, and h =h/h 0 and g=g/g 0 are
normalized transverse profiles. Since eq. (2) is non-self-adjoint. the eigenvalues are

generally nonreal and the eigenfunctions are biorthonormal: J u,,udx=6,
(*IUnUm'dx). This feature specifically gives rise to the problem of "excess.noise"
where a "loosely" bound mode may dominate the field intensity < I E 12>/8x at large
transverse distance (x>>a). 4 Amendt et al.5 have previously shown that free modes
(lim... u. < o) contained in the spectrum of eq. (2) tend to compensate for "excess
noise" arising from marginally bound modes (lim,.>u, = 0) for the particular
example of a square gain and refraction strength profile. However, the case of a
hard-edged profile is not a realistic feature of XRL's that are based on amplifying
spontaneous emission.

3. Modal Study with Refraction

A useful method for considering smooth transverse profiles in the modal approach
is to numerically relax the square profile into a hyperbolic secant squared profile as
follows: h (x), g(x) -> (1-) fix, E) + E sech 2(x), where E->1 and

0 ;IxI >I1+ E

f(x,c)= I sin2 ( c xl'l1 ') <I X< 1 + E (4)

e c a ;I <I-+E

and then solving (by shooting methods) the transverse eigenvalue equation (2) at
each incremental step in F using the eigenvalue for the previous E as a guess. The
sech2(x) profile is a convenient choice because: 1) h (0) equals unity as for the square
profile, (2) the integrated area under h coincides with the square profile, and (3) the
bound mode eigenvalues are analytically known for the case of an unbounded
geometry:

En '0+4iFe(l + ill))2 n + _) 2  ,n=0,1,2, (5)

The general requirement for a bound mode is that Im (E.) < 0, leading to only three
bound modes for a Ni-like Se XRL,where typically F, = 1500 and 1j = 59.3 By contrast,
the number of modes n. in a hard-edged laser scales as:3 2F./{nln[F,/(l + i1)]), giving
nearly 300 bound modes for the Ni-like Se XRL. Clearly, the coherence length (or
distance at which the normalized correlation function <E(0,z)E'(x,z)>.
1/[< I E(O, z) 1 2>< E(x, z) 12>]1,n is reduced to 0.85) is far greater for a smooth profile
than for a square profile, if we consider only the bound mode contribution. The key
question becomes whether the inclusion of free modes can affect this conclusion.

To consider this question, we first show how the free mode portion of the

spectrum compensates for anomalous intensities arising from loosely bound modes
as in the square profile case. The free modes are obtained by using a reflecting
boundary condition at x = ± A, where A>>I. Figures (la-b) display the compensated
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Figs. (Ia-b): Normalized compensated (solid line) and uncompensated (dash-dotted
line) intensity for the square profile (a) and the sech 2(x) profile (b) for F,=0.5, 1=0,
and geometric half-width A=25.

intensity for one loosely bound mode compared to the uncompensated or "bare"
intensity. Note how the bound mode intensity dramatically cancels beyond x - ±2
for the uncompensated case, while in the absence of resonant free modes a
considerable surplus of energy resides outside the lasant medium ( x I 1). This
example illustrates the "excess noise" phenomenon for a smooth profile, but with
a significant degree of reduction occurring due to cross-correlations between
neighboring (in Re(E,)) free modes and the one marginally bound mode.

In fig .(2) we show the point (or bound mode) and continuum spectra for both
square and sech2(x) profiles. Note the absence of continuum resonances beyond the

0.8 sech2

0.1 e2 f Vsquare .
profile -GL=10

Wj ( =1 rfl 0.641
OAL -GL]=20.0.01 (A=55).
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Figs. (2, 3): In fig. (2) (left) are shown the point and free mode (even parity) spectra
for square and sech2(x) profiles with F,=100 and i=10. Note the larger value of A
(0x) used for the square profile. In fig. (3) (right) are shown coherence profiles for
A=5.5, F,=100, and T=10 with gain-length parameter GL=10, 20.
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one (even parity) bound mode for the sech 2(x) profile; such resonances effectively
act as loosely bound modes in the case of the square profile. This generic feature of
the smooth profile is seen to simplify the analysis: relatively more free states
behave as high or nearly orthogonal modes which happen to depend only weakly
on the details of the gain and refraction profiles. In fig. (3) we compare coherence
profiles for the square and sech 2(x) gain profiles by considering, for example, the first
74 (even parity, bound plus free) modes. The improved coherence for the sech 2(x)
profile is due mainly to the fewer number of bound modes in the system which is
attributed to refractive defocussing in a smoothly varying medium. This
phenomenon actually consists of two parts: (1) the usual bending of rays away from
the lasant medium when 'n0 and (2) the effectively reduced region of maximum
gain giving rise to fewer high-gain transverse modes in general. Both effects
contribute significantly in discarding many of the bound modes responsible for
degraded transverse coherence.

4. Discussion

Realistic coherence modelling of current XRL experiments must include the role of
refractive defocussing arising from non-trivial gain and refraction profiles. We
have begun to study this phenomenon from a modal viewpoint with the aim of
both clarifying the role of "excess noise" in such a system and optimizing the degree
of coherence for eventual holographic applications. The generally large values of F.
and Ti found in current XRL experiments require a streamlined use of the modal
approach as outlined above in order to compare with existing numerical wave
propagation codes.6 We have shown that the role of free modes in a smoothly
varying media appears not to be as complex as for the square profile by virtue of the
far fewer number of bound mode resonances and the absence of additional
continuum resonances.
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Abstract

Lasing between excited states and the ground state following optical-field i nization is st died
Saturation of an x-ray laser when the lower lasing level is a ground state of a H-like or L.i-like
ion is discussed. Efficiencies of 10' to 10' are calculated for the 3d5/ 2 - 2p3/2 transition a
98 A in Li-like Ne. The assumption that the fine-structure levels are populated according i,
their statistical weights is shown to be justified through comparisons with calculations using
a detailed atomic model. The effect of saturation by a given fine-structure transition on the
populations of the sine-structure levels is analyzed.

I. Introduction

Optical-field ionization-by a high-intensity/short-pilse UV laser allows the possib "yvt x-ra
lasing between excited states of an ion and the ground state. 1'2 We calculate eti iencles ill
Li-like Ne, for the 3d5 12 -

2P3/2 transition at 98 A, to be in the range of 10- '  to It . leos,
relatively high efficiencies are obtained despite the short lifetime of this self-termina ing laser
and the reduced saturation intensity associated with the lower lasing state being the ground
state of the ion. In this proceeding we discuss saturation issues for lasing down to the ground
state in H-like and Li-like ions. A common assumption in modeling these ions is that tl,,, fine-
structure levels are populated according to their statistical weights. We discuss the vatit. t, of
this approximation by comparing shell-averaged results with those obtained using a derailed
atomic model. We also study the effects of saturation on the relative population of the fine-
structure levels.

II. Saturation Issues for Lasing to Ground State

The large energy difference between the ground state and the first excited state of an ion nmakos
the idea of lasing down to the ground state an attractive one. The small populations that can
be achieved in excited states require that the ground state be emptied to a very high dtree
(of order 0.1%) to obtain population inversion and gain. Such complete ionization appears
possible by using high-intensity lasers where the electric field associated with the laser fi,,ld is
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larger than the Coulomb field binding the ground-state electrons, of a given ionization stage.
to the nucleus." 3 If the electron temperature following ionization is sufficiently low. there is
rapid collisional recombination to the upper levels followed by collisional cascade giving large
population inversions and gains between the first excited state and the ground state. The
ground state is populated on a time scale associated with the radiative lifetime of the first
excited state which is of order a picosecond. The short lifetime of these self-terminating lasers
reduces the energy that can be obtained. An additional aspect of lasing down to the ground
state that limits the output energy is the relatively low intensity required to saturate.

As the length of the lasing medium is increased the output increases exponentially until
the intensity associated with the lasing transition starts to affect the kinetics. The intensity
at which the gain is reduced to 1/2 the small-signal-gain value is referred to as the saturation
intensity 1,,u. For transitions between excited states, one can often neglect the effect of the
intensity on the lower laser state population in calculating saturation.4 In this case. 'sat is the
intensity that causes the upper laser state to be reduced by a factor of 2. This is found by
equating the stimulated rate out of the upper laser state with the total exit rate 7out excluding
stimulated processes. For lasing down to the ground state, one cannot neglect the effect of
the intensity on the lower laser state for two reasons. First, electrons stimulated out of the
upper laser state accumulate in the lower state. Second, the population inversion at the time
of maximum gain is not large which results in the gain being sensitive to the population in
the lower laser state. We first show how to calculate Iw neglecting fine-structure levels and
then discuss the role of fine structure in H-like and Li-like ions.

In treating the situation where the lower laser state cannot be neglected. we introduce a
parameter a whose value will depend on the populations and statistical weights of the lasing
levels. We equate the net stimulated emission out of the upper laser state to a times l out,

c 2  Au I -,L1'u J-A = lut, 1
2hV3 1 1 ' '~g7  )

where (I - Nl'g/Nugi) is the population inversion factor, primes denote saturated values.
9u and g1 are the statistical weights of the upper and lower states, respectively, Au, is the
spontaneous emission rate, and Ju is the specific (or per unit frequency) mean saturation
intensity. The population of the upper level is reduced as a result of saturation because of
the additional exit channel via stimulated emission. By equating the population outward flow
without stimulated emission Nu-yut to the outward flow after saturation N,' 0ut + N,'a-jou, the
saturated population can be expressed in terms of the population in the absence of stimulated
processes as N, = Nu/(1 + a) = $Nu, where 3 - 1/(1 + a). Assuming that electrons that
arrive in the lower state accumulate there, the saturated population in the lower state is
NI' = N1 + (1 - O)N,. This is usually a good approximation when the lower laser state is a
ground state of the ion. We can solve for 3 by requiring that the gain calculated using A'X,
and Ni{ be 0.5 times the small-signal gain giving

Using this expression for 3 and then a from a = 1/'3 - I. we obtain J,.t from Eq. (1) The
saturated intensity is then given by 1..t = AvJs±(2, 3 /ln2) 1/2 , where Av is the FWIIM of
the atomic line profile.

As an example of the effect of including the lower state, the choice Nigu/Nugi = 1/2 and
9u/g9 = 2.25 gives a = 0.09. This results in a factor of 11 decrease in Im as compared with
neglecting the role of the lower state in determining the intensity sufficient to saturate the
laser. This ratio of the statistical weights corresponds to the n = 3 to n = 2 levels in a Li-like
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ion neglecting fine structure. For lasing down to the ground state of a H-like ion from the
first excited state, 9u/gl = 4 and a = 0.05 for the same amount of inversion. In general. the
spacing between fine-structure levels is greater than the line widths and the effects of fine
structure must be included in calculating saturation.

The assumption that the fine-structure levels are populated according to their statistical
weights allows an easy estimate of the role of fine structure on saturation. Ve address the

validity of this approximation in the next section. In Li-like ions, the 3d5/2 -
2
P3/2 is the fine-

structure transition between the n = 3 and n = 2 levels with the largest gain and therefore it
reaches saturation first. The Ad rate used in Eq. (1) is for this fine-structure transition, but

we continue to use the shell-averaged or total exit rate 7you,. The population outward flow
without stimulated emission is N,=31out -- 3N= -yout, where N is the population of the 3dj/2
level which has 1/3 of the n = 3 population if the sublevels are populated according to their
statistical weights. Equating this to the outward flow after saturation, 3Nut + Nucasyut,
one obtains an expression for N. given by .Vu = N /(1 +a/3) = 3N, where 03- I/(I + a/3).
Assuming the n = 2 levels are populated according to their statistical weights, 1/2 of the
electrons stimulated out of the upper laser level accumulate in the 2P3/2 lower laser level.

This gives N{ = N1 + 1/2(1 - j)N and solving for j one obtains

I=~~ (I + 9) +1 }g/(l/ (I, ) (3)2 Nu gi J 2 gi 2 _g )

For Nlgu/Nug = 1/2 and gu/gl = 6/4 = 1.5, appropriate for the 3ds/2 -
2
P3/2 transition.

a = 0.5. If the lower state is neglected in calculating saturation, a = 3 because the stimulated
rate acts only on the 3d5 /2 population. Thus, including the lower state results in a factor of

6 decrease in /!.t for .Njg./Ngj = 1/2.

In H-like ions, the 2 p3/2 - ls1/2 transition has the largest gain and saturates first. The
2P3/2 level has 1/2 of the n 2 population if the sublevels are populated according to their

statistical weights and we have ,, = N/(l + (Y/2) = 3N.u and '( = N1 + ( 1 - )).,u. These
are the same expressions as for the first case where fine structure is neglected with 3 replacing
3. The expression for 3, Eq. (2), can be used for 3 with a = 2(1/3- 1). For Nlg/Nugl = 1/2
and gu/g = 2, appropriate for the 2p3/2 - 11/2 transition, a = 0.18 which is a factor of 11
decrease as compared with neglecting the lower state population. For comparable population
inversions, the 2 P3/2 - I11/2 transition in H-like ions has a greater reduction in /sat, associated
with including the lower laser state, than the 3d5 / 2 -

2
P3/2 transition in Li-like ions.

We calculate reasonable efficiencies for the 3ds/2 -
2

P3/2 transition in Li-like Ne despite
the short duration of lasing and the reduction in 1

'M associated with the lower laser state
being the ground state. In Fig. I we show the calculated efficiencies (output energy/input
energy) at an electron density of 2.5 x 1021 cm - 3 as a function of electron temperature T,
for three laser focal radii. The increase in efficiency as T, decreases is because of more rapid
recombination and collisional cascade to the upper laser level. The increase in efficiency with
increasing radius comes from the assumption that the length of the lasing region is given by
the confocal length z = lra2 /A)n2. where A is wavelength of the driving laser and a is the
half-intensity focal radius. Refraction arising from transverse ionization gradients can limit
the length of the laser and we are studying the effects of a preionized channel and imposed
density gradients to control refraction. We have calculated efficiencies as high as 10- 4 

b. using
an electron density of 1.0 x 1021 Cm- 3 and an electron temperature of 50 eV.2 A driving pulse
with a duration of only 50 fs is required at this density to keep stimulated Raman scattering

from heating the plasma above 50 eV.
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Figure 1: Efficiency versus temperature at Figure 2: Small-signal gains calculated with
an electron density of 2.5 x 1020 cm - 3 for independent sublevels (dashed curves) and
several values of focal radius and the corre- with sublevels populated according to their
sponding input energy. statistical weights (solid curves).

Il. Kinetic Issues for Lasing to Ground State

The efficiencies calculated for the 3d5 / 2 - 2P3/2 transition in Li-like Ne use a shell-averaged
atomic physics model. The populations of the sublevels. in a given shell corresponding to a
principle quantum number, are assumed to be proportional to the statistical weights of each
sublevel. We discuss two issues that can affect the validity of this approximation for the n =2
levels in Li-like Ne. (These issues also affect the n = 3 sublevels but to a lesser amount. The
first arises when the energy differences between the sublevels is not much less than the electron
temperature. The second occurs when a given fine-structure transition becomes saturated and
a large fraction of the population flow between shells is carried by that transition. W\e stud%
these issues by comparing shell-averaged results with those obtained using a detailed atomic
model that allows independent sublevels.

The assumption that the sublevels are populated according to their statistical weights as-
sumes that AEma, < kT, where Em. is the maximum energy difference between any of the

sublevels. In the collisional limit, the ratio of populations is nj/n, = (g,/g,} exp(-AEikT.).
The 2 p3/2 and 2p,/2 levels have energies approximately 16 eV greater than the 2s level giving

a Boltzmann factor e- E/IkT between the 2p levels and the 2s level of 0.7 for a representative
temperature from Fig. I of 40 eV. The n = 2 shell is primarily populated by radiative tran-
sitions into the 2p sublevels from the 3d sublevels. The 2s sublevel is populated radiatively
from the 3p sublevels and collisionally from the 2p sublevels. These An = 0 collisions try to
keep a Boltzmann population distribution among the sublevels. The electron collision rate
between 2p3/2 and 2s is approximately a factor of 2 larger than that between 2p,/2 and 2s. on
collisions are included in our calculations but do not play an important role. The result of ail
these processes is that at the time of maximum gain the 2P3/2 level is slightly underpopulated
compared with the other n = 2 levels accounting for statistical weights but not as much as
predicted by the Boltzmann factor. The effect of this on gains is shown in Fig. 2 where gains
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for three fine-structure transitions are shown for an electron density of 2.5 x 1020 cm - 3 and an

electron temperature of 40 eV. The dashed curves are for independent sublevels and the solid

curves are the gains if the sublevels are populated according to their statistical weights. The

3d,/2 - 2 P3/2 transition has a slightly higher gain when sublevels are treated independently

primarily because of the reduced 2P3/2 population giving a larger inversion ratio.
Saturation by the 3d/2 - 23/2 transition selectively populates the 2 1 /2 level because a

large fraction of the population flow between the n = 3 and n = 2 levels to pass through this
transition. We find that the saturated gain using independent sublevels is often slightly smaller

than the saturated gain obtained by assuming levels are populated statistically. Thus, the two

effects we describe act in different directions on the 2P3/2 sublevel. The general conclusion is

that the assumption of statistical population between the sublevels is appropriate.

IV. Summary

We have shown the importance of including the lower laser level in calculations of saturation
when that level is the ground state of an ion. We have calculated efficiencies of 10-

' to 10- 4

for the 3d5 /2 -
2P3/2 transition at 98 A in Li-like Ne. The assumption that the fine-structure

levels are populated according to their statistical weights is shown to be justified.
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Radiation Cooling in Photopumped C VI
Inversion

Ricardo A. Pakula

Department of Physics, Lehigh University, Bethlehem, Pennyslvania 18015

Abstract

Radiation cooling as a means to reach inversion in photoionized C VI is
analyzed in the context of energy transfer between excited ions and free
electrons.

Introduction

The idea of generating inversion and gain by photo-ionization followed
by three-body recombination was first stated by Bunkin Ill et al., and
further analized by Goodwin and Fill 121. The application of this
scheme for the specific case of a hydrogen-like C VI plasma, exposed to
the soft x-ray emission of a titanium-laser-produced plasma was
considered in Refs. 3 and 4. Necessary conditions for the achievement
of inversion are a low plasma temperature (- 10 eV), and a high electron
density (- 1016 cm I). Both are required for the establishment of a
strong collisional-recombination regime, favouring the cascading of
electrons towards the upper excited levels, leaving the lower levels
almost unpopulated. Radiative cooling was originally proposed as a
means to reach the desired temperature in similar recombination schemes
[51, however posterior work has shown that this regime was not
attainable for low-Z materials [6]. In this paper we consider in detail
the hypothesis of radiative cooling for the case of C VI pumped by the
Ti-plasma.

We have developed a numerical code that solves the rate equations for
all ionization stages, electron temperature and density, and the first 6
excited levels of C VI for an initially cold carbon-gas in the presence
of the Ti-emission. The x-ray emission is assumed to have the same
spectral distriyution as in Ref. 7, with a temporal dependence in the
form of (sin(r -)I , r = 20 ns, and normalized to an average laser

12 2intensity of 10 W/cm . The rate coefficients were taken from
published data and hydrogen-like models and the linewidth for the lasing
transitions were estimated from values given in Refs. 2, 8 and 9.
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Perfect coupling between radiation and electron temperature

In order to simulate the behavior of radiative cooling, we have first
assumed that each radiative transition modifies directly the free
electron temperature: every time a photon is absorbed by the C-ions. its
energy is added to the electron energy, and every time a photon is
emitted, the electron energy is decreased by this amount. This Trodel
seems reasonable in quasi-equilibrium regimes, where population
unbalances are rapidly compensated through inelastic collisions, and the
free electrons act as an energy reservoir. On the other hand, under the
extremely nonequilibrium conditions of this problem, it is not clear
a priori, if this model can be considered a good approximation.

The results following this assumption are presented In Figs. 1 and 2.
It can be seen that after 10 ns the plasma is almost fully stripped and
the electron temperature reaches a maximum of 65 eV. With the decay of
the laser intensity, radiative cooling sets in, and after the laser 's
switched off the6 t emperature drops so fast, that a transient inversion
of almost 10 cm is predicted for the 3 - 2 transition, in less than
1 ns, generating a gain of more than 10 cm-

10 8 60

N . e C by Ti/e No=_1 xlO116c m
-3

EL=20 J

10 ° -60

c 6+

Z 10 -40

Z 5+ Te\

10 to " -20
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1010. 0
0 10 20 30 40

Time (nsee)

Figure 1. Density N for the different ionization stages of carbon:
electron density Ne; electron temperatyge Te and pumping pulse for an
initial neutral carbon density of 1I10 cm- . Radiative processes are
directly coupled to the energy equation.
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Figure 2. Inversion density AN between upper excited states of C VI
respect to the n = 2 level; and electron temperature Te for the same
case as Fig. 1.

Collisional coupling between electrons and ions

As a second step we have solved the more realistic case where changes in
the free electron energy are allowed only through inelastic collisions
with the ionic species. This has the effect of producing a weaker
coupling between radiative transitions and changes in the electron
temperature. The energy difference remains as excitation (or potential)
energy of the ionic systems. As can be seen in Figs. 3 and 4, the
cooling effect is less pronounced, and stops around 10 eV, when the
population of excited levels of C VI disappears. However, the same
decoupling is responsible for the decrease in the electron temperature
to a maximum of 15 eV, even while the laser is on. Due to the overall
lowgr terperature, a steady inv rsion is generated with a value of
10 cm (and a gain of 10 cm- ) over more than 5 ns, which is more
suitable for practical purposes.
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Figure 3. Density N for the different ionization stages of carbon;
electron densitv Ne; and pumping pulse for an initial neutral carbon
density of 5x10 cm- . Only collisional transitions are coupled to the
energy equation. After Ref. 4.
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Figure 4. Inversion density AN between the second (n 3) and first
(n = 2) excited states of C VI; electron temperature Te: and gain for
the 182 A line for the same case as Fig. 3. After Ref. 4.
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Conclusions

We conclude that radiative cooling is not effective for this scheme, but
at the same time is not needed. Indeed the inertia associated with the
energy transfer to free electrons, allows the plasma to remain at the
desired temperature for all times.
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Capillary Discharge Soft-X-Ray Laser
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ABSTRACT

The possibility of developing a soft X-ray recombination laser in a
capillary discharge plasma is being investigated. Soft X-ray emission
spectra of highly ionized carbon plasmas generated by two excitation
regimes in 1 mm diameter polyethylene capillaries are discussed. A 50 kA,
108 ns FWHM discharge produced a dense (1*10"9 cm-3 ) plasma in which
intense Cvi emission is only observed shortly after the peak of the current
pulse. In contrast, the first time resolved spectra from a fast 25 ns
FWHM, 90 kA discharge pulse, showed strong Cvi 18.2 nm emission also at the
end of the first half cycle of the current pulse. This new fast discharge,
which is capable of generating 150 kA current pulses through 2 cm long
capillaries was designed to produce larger Cvix density and shorter
excitation fall time, to explore the possible occurrence of soft X-ray
amplification.

INTRODUCTION
Significant success has been achieved in the last several years in pumping
soft X-ray lasers with high energy lasers (1-3]. We have proposed the
development of smaller soft X-ray recombination lasers based on direct
discharge excitation of a capillary plasma with a fast current pulse
(4,5]. Capillary discharges are known to generate dense highly ionized
plasmas [6-9] with good axial uniformity due to the stabilizing effect of
the capillary walls. In this laser scheme a dense and highly ionized
plasma core with a large length-to-diameter ratio is created by a fast
discharge pulse. Subsequent rapid plasma cooling by electron heat
conduction to the capillary walls and plasma radiation results in the
recombination of highly ionized species into ions of lower charge, and
could possibly create population inversions and amplification of soft X-
ray radiation.
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Of particular interest are the 3-2 transitions in hydrogenic ions in
which large amplification has already been demonstrated in laser created
plasmas (1,10,11]. In previous experiments with a 5 J lithium hydride
capillary discharge, we observed increased excitation of the 3-2
transition in Liiii at 72.9 nm towards the end of the current pulse, an
indication that this transition was excited by collisional recombination
[9]. Scaling of the experiment to carbon is predicted to produce gains of
the order of 5 cm -1 in the 18.2 nm line of Cvi [4]. Recently, Steden and
Kunze studied the emission of low energy, low voltage (!512 J, !16 kV)
polyacetal capillaries and reported the observation of short bursts of
radiation at 18.2 rum coincident with the peak of the second half cycle of
the current pulse. This phenomenon was attributed to amplified spontaneous
emission [12]. Our experiments with a similar polyacetal discharge have
not been able to detect these burst of radiation. Weak Cvi emission was
observed only during the first half cycle of the curren: pulse.

In this paper we discuss the results of soft X-ray emission
spectroscopy experiments in carbon plasmas created by a 40 kV capillary
discharge having a FWHM pulsewidth of 108 ns, and present the first
results obtained with a fast, high voltage (25 ns, 5800 kV) capillary
discharge designed to produce the initially hot and rapidly cooled plasmas
required to investigate the possible occurrence of soft X-ray
recombination lasing.

Cvx SOFT X-RAY EMISSION FROM A 40 kV, 100 ns POLYETHYLENE DISCHARGE
The soft X-ray emission from 0.5-1 mm diameter polyethylene capillaries
excited by discharge current pulses of up to 60 kA and 108 ns FWHM
pulsewidth was studied using the compact capacitive discharge setup shown
in figure 1.

- .It consists of a disk of thirty two
40 kV ceramic capacitors of 3.3 nF
each placed in the perimeter of a
rectangle having as center the
capillary axis. The capacitors are

X directly connected to the capillary
a electrodes by a parallel plate

transmission line forming a circuit

with a total inductance of 23 nH.
The discharge switch is the
capillary itself, and discharge
initiation is achieved by flashover

Figure 1.Photograph of 100 nF, 40 kV on the capillary inner walls when a
capillary discharge setup. secondary trigger discharge is

fired in the proximity of the
cathode. The soft X-ray emission

exiting one of the hollow discharge electrodes was analyzed with a 1 m
grazing incidekL vacuum bpectrograph utilizing either a 1200 lines per mm
or a 300 lines per mm gold coated grating. The instrument contains a
multichannel plate intensified array detector which can be gated to obtain
temporally resolved spectra with 5 ns resolution.

For excitation currents above 35 kA, Cvi lines are observed to dominate
the soft X-ray spectra. Strong 18.2 nm Cvi emission is observed in the time
integrated spectra of figure 2, which corresponds to the axial emission
from a 1 mm diameter polyethylene capillary excited with a 50 kA current
pulse.
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A collisional-radiative ionization balance calculation based on the
rate coefficients of Kolb and Lupton (13] shows that for CvI to be the
dominant specie, as is observed in the higher current discharges, the
electron temperature must reach a value of more than 70 eV in the hottest
region of the plasma, located in the axis of the discharge. This hot
plasma core is likely to be surrounded by a cooler and denser plasma
region near the capillary walls, which act as a heat sink and introduce
cold ablated material into the discharge.
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Figure 2.Time integrated spectrum Figure 3.Spectrum of the Cvi Balmer
of a 1 mm diameter, 1cm long poly- series of a 1mm diameter poly-
ethylene capillary excited by a 50 ethylene discharge excited by a 50
kA, 108ns FWHM current pulse. A kA, 108ns FWHM current pulse. A
300 lines/mm grating was used. 1200 lines/mm grating was used.

Figure 3 shows the lines of the Cvi Balmer series originated from levels
n-4 to n-8 for the same discharge conditions of fig.2. The increased
linewidth of the shorter wavelength transitions is caused by Stark
broadening. The corresponding electron density was calculated to be
approximately 1*1019 cm-3 . This value of the electron density is close to
the opcimum required for amplification of the 18.2 nm line of Cv: by
collisional recombination.

The temporal evolution of the intensity of the axial emission in the
14-24 nm spectral region was also studied and is shown in figure 4. The
maximum intensity of the Cvi Balmer a transition occurs shortly after the
peak of the current pulse and its intensity rapidly decreases as the
current drops. The maximum intensity of the Cv lines occurs later in time,
as it might be expected from collisional recombination of Cvi ions. The
emission of Cvi transitions observed during the current pulse can be
attributed, in principle, to collisional excitation. However, it is
possible for part of the observed Cvi emission to be created following the
collisional recombination of Cvii ions that diffuse from the hot plasma
core into the cooler and denser boundary plasma. The low electron
temperature (10-16 eV) that results from a Boltzmann plot of the
intensities of the Cvx Balmer series lines of fig.3 supports this
possibility, since it is significantly lower than the temperature required
to excite the observed CvI transitions. Nevertheless, no gain has been
observed in comparing the intensity of the 18.2 nm line with other Cvi
transitions for 1cm and 2cm long capillaries in this device.
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Figure 4.Time resolved 14-24nm spectra of a 1mm diam. polyethylene

capillary excited by a 40 kA, l08ns FWIIM current pulse. The time of each

spectrum relative to the peak of the current pulse is indicated.

HIGH POWER DENSITY. SHORT PULSE CAPILLARY DISCHARGE
To generate initially hotter and more rapidly cooled plasmas, we have
developed a fast high power density discharge. This new discharge consists
of a circular plate transmission line charged by a 800 kV Marx generator
and connected to the capillary load through a SF6 switch. The setup is

schematically illustrated in figure 5. When ethylene glycol is used as

dielectric, the capacitance is 3 nF and peak currents in excess of 150 kA

can be generated through 1 mm diameter, 1-2 cm long capillaries, with a

first half cycle FWHM pulsewidth of 25 ns. The device has so far been
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Figuroed 5a a high power density fic aste.capillary discharge.cnit
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tested at voltages up to 600 kV, producing a current pulse of 140 kA
through the capillary load. 8.

The first experiment with such _7.
high power density capillary 2 C13 18.2 nm

discharge has been conducted in a 1 5
mm diameter polyethylene capillary. 5 CVI 12.0 nm 
Figure 6 is a time resolved 4 13.5 nm

Figur 
18.2nm

spectrum of a 92 kA discharge '3- CV" 17.3 am
corresponding to the end of the 2 2-

first half cycle of the current z
pulse. In contrast with the slower 1
discharge discussed in the previous 0 200 400 600 800 :000
section, the current pulse decay Diode Number
time is shorter than the Cvii
recombination time and intense Cvi Figure 6.Time resolved spectrum of a
emission at 18.2 rm is detected at lmm diam., 1cm long, polyethylene
the end of the first half cycle of discharge at the time of the end of a
the current pulse. Gain 25 ns FWHM current pulse.
measurements for different
capillary geometries and excitation
conditions will be conducted changing the capillary length.
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Abstract

We have designed and tested an ellipsoidal reflector to pump short-wave-
length lasers by broadband soft-x-ray radiation from laser-produced plasmas.
Xenon gas supplied by a pulsed gas valve with a slit nozzle, which was placed
in the vicinity of the second focus, was irradiated longitudinally along the
optical axis. Soft x-ray absorption and VUV emission resulted from the 4d
inner-shell excitation was investigated.

Introduction

A wide variety of excitation schemes for short-wavelength lasers operating
below 1000 A have been investigated extensively. Photoionization pumping
through inner-shell processes is one of the promising methods to produce a
spatially uniform gain.' In this method, being different from the plasma

Driver Laser
0of X-Ray Laser Medium Laser Output

Target -. )

Ellipsoidal Reflector
Pulse Jet Nozzle

Fig. 1 Schematic drawing of longitudinal pumping by an ellipsoidal reflcetor.

Prweingson Shto-Wawkngh Cot rn Raio, 111
VoL I], Philip H. Bwktbasm and Narin M. Ceglio (e&)
0 1991 Optical Society of AMwsrca
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method accompanied with high density and highly ionized plasmas, it can
create population inversion in low ionized or neutral atoms' .' if a sufficient
pumping radiation is supplied. A laser-produced plasma is excellent as a soft-
x-ray source because of high energy conversion efficiency and short time dura-
tion. An important issue in the optical pumping scheme is how to collect and
focus the incoherent soft x-ray to a lasing medium. The end-pumping geome-
try using an ellipsoidal reflector,' 5 of which schematic drawing is shown in
Fig. 1, have some advantages for the short wavelength laser pumping. First, it
can separates a lasing medium from the plasma source so that the harmful
collisional interaction with particles out of the plasma source can be avoided.
Secondly, it also allows a traveling wave excitation which is essential for short
wavelength lasers.,

In this paper we describe experimental results on soft-x-ray pumping by
an ellipsoidal reflector. The reflectivity and focusability of the reflector were
measured with soft-x-ray radiation from a laser produced plasma. ,The ab-
sorption spectrum of Xe gas was also investigated from 100 to 300 A region.
Feasibility of longitudinally pumped short wavelength laser by means of an
ellipsoidal reflector is discussed.

Design and Performance of an
Ellipsoidal Reflector

There are no materials which have Table I Design parameters of an ellipsoidal
high reflectivity at a normal inci- refrector for wavelength longer than 100 A
dence in soft-x-ray region. At a graz-
ing angle of incidence, however, high Base Material Al
reflectance can be achieved on some Surface Material Au(Ni)
metal surfaces. In the case of gold Major Axis 40 cm
surface, reflectivity more than 30% Minor Axis 4 cm
for the 100 A radiation is achieved at Foal Length 79.6 cm
a grazing angle smaller than 25 de- Surface Roughness < 30 A
gree.' In addition to high reflectiv- Reflectivitv (at 100 .A)i 30%
ity, a grazing incidence reflector us-
ing a metal surface provides superior
properties than multilyer reflectors:
1) damage resistance of a metal sur-
face to the optical radiation is much - i
higher, 2) no wavelength selectivity
results in broadband reflection,
which is suitable for photoionization
pumping, 3) fabrication by means of
diamond turning can supply rela- .5
tively large reflector. I

The collection efficiency of an ellip-
soidal reflector is dependent on its i i
configuration expressed by the ratio 0
of the minor to the major axis. The I IIII
magnification of the plasma source is 100 280
also directly related to the ratio of Wavelength (10 A/div.)
the axes. Considering these factors
into account, the ratio of the minor to Fig 2 Relative rcfiectivity of an Ni reflector

the major axis was determined to be for soft-x-ray rcgion
0.1. A focal length, that is, dimen-
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sions of the reflector was imposed restriction due to both a diamond turning
machine and the space for a plasma source and was fixed at 80 cm. A useful re-
gion of the reflector is the sections shorter than a quarter of the focal length
measured from the first focus. Moreover, in order to introduce a plasma source
at the first focus, the edge section surrounding the focus should be removed.
After all, the section from 9.5 mm to 200 mm measured from the edge of the
reflector along the major axis was used. These positions correspond to the
grazing angles of 25 to 6.6 degrees, respectively. For the designed configura-
tion, relectivityof more than 30% was estimated for wavelength longer than
100 A by using the straight-line approximation to the data taken from Ref.7

For nonimaging application, surface accuracy is not so important, com-
pared to surface roughness which affects scattering of the radiation. Ray-
leigks criterion gives requirement of the roughness of less than 30 A or the
100A radiation. Table 1 lists thedesign parameters of the ellipsoidal reflector
for wavelength longer than 100 A radiation.

4Jthough a gold surface has high reflectivity for wavelength longer than
100 A,7 problems caused by evaporation process degraded the surface quality.
Therefore, we changed the surface material for Ni because it could be directly
manufactured by diamond turning. Direct measurement of the surface rough-
ness of the Ni reflector fabricated by diamond turning showed that pveraged
and peak-to-valley values of the surface roughness were 30 and 150 A, respec-
tively. The measurement of the reflectivity in soft-x-ray region was done by a
laser-produced-plasma source, of which setup is described below. Shown in
Fig.2 is the relative reflectivity from 100 to 280 A. Compared to the theoretical
value for Au surface, the measurqd reflectivity for Ni surface rapidly deceases
for wavelength shorter than 200 A. This is mainly due to difference of the ma-
terial.

Experimental MCP.co
Secwwm f~el::,; xiV soe..roqQ Vh

The experimental ar-
rangement for soft-x-I -
ray aborption measure-
ment of Xe is shown in
Fig.3. The laser plasmaI -

was produced by intro- ...
ducing a 100-ps, 60-mJ
Nd:YAG laser pulse
onto gold rotating-disk L . . . ...
target. The target was P

set close to the edge of
the reflector so that the
laser pulse was focused Elh:-oC R..COCat the first focus of the
ellipsoid. The focal spot ...
size was 100 gtm, which
gave the intensity of 2 x VCA....
10" W/cm 2. Black body
radiation from the laser .. YAr I.,

produced plasma was
collected and focused to
the second focus of the
ellipsoid where a pulsed Fig. 3 Experimental setup for soft-x-ray pumping
Xe gas was supplied by an ellipsoidal reflector.
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from a slit nozzle. The nozzle locates
at 5 mm below the second focus and 1.2

has a .5 x 50 mm 2 aperture. When (a)
Xe gas was supplied synchronously -

with the YAG laser pulse, visible -

fluorescence colored dark blue was
observed through a window of the
chamber. By taking a picture of this _
fluorescence, a focused column vol- 0 -

ume was estimated to be 2 mm di- I 1.2
ameter x 50 mn length

The time integrated absorption = -

spectrum was monitored by an XUV .
spectrograph set along the optical ,
axis. The XUV spectrograph consists
of a variable-spacing grating, micro- :t!
channel plates and CCD. The results 0 1.2
are shown in Fig.4. Figure 4(c) ' -
shows the absorbed spectrum, which = (c
is obtained by subtracting the spec- N I"
trum with Xe (Fig.4(b)) from with-
out Xe(Fig. 4(a)). The large peak
around 150 A is due to the 4d inner- J
shell absorption.8 The absorption
due to the 5s electprn gradually in- 0
creases from 2)0 A. Two peaks at 1 280
185 and 190 A correspond to the 100
resonant absorption to the Rydberg Wavelength (10 A/div.)
states, 4d 95s 25p 66p(2D32) and (2D5),
respectively. 10 Number density of
Xe in the interaction region was cal- Fig. 4 Photoabsorption spectrum of Xe:
culated by the absorbed spectrum (a) without Xe. (2) with Xe.
and photo absoption cross sections (c) absorbed spectrum.

taken from Ref.4. The density was 5X 1016 cma3.

VUV fluorescence from the excited colum was measured by VUV mono-
chromator which was placed perpendicular to the optical axis. The VUV fluo-
rescence was converted to UV light by a P-terpheny] scintilator and detected
by a photomultiplier. The fluorescence signal is shown in Fig. 5. The peak
locates at 109 nm, which corresponds to the XeIII 5sSp6s s-5s'5p 5 p transi-
tion resulted from the Auger decay of the 4d electron removal."' 3 Although
we investigated gain of the 109 nm line by replacing the axial XUV spectro-
graph by VUV spectrograph covering from 80 to 120 run, a conspicuous peak
did not appear around 109 nm so that we could not obtain the gain.

Discussion

In this scheme, black body radiation from a plasma source so strong that the
signal line along the optical axis is buried. Intensity of the 109 Pm radiation
from the plasma source was estimated to be 3 x 105 kW/cm' in 5 A bandwidth,
assuming the conversion efficiency of 3% and a black body temperature of 20
eV. This intensity level is same as the signal intensity obtained for the gain-
length product of 9, which is close to the theoretically estimated vale of 10.
Another reason why we could not measure the gain seems to be the lack of
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pumping power of soft x-ray, because 1Qwer
reflectivity of the Ni surface below 200 A re-
gion and lower soft-x-ray generation effi-
ciency for a 100-ps YAG laser would decrease
the pumping flux." .6 Annular focusing pat-
tern also makes it difficult to find the gain di-
rection along the optical axis. Therefore, to
obtain uniform gain column, we tried quartz
optical guide 6 ,' 7 of which diameter and length a
were 2 and 50 mm, respectively. However,
little improvement was recognized.

In summary we have investigated longi- F
tudinal pumping of Xe inner-shell excitation \
by an ellipsoidal reflector. The reflectivity in
the soft-x-ray region and focusability were
measured by a laser produced plasma. The
109 nm fluorescence resulting from the soft-x-
ray absorption by the 4d electron was ob- 100 105 110 115
served. Use of gold surface for the reflector WAVELENGTH (nm)
and increase of a pumping laser energy will
increase soft-x-ray power, which will result in Fig. 5 VUV fluorescence from Xe
a large gain-length product. The soft x-ray by soft-x-ray pumping.
filter cutting VUV radiation will be also use-
ful.
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The property of coherence is important for many suggested applications of x-
ray lasers. For x-ray holography, the longitudinal coherence length is required to

be larger than the pathlength difference between the object beam and the
reference beam, estimated to be about 5 gtm in a Fourier transform holography
system. The longitudinal coherence length is related to the line width by Lt =
X2 /Ak, where X is the laser wavelength. Using the thermal Doppler width for an
estimate we get Lt = 37 gm for a 45A laser. This estimate is supported by a

measurement at 206A. We therefore expect that longitudinal coherence will not be

a problem. The transverse coherence length must be larger than the extent of the
sample, typically - 10 gm, and a certain amount of energy must irradiate the
sample in order provide a high signal to noise hologram. The coherence length is
obtainable straightforwardly by placing a pinhole in front of the laser, or by
placing the object far from the laser. The combined requirement of energy and

coherence is, however, much more difficult, requiring efficient production of

coherent radiation.

A simple model using the Van Cittert-Zernike theorem to calculate the

development of coherence from an incoherent disk source at one end of the laser
yields estimates for the degree of coherence. The number of modes in each

transverse direction scales as the Fresnel number (F=ka2/L, where k is the
wavenumber, a is the width and L is the length). Applying this simple model to

current exploding foil x-ray lasers such as neon-like selenium (206A) and nickel-
like tantalum (45A), of order 104 modes are estimated. We are therefore interested

in designs for more coherent x-ray lasers.

116
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Recently several methods have been developed to model the buildup of
coherence in x-ray lasers in detail, including such effects as gain and electron
density variation. These methods are based on the paraxial wave equation, with a
spontaneous emission source term. The observables of the laser (the intensity and

coherence) are represented by the mutual coherence function (MCF) - the
ensemble averaged electric field complex product. The methods include modal

analyses (London, Strauss and Rosen 1990, and Amendt, London and Strauss
1990), numerical split-operator methods (Feit and Fleck 1990), and propagator

methods (Hazak and Bar-Shalom 1989).

In the modal analysis, the electric field is written as a sum over modes, each
having a longitudinal and transverse factor. The substitution of this sum into the

paraxial equation gives rise to a transverse eigenvalue equation and a

longitudinal amplification equation for each mode. We have solved these
equations for the MCF for several types of transverse profiles. For the case of

square gain and density profiles, the Fresnel number scaling of the simple model

is reproduced. For rounded profiles, more typical of an exploding foil x-ray laser,
the effects of gain-guiding and refractive defocusing are found to have two
important consequences. They improve the degree of coherence by limiting the
number of strongly amplified modes and they complicate the analysis because of
the non-orthogonality of the modes. We have derived a general scaling law giving
the design parameters to obtain good coherence through the guiding effects. To
address the mode non-orthogonality, we find that it is important to include both

discrete "guided" modes as well as a continuum of "unguided" modes in a
complete analysis.

A split-operator numerical code (WAVE, Feit and Fleck, 1990) has also been

applied to the design of coherent x-ray lasers. This code solves the paraxial
equation using numerical difference methods on a Fourier representation of the

electric field. It is allows for general gain and refractive index profiles and gain
saturation. Calculations with WAVE agree closely with those of the modal method

for several simple test problems. For typical current x-ray lasers, WAVE
calculations predict somewhat better coherence than the simple incoherent disk
model, but still not good enough for holography.

Several methods for improving the coherence of x-ray lasers are suggested.
From the simple model, we infer that increasing the amplification factor,

through the gain-length product, is the most direct way to increase the coherent

energy output. This must be achieved in a way that avoids gain saturation, so that
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unwanted modes do not saturation the laser and rob gain.

The first method is to utilize the gain guiding and refractive defocusing

inherent in a exploding foil laser to improve coherence. These effects act as a
distributed spatial filter to eliminate unwanted modes. This will improve the
coherent fraction of the output radiation, and more importantly, delay the onset c
saturation until a larger gain-length is achieved. Estimates of the parameters to
achieve good coherence have been made. Calculations with WAVE confirm the
validity of this concept.

The second method is to use a normal incidence mirror to re-inject the x-ray
laser radiation into the plasma for a second pass, thereby achieve higher gain-
length. Several possible forms of spatial filtering involving distant placement of
the mirror, pinholes, and convex mirrors are suggested to improve the coherenc,
and avoid saturation with unwanted modes.

The third method is to use a oscillator-amplifier architecture similar to those

used in high power optical lasers (Rosen, Trebes and Matthews 1987). This
involves using two separate lasing plasmas. The first plasma would, by virtue of
small cross-section and spatial filtering, produce a coherent x-ray output. These
rays would be injected into a second stage designed as an amplifier.

Detailed designs of several x-ray laser configurations are in currently being
explored. Experiments to characterize the physics needed for these designs and t
measure the power output, angular beam pattern and coherence of these lasers
are in progress.

This work was supported by the U. S. Department of Energy, Lawrence
Livermore National Laboratory under contract number W-7405-ENG-48.
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ABSTRACT

A beam smoothing technique (SWA) was used to produce a linear Ge plasma (12 mm x
100 pm). The plasma parameter uniformity along the amplification axis was studied with
various X-ray diagnostics. Time resolved monochromatic images of the 3d-2s quadrupole
emission (E2) regions have been obtained giving informations on the dynamics of 3d-3p
core excited lasing.

1. INTRODUCTION

An accurate knowledge and an efficient control of the plasma conditions are required for
gain optimization and development of compact X-ray lasers [1]. It was recently pointed
out that local perturbations in the plasma parameters along the amplification axis could
strongly affect the gain buildup [2-4]. We investigate the dependence of line focus
plasma conditions and gain on irradiation non-uniformity. We recently showed that laser
non-uniform irradiation could drive large scale density inhomogeneities which could be
highly critical for population inversions by recombination [5]. For electron collisional
excitation scheme our results [6,71 indicate that laser intensity modulations are above all
critical for amplification of 3d-3p core excited Ne-like transitions. In the present work
we characterize the uniformity of a plasma produced with a novel focussing arrangement
which gives a nearly uniform illumination. In particular we present a preliminary study
of the dynamics of the 3d-2s emission which is a potential density diagnostic [81 and
which can also give us some indications on the core excited lasing.

The experiments were performed with the LP2 laser system (1.06 pm) at the
National Research Council of Canada. Intensities of about 1013 W/cm 2 were available
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with 1.5 ns pulse (FWHM) and 12 mm long line focus. The line focus was formed with
either a pair of f/10 cylindrical lenses or the SWA arrangement 19]. Time resolved (or
integrated) monochromatic images (Key range) have been obtained with a Johann
spectrometer working in imaging mode [101 and coupled to an X-ray streak camera (or
a film).

2. RESULTS

The Fig. la shows a time integrated a) 8 mm
image of a 8 mm long plasma obtained
with the SWA system. The detection
wavelength window was 20 nA wide
and adjusted on the 3C Ne-like transition
at 8.92 A. The detection axis was in the
target plane at 900 from the laser axis
and at 30' from the horizontal line focus
axis. The Fig. lb presents a line out
along the line focus axis taken at 100 pm laserfrom the target plane. This result indica-
tes that an improved large scale plasma

uniformity is obtained with the SWA b)
focussing arrangement. The Ne-like
emission contrast is about 0.4 for a laser
intensity contrast of 0.2. With a conven-
tional focussing system (incident laser o ,
beam contrast equal to 0.65) the 3C
emission contrast is about 0.83. Howe-
ver the interferences of adjacent beams
produce high spatial frequency structures
as observed in figure lb. Similar inten- CL

sity profiles along the line focus have
been obtained for detection wavelength
window adjusted on the 3A Ne-like
transition at 8.371 A and with pinhole O .... .J

camera pictures. Large gains have been
measured in these conditions on five 3p-
3s transitions and also on a J=2-1 3d-3p
core excited transition at 199A [71. This
last amplification is only observed with
the most uniform plasma. One possible Fig. 1: Time integrated image of the
explanation is that the gain is confined to SWA produced plasma at the
a very narrow region in space. In order 3C line emission wavelength.
to understand the dynamics of this am- a) 2D space resolved image
plification, which could allow the scaling b) Line out along the line focus, at
of the Ne-like inner shell transitions 100 um from the target plane.
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systems to very short lasing wavelengths
[7], we study the 3d-2s quadrupole emis-
sion which shares the same upper level E2

as the 3d-3p transition. Furthermore the E2
ratio of this emission to the 3A Ne-like F-like

emission is a potential density diagnostic -
[8]. The Fig. 2 shows a high resolution
spectrum of the Ne-like L emission near
8 A obtained with the Johann spectro-
graph for incident energy of 90 J/cm.
The spectrometer was calibrated with ,
various Ka emissions and the accuracy
of the wavelength determination was ± 2
mA around 8 A. The emission line at ,

8.031 A has been identified as a Ne-like 79 80 a 1 82

E2 decay of the upper state of the 199A WAVELENGTH(A)

lasing transition 171. At higher intensi-
ties this line blended with F-like 3p-2s
transition. The Fig. 3 presents the space Fig. 2: High resolution ,pectrum of Ge
and time resolved E2 emission. The near 8 A showing the 3d-2s
spectrometer detection axis is in the quadrupole emission line (E2) at
target plane and the detection wavelength 8.031 A.
window is 30 mA wide adjusted on the 10 mm
8.031 A wavelength. This result obtai-
ned with the SWA system shows the E2
emission distribution along the line focus
vs time at 100 pm from the target plane.
A very good plasma uniformity is detec-
ted along the amplification axis. Similar
results have been obtained at various Ci
distances from the target plane along the
incident laser axis indicating that the E2
emission region is about 100 pm wide
and is very uniform. Results obtained
with two cylindrical lenses indicate that
the E2 emission regions are strongly
affected by non-uniform irradiation.
Strong variations along the line focus of
the ion velocity is observed in these Fig. 3: Space and time resolved mo-
conditions. Preliminary results with nochromatic image at the wave-
SWA indicate a strong improvement of length of the E2 line with a 30
the uniformity of the emission zones. mA detection wavelength win-

dow.
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3. CONCLUSION

The plasma uniformity along the 3p-3s and 3d-3p amplification axis was studied with
time resolved monochromatic imaging diagnostic. Time resolved images of the 3d-2s Ge
quadrupole emission regions have been obtained for the first time. These data gives
informations on the dynamics of the 3d-3p core excited lasing and can also be useful to
see the density fluctuations induced by the non-uniform irradiation. A very uniform
plasma is necessary to relax energy requirements for lasing at short wavelength by using
Ne-like inner shell transitions.
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Abstract

Influence of Random Phase Plates on homogeneity of long plasma columns is studied
by X-ray imaging. Consequence on laser gain at 105.7A is discussed.

I. Introduction.
Compared to the collisional pumping scheme, the recombination scheme in lithium-like
ions is an attractive way to carry out a small-scale X-ray laser because it is known to be
potentially the cheapest way of soft X-ray pumping 1. With the gain values actually
reported. I cm- 1 to 4 cm- 1, a long plasma column, of about 5 cm, would make soft X-
rav lasers using lithium-like ions already available in laboratories. However some
difficulties are associated with large gain production in long plasma columns (L _> 2 cm).
The observation of a rather low gain coefficient (0.5 cm-1) seems to be the general fact for
plasmas of such length 3 .4.

To explain the gain reduction observed in long plasmas compared to the short ones.
three phenomena are invoked: i) deflection of the amplified beam owing to refraction.
ii) radiation trapping which would result in population inversion reduction and iii) plasma
non uniformity. The first phenomenon has to be considered mainly for the collisional
pumping scheme, but much less for the quite low electronic densities needed in the
recombination scheme in lithium-like ions. The second phenomenon has been
demonstrated to have a small part in our experiments 2 . That led us to inv'estigate the role of
plasma inhomogeneities because not only they can affect both schemes. but also because
recombination pumped inversions are known to be strongly dependent on the local state of
the plasma and of the dynamic of the recombination. Local perturbations in the plasma
parameters along the line focus can produce spatial and temporal local changes in the
plasma hydrodynamics. That does affect the time history of the lasine action by detuning
of the gain regions 5. leading to reduce the maximum values for the o-verall obtained gain.
.\ few experiments on thin and thick planar targets have been done. but their results show
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small and large scale inhomogeneities in plasmas produced by line focus illumination.
These experiments used pinhole camera6 interferometry or shadowgraphy .

Here we would like to illustrate how a simple polychromatic imaging method helps to
prove plasma inhomogeneities ',hich can be correlated to gain measurements.

11. Experimental results.

Inhomogeneities along the focal line prepared for making a long plasma column can
evidently be induced by inhomogeneities of the incident laser beam. In the case of the
LULl laser, the non uniformity of the intensity through the beam cross section has been
observed at the entrance of the interaction chamber bv using infrared filters and
photographic films. That demonstrated a pronounced illumination inhomogeneitv with a
minimum at the center of the beam and a contrast as large as about 0.75 between maxima
and minima of flux densities. Such a spatial variation of incident laser beam intensities
drives strong plasma density and temperature perturbations. These perturbations will affect
the emissivity of spectral lines. some of which are of special interest in the recombination
scheme. This is what has been seen when imaging the plasma column at the wavelength of
the He0x line in aluminum. This diagnostic made use of a bent crystal spectrometer
combined with a pinhole cameras.

Polychromatic pinhole X-UV images of hot plasmas. just filtered by an absorbing
thin film, can be obtained easily by using windowless CCD detector9 . On the long line
focus, in spite of the quite large band pass, they showed plasma inhomogeneities similar
to those seen on monochromatized images. Figure la shows such a CCD pinhole image
from a 9 mm long plasma which demonstrates the presence of inhomogeneities.

One of the method proposed to smooth the plasma inhomogeneities along the line
focus is to place a Random Phase Plate (RPP) prior to the final focusing lens I .-A RPP is
a random array of transmitting :reas which induces a phase shift of either 0 or it in view to
produce a far field distribution containing a multiple beam. high spatial trequcnc.
interference pattern. We tested the effect of inserting a RPP after the toc'using lens aS
schematically indicated in figure 2a. The used RPP was kindly provided by C.N. Danson
from the Rutherford Laboratory. The effect observed on the X-UV imae is shown in
figure lb, in the case of a laser beam similar to the one used to get image Ia. On the
contrary to our hope we observed a quite periodic row of hot spots whose characteristic
scalelength is not small enough to be smoothed by plasma hydrodynamics.

Fieure I: x .impics ) pol chroymaiic
ilnho Ic .utiitera itill ,s otainetd oh ;

CCD tlctector. Fh, pinholc camera ,
set as ho n in Iiclre 2 The utns.itV
received is proportional to th, \crtical
size. a) lThe top I igure corresponds to an
image ol a 9 mm long plasma without
Random Phase Plate (RPP). Larce scale

A variations of the X-UV emissivity
along the tine focus are observed. b)
The bouom image corresponds to the
case where a RPP I t cm long. 20 um
clementarv /onesi i set after the
locusine lens. In this toe one ohserxc,
a series iil hot '101 indi:ating hitm the

laser be;m has been modulated h'\ the
R PP.
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Figure 2:a) Scheme of the experiment
Spherical Focusing showing the relative position of the used

Lens \elements to get the images shown on
figure 1. b) Calculated intensity on the
focal line in the case of a Random PhaseRandom Phase • --

Plate Plate (RPP) having 5 rows of 1 cm
height and 6 cm lcngth; each row

Line a) contains 3000 zones of 20 .im width.

Focus he oriin in abscissa is the center of

10mm the RPP; the IndiCattd smooth dashed
Length / line corresponds to the diffraction pattern

_inol of a single zone. In our experiment the

- . Camera used target was 9 mm length to get a
more uniform mean density along the
focus. This calculated intensity
distribution is to be compared to the
image b in figure 1.

b)

I Although this result is
opposite to the desirable goal. it
gives an interesting wav to

-,.correlate the gain and plasma
0 5 10 is 20 25 inhomogeneities. That is why we

Distance from the Image Center (mm) have compared the gains obtained
with and without RPP on the
lithium-like aluminum ionic line

5f-> 3d) at 105.7A we are commonly studying. Such a gain measurement achieved in
both cases confirms that inhomoge-neities exhibited in figtire l b have strong negative
consequence on the gain.

Faced to the failure of the first tested RPP we have developed a computer program
able to simulate the laser lux density produced on our line focus by such at svsten.
Figure 2a is the scheme of the optical system we used in the experiment. Figure 2b is an
example of laser flux density calculated in the case of a 5x6 cm RPP having 5 rows of
I x6 cm, each row containing 3000 zones of 20 tm width. One can observe how this flux
density modulation mimics the X-UV emissivity shown on 2a.

III. Conclusions.

We have demonstrated that plasma inhomogeneities affect the gain obtained with long
plasma columns presently produced to make X-UV lasers. That confirms the importance
of plasma inhomogeneity on the overall gain which could be obtained from the
recombination scheme in lithium-like ions. Monochromatic imaging of long plasma
columns is certainly the best method to track plasma inhomogeneities connected to gain
decreasing observed in long plasma. It is especially interesting to choose a spectral line
giving direct information on the population of interest for the lasing action. Such an
information offers the easiest way to model the plasma conditions and to progress on test
of ID and 2D codes. Although a polychromatic X-UV image is not sufficient for a
modeling, we have demonstrated it is a convenient way to evaluate the homogeneity along
the plasma focus as indicated by our comparison between monochromatic and
polychromatic images.
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Pinhole camera equipped with a windowless CCD detector is a very compact "Nstcm
which can be set very close to the plasma. The linearity of CCD detector over se\ oral
orders of magnitude of flux variation and the possibility to cet an imae directly on a
computer screen is advantageous for a shot to shot test. In addition ot homogeneity' tt
along the focus, such a system in our experiment appears as the more reliable indication
about laser focusing quality versus distance from lenses to target.

The clear correspondence experimentally observed between the calculated flux density
modulations produced by our RPP and the observed polychromatic X-UV plasma images
is interesting. On the one hand our RPP simulations are verified. proving to he able to
predict the main effects at least qualitatively, at the scale we tested. On the other hand. the
pinhole-plus windowless-CCD combination appears as a tool not only to progress on the
fabrication of RPP. but also to control the systems proposed to cure the effect of incident
laser inhomogeneities. Finallv. at the scale we were able to observe, it seems that no
smoothing of the detected inhomogeneities can be expected from plasma hydrodynanic,.

Authors acknowledge the financial support of DRET.
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Leninsky prospect 53

Recently the possibility was widely discussed of creation of an

X-ray free-electron laser (FEL) using a high-power laser pulse as the

undulator (optical wiggler FEL) 11. Optical wiggler FEL is

characterized by relatively small energy of the used electrons (c

1L10 MeV). In order to achieve high values of the gain for X-rays it

is necessary to use rather monoenergetic electron beams (Ayy 1O-4 )

and the wigglers with a large number of periodic elements (N 104).

In such FEL the energy of X-ray quantum can exceed the induced

emission (absorption) linewidth: )A 
> max (cAr/r, c(4N 1 )). We have

shown that in this case the electrons interacting with the fields in

FEL behave as two-levei particles (the energies of these two levels

are defined by energy and momentum conservation laws in an elementary

act of stimulated Compton backscattering). The electron beam injected

into the region of interaction with the energy close to the energy of

the upper level represents a fully inverted medium for the amplified

X-ray emission. The possibility is shown of FEL lasing with full

extraction of inversion.

(1] J.Gea-Banacloche. C.T.Moore. R.R.Schlicher. M.O.Scullv, H. Walter

IEEE J.QE, vol.23. p.1558 (1987).

127



Section II: Applications of Short-Wavelength
Radiation



X-Ray Holographic Microscopy Using
Photoresists: Recent Developments

C. Jacobsen and S. Lindaas

Department of Physics, State University of New York at Stony Brook
Stony Brook New York 11794

M. Howells

Advanced Light Source, Lawrence Berkeley Laboratory,
Berkeley, California 94720

Abstract
X-ray holography using photoresists is a method of x-ray microscopy which may be
well-suited to flash imaging of radiation-sensitive specimens if suitable sources are
developed. We describe our results of imaging dried samples using a synchrotron
x-ray source, and our efforts at imaging hydrated biological specimens.

Introduction

X-ray microscopes are used to image thick, hydrated biological specimens at 50 nm
resolution. This resolution is nearly an order of magnitude better than that ob-
tained in full-field or confocal optical microscopes, and further developements can be
expected. As image resolution (and thus photon density on sample) improves, radi-
ation damage effects must be considered more carefully. Gilbert et al. have shown
that initially live chick DRG fibroblasts appear structurally intact for more than 0.5
but less than 3 hours following exposure to a 2 x 104 Gy dose resulting from a 95 nm
resolution soft x-ray image1 . Bennett et at. have found that a 3 x 103 Gy soft x-ray
radiation dose will stop contraction in active myofibrils 2, and Williams et al. have
observed gross shrinkage in hydrated, fixed v. faba chromosomes following soft x-ray
radiation doses of > 103 Gy 3 . The timescale for biological damage resulting from
these dose levels is thought to be at the msec level4 . This timescale is considerably
shorter than the few-second exposure time of synchrotron-based transmission x-ray
microscopes. In scanning transmission x-ray microscopes, the per-pixel dwell time
can be 1-10 msec which may be acceptable for short-range radiation damage effects
like diffusion of radiolysis products; however, if a specimen to be studied is sensitive
to > 50 nm range radiation damage effects, the few-minute full image exposure time
may prove problematic. These and other considerations make the possibility of flash
imaging using x-ray laser sources attractive5 .

Gabor holography using photoresists may be well-suited to high resolution flash x-
ray imaging of sufficiently sparse samples. No prefocussing of the specimen is required
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(the focussing is done in the hologram reconstruction stage), and a limited amount
of 3D information can be obtained from a single exposure (simultaneous exposures
from several viewing angles can also be contemplated6 ). The technique also makes
good use of partially coherent or multimode sources; monochromaticity requirements
are eased compared to longer focal length zone-plate based x-ray microscopes, and
multiple spatially coherent modes can be used to record a hologram of a large field
(although the image resolution will be limited by the width of one mode). X-ray
photoresists such as PMMA are thought to be capable of recording holograms at 20
nm or better resolution with soft x-ray exposures of - 300 mJ/cm2 . One unanswered
question is the survivability of PMMA to such an intense flash exposure; at present,
the only experience we are aware of 7 is the successful use of PMMA in contact
microscopy using a laser plasma source of 2.4-3 nm x-rays with a resist exposure of

5-10 mJ/cm2 in 0.5 ns.

Previously reported results: dried specimen imaging

Our present efforts are based on using synchrotron sources of soft x-rays. Using
a 35 period soft x-ray undulator and beamline at the National Synchrotron Light
Source at Brookhaven National Laboratory8 , we have a source brightness of 1017

photons/(sec, mm2 , mrad2 , 0.1% BW) in the 1.5-5 nm wavelength range. When
optical system losses are included, this is sufficient for us to record 300 mJ/cm2 holo-
gram exposures in vacuum in 1-3 minutes. The exposed hologram is then developed
in MIBK:IPA 1:5 for 0.2-1 minutes, metal shadowed, and enlarged in a transmis-
sion electron microscope (TEM). The TEM negatives can then be digitized using a
scanning microdensitometer, or a contact print of the negative can be digitized using
an inexpensive PC-based image scanner. By numerically reconstructing the digitized
holograms, we have obtained images of rat pancreatic zymogen granules and test ob-
jects at 56 nm resolution 9 . X-ray holographic images of these samples show similar
structure to what is seen in a 1.5 MeV transmission electron microscope10 .

Gabor holograms are known to suffer from the fact that light from the virtual
image appears out-of-focus but superimposed upon the real image. We have studied
the use of iterative computer algorithms11 to reduce this twin-image noise. In Gabor

holography, the object plane must be largely empty in order to allow the reference
wave to reach the hologram plane. At the hologram plane, the hologram records the
magnitude of the mixture of sample plus reference wave. By iteratively propagating
a wavefield between these two planes in the computer and inserting at each plane the
known information (a uniform plane wave in the specimen-free regions at the object
plane, and the measured optical magnitude at the hologram plane), we are able to
greatly reduce the twin image noise 12 . We are currently studying the application of
this image reconstruction technique to larger samples.
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Wet specimen imaging

A primary appeal of x-ray microscopy is the ability to image thick, hydrated speci-
mens. Accordingly, our efforts have shifted from imaging dried specimens in vacuum
to imaging wet specimens in air. Using silicon nitride vacuum and sample chamber
windows, we bring the coherent soft x-ray beam out of the UHV undulator beamline
into a wet sample chamber 13, past the specimen, and onto the photoresist 12 . A visi-
ble light microscope is used to align the desired specimen into the beam. Recently, we
have had success using a phosphor-coated avalanche photodiode with an aluminized
silicon nitride entrance window (which transmits x-rays but reflects visible light) as
an in-air flux monitor. With this system, we are able to reliably obtain high resolu-
tion holograms of dried specimens in air. Progress in wet specimen imaging has been
complicated by the fact that a non-uniform water layer tends to build up around the
sample due to surface tension. As a result, the x-ray transmission through the sample
is often reduced by a factor of two or three compared to an area - 5 /Lm away; this
leads to a non-uniform reference wave and a non-uniform exposure of the photoresist.
By using UV pre-exposure on the photoresist 14, we have advanced to the point of
imaging the boundaries of cells at 100 nm resolution (see Fig. 1), but we have not
yet been successful at imaging intracellular structure at high resolution. We expect
that the use of thicker photoresists (with greater dynamic range) and extracellular
solutions with varied viscosity will allow us to make further progress in this area.

Figure 1. Reconstructed im- ,

age from an x-ray hologram "

of a hydrated, fixed hip- t -

pocampal cell provided by 0"*
J. Pine. The cell body is
clearly outlined, but intra-
cellular structure cannot be
seen partly because of the j '
thickness of these cell bod-
ies and partly because hol-
ogram formation has been
complicated by uneven at- 10
tenuation of the in-line holo-
gram reference beam in non-
uniform water layers sur-
rounding the cell. Present
efforts are aimed at imaging
thinner cells and at control-
ling the water layer thick-
ness.
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Scanning force microscope readout
The TEM used to enlarge the holograms is the weak point in our current system.
The photoresist must be metal-coated for use in the TEM (precluding any further
resist development), and the resist suffers from radiation damage during examination.
Because the high resolution fringes needed for a good hologram are not visible in an
optical microscope, this-means that we presently develop resists in a somewhat blind
fashion. In addition, the TEM image contrast is dominated by the metal shadowing
pattern, which is nonlinearly related to the hologram pattern we wish to measure.
Finally, the commercial TEMs we have used suffer from spiral distortion so that the
edges of a 45 mmn field of view on the film plane are typically displaced by - 0.05 mm.
At the 1400x magnification we typically use to match the film resolution with the
required hologram field of view, this corresponds to a - 36 nm displacement over a
hologram radius of 32 Mim. If we assume that wavefront aberrations of A/4 set the limit
to image resolution in reconstructing a hologram, and note that the reconstructed
image resolution should be half a fringe width, we see that our currently demonstrated
image resolution of 56 nm could well be limited by the TEM readout rather than by
the quality of the hologram. In fact, power spectra of our photoresists suggest that
hologram information is present with good signal to noise at the 32 nm fringe width
level 9.

To overcome these limitations, we have explored the use of scanning force mi-
croscopes (SFM) to read out the developed resist surface. These microscopes are
able to look at molecular detail on resists in a semi-nondestructive fashion, and we
have obtained low resolution reconstructions by this means. However, commercial
SFMs suffer from severe image field non-linearities due to the use of uncorrected
piezoelectric scanners. We are therefore building an SFM with a linear image field
and the capability of producing a digital map of a 70 pm x 70 pm hologram sub-field.
This system should allow us to fully extract the information recorded in photoresist
holograms.
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Abstract

Significant progress has been made toward solving the century-old problem of
chromatic aberrations in diffractive optics. Our approach exploits modem materials and
microfabrication technology and is very different from the "purely diffractive strategy",
which is commonly employed and which results in multiple diffractive elements separated
by a finite distance. We have developed a Fresnel zone plate lens comprised of a serial
stack of patterned minus-filters which allows broadband radiation to be focussed (or
imaged) without longitudinal or transverse chromatic aberrations.

Diffractive optics, such as the Fresnel zone plate shown in Figure 1, are commonly
used for imaging and focussing radiation at wavelengths for which refraction is not a viable
option. For example, Fresnel zone plates have been used extensively as narrowband
imaging elements for soft x-rays. 1 In these applications the zone plate is used as a thin
lens with focal length,

fi=L t  (1)

where r, is the radius of the central zone, and the radii of the other zones is given by,

rn2 = nr2 4 n=2, ... N (2)

(in cases where n2 < , the last term in equation (2) can be neglected.)
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There is a growing interest in diffractive optics for applications at visible
wavelengths. This results from the fact that a diffractive optic is in essence a symmetric
pattern of obstacles (in amplitude or phase). As such, it can be very thin, lightweight, and
amenable to modern techniques of microfabrication-allowing the possibility for
inexpensive mass production. The primary limitation on the growth of visible light
applications for diffractive optics is the well-known problem of chromatic aberrations. As
indicated in equation (1), the focal length of a diffractive optic depends not only on its
geometry, but also on the wavelength (color) of illumination. Indeed, the spread inI
focussing power (diopters = f (meters)) across the visible spectrum (4500A - 6500A)

for a 20 diopter (@ 5500A) zone plate lens is greater than 6 diopters. The typical human
eye can accommodate a spread of about 1.5 diopters over the same spectral range. 2 As
such, a diffractive lens would not be a viable substitute for the natural refractive lens of the
human eye.

There has been a great deal of work on the problem of chromatic aberration
correction in diffractiive optics.(3-6) All this previous work pursues a purely diffractive
strategy for chromatic aberration correction. It uses multiple, separated diffractive
components to achieve "dispersion compensation" - (i.e. the dispersion of a second
diffractive lens is designed to compensate for the dispersion of the first diffractive lens).
Invariably these 'solutions' result in an imaging sytm which is color corrected over a
narrow spectral range and over a very limited field of view. Indeed, many of the
advantages of diffractive optics are compromised in the attempt to achieve color correction
by such conventional means. In particular, such an imaging s with spatially
separated components hardly qualifies as a diffractive lens.

Figure 1 A Fresnel zone plate pattern
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ANew Ia

In our development of a color corrected diffractive lens we chose M to employ a
fully diffractive strategy. Instead, we chose to explore the construction of such a lens
using novel materials and technologies. In particular, we explored the use of what
engineers call a "Minus-Filter ' 7, and what physicists call a multilayer, quarter-wave, high
reflectivity coating. The idealized performance of a minus-filter is illustrated in Figure 2(a).
Its more realistic embodiment and performance as a quarter wave stack is shown in Figure
2(b). The ideal minus filter has the property that it will stop radiation in a narrowband, AX,
around X i, and let radiation outside that bandwidth pass without loss. The resonant
wavelength, Xo, and the bandwidth, AX, can be engineered to meet the requirements of the
application of interest. In a multilayer, quarter-wave stack this performance is achieved by
arranging for a resonant reflection at

Xo = 4 nAdA = 4 nBdB (3)

where nA, dA are the refractive index thickness of the "A" layer, and nB, dB are the
refractive index and thickness of the "B" layer in the periodic stack.

E
ca° -

)-' Wavelength

Figure 2(a) The spectral distribution of transmission for an idealized minus-filter. It stops
radiation within a narrowband around X0 , but lets radiation at other wavelengths pass
without loss.

Rfn
R T

Figure 2(b) The multilayer, quarter wave stack-a practical means for achieving minus-filter
performance.
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The fundamental concept of the Broadband Diffractive Lens is illustrated in Figures
3(a), 3(b), 3(c). Figure 3(a) shows a Fresnel zone plate patterned into a minus-filter with
its stop band in the red (i.e. X0 

= )R). The structure is illuminated with collimated
broadband radiation (blue, green, red), but only the red light is modulated, and focussed by
the minus-filter zone plate. The red light focuses at a focal distance given by

f = r , (4)X R

but the incident blue and green light are passed without loss.

In figure 3(b) a second zone plate structure patterned into a minus filter with a stop
band in the green (i.e. 40 = XG) is overlaid on the red minus-filter zone plate. The green
minus-filter zone plate is scaled so that its focal length for green light is equal to that given
in equation (4), i.e.

f T~r -(5)
XR X0

In this way the green minus-filter modulates only the green light and focuses it to the same
point as the red light.

The logical extension of this process is illustrated in Figure 3(c) in which a zone
plate patterned blue minus-filter is overlaid atop the first two filter patterns. The blue
minus-filter is scaled so that it's focal length for blue light is the same as given in equation
(5), i.e.

f T I - X11T (6)XR )G XB

Expanding this concept, a serial stack of minus-filters, each patterned with an
appropriately scaled zone plate structure, can be used to focus (or image) light of virtually
any chosen bandwidth without lateral or longitudinal chromatic aberrations.

(Blue, Green, Red) (Blue, Green

Figure 3(a) A zone plate is patterned in a minus-filter with its stop band in the red.
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(Blue, Green, Red) [ ,(Blue)

Figure 3(b) Two zone plate patterned minus-filters with stop bands it. the red and green are
used serially.

(Blue, Green, Red)

Figure 3(c) The extension of the concept to three (or more) zone plate patterned minus
filters.

A further extension of this concept can be achieved by considering the spectral and
spatial distribution of light transmitted by the serial stack of patterned minus-filters. (Since
this color image cannot be shown in this black and white printing, it is not presented). Any
filter technology that achieves the same spatial and spectral modulation of the incident light
will also accomplish the sought after chromatic aberration corection.

An example of the above is presented in Figure 4, in which appropriately scaled
zone plate patterns were printed onto a tri-layer color film and used as a diffractive lens to
image a test pattern illuminated with white lighL Shown side by side are images of the test
pattern imaged by zone plate lenses-one without chromatic aberration correction, and one
with chromatic aberration correction.

More sophisticated imaging tests are being conducted along with analyses for the
development of a "phase minus-filter", which allows for phase (instead of amplitude)
modulation of the incident light leading to an improved diffraction efficiency for the color
corrected lens. This work will be presented in a subsequent publication.
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Test pattern Image using Tet pattem Image using
conventional diffractive optic Broedend DiffRcive LWs

White light illuminatlon

Figure 4 Demonstration of the imaging performance of the color corrected diffractive
lens. The test pattern was illuminated with white light.
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Differential Phase Contrast Imaging in the
Scanning Transmission X-Ray Microscope
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Abstract

Calculations of the contrast transfer functions for differential phase contrast imaging
are presented and compared to those for absorption imaging in the x-ray microscope.

Introduction

In the scanning transmission x-ray microscope (STXM) the specimen is scanned
in a raster by an x-ray probe formed with a Fresnel zone plate. To achieve near
diffraction limited resolution it is necessary to have a coherent source, even when
forming an incoherent brightfield image by measuring the x-ray intensity transmit-
ted by the object. This-has so far been the only imaging mode used in the STXM
and for hydrated biological specimens is well suited to soft x-ray wavelengths within
the "water window" (2.33 to 4.36 nm) where carbon absorbs much more strongly
than water. However, by the use of phase contrast rather than amplitude con-
trast, it is possible to form images at wavelengths where the absorption is low,
resulting in lower radiation dose for the same level of contrast. Calculations made
by Howells [1] and Rudolph and Schmahl [2] have demonstrated very clearly the
advantages of phase contrast imaging at wavelengths outside the water window.

In essence, absorption contrast in an image arises from attenuation of the beam
as it passes through the specimen, whilst phase contrast arises from changes in the
beam direction. By the use of a large area detector with an antisymmetric response
function it is possible to form a system which is sensitive to changes in the beam
position. This has previously been demonstrated in the STEM and scanning optical
microscope with a detector split into two halves about the optical axis J3,41 and with
one split into four quadrants (5]. The ideal detector would be one which responds in
some way to the first moment of the intensity distribution [6,7]. An image formed
by such a system is said to be in differential phase contrast (DPC) and will respond
to the phase gradients in the specimen transmittance. It is the theory of DPC
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imaging as applied to the STXM which is considered in the remainder of this paper
and the performance of such a system is compared to the usual form of amplitude
contrast imaging.

Theory

If the detector lies in the far-field then the complex amplitude of the scattered wave
in the detector plane is related by a Fourier Transform to that immediately after the
specimen. When the probe is centred about a point ro the complex amplitude at r
in the specimen exit plane is O(r, r0 ) and the signal from a detector with response
function R(k) will be

(ro)= J Ik(k, ro)1 2R(k)dk, (1)

where 'Q(k, r0 ) is the Fourier Transform of ib(r, r0 ) and k is the spatial frequency
vector.

If the specimen can be represented by a simple multiplicative transmittance,
h(r), then for a weak-phase, weak-amplitude object,

h(r) = 1 - a(r) - iO(r), (2)

with a and 0, both real and < 1. The Fourier Transform of this is

H(k) = 6(k) - A(k) - iO(k), (4)

where 6(k) is the Dirac function. For a complex amplitude at the specimen entrance
plane Ob(r,ro) the Fourier Transform of the image intensity is

S(k) = Jf o(k 1 )'!(k1 + k)H(k 2 - kl)H*(k 2 - ki - k)R(k 2 )dkldk2 . (5)

Using the abbreviated notation

C(mn, k) = J/T(k - mk)'P*(k1 - nk)R(kl)dki, (6)

then to first order the Fourier Transform of the image intensity will be

S(k) = 6(k)C(O,0, k) - A(k)(C(10, k)+ C(, - ,k)) ()
- 4(k)(C(1,0,k) - C(,-1,k)).

The amplitude contrast transfer function (ACTF) can be identified from Eq. (7)
as C(1,0,k) + C(O, -1,k) and the phase contrast transfer function (PCTF) is
C(1,0,k) - C(0, -1,k). These can be evaluated for any detector response func-
tion, but if R(k) is an odd function then the ACTF is zero for an aberration-free
probe, giving a purely phase contrast image.
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Results

The PCTF has been calculated for three types of detector configuration: the split
detector, a quadrant detector using the difference signal from two diagonally op-
posite quadrants and the one-dimensional first moment detector where R(k) = k2.
These have been calculated previously for the case of an unobstructed probe-forming
aperture [61, but when using a zone plate it is necessary to prevent undiffracted zero
nrder radiation from reaching the detector by means of a central stop. For a zone
plate with a central stop obstructing a fraction a of its radius, then the function
'T(k) takes the form of an annulus. For simplicity we take the outer radius k = 1
and inner radius a.

22 2

1 0

-1 -100

o2 -1 0 1 2k.- 2  -1 0 1 02 -1 0 1 2 k.

Figure 1. ACTF shown in the k, direction and as two-dimensional contour plots for
central stop sizes a=0.4 (full line and centre) and a=0.6 (dashed line and right); contour
interval = 0-1.

At high spatial frequencies the PCTF in the direction of differentiation for
the split and opposite quadrant detectors is identical to the ACTF for incoherent
brightfield imaging (see figs. 1 and 2). At low frequencies the PCTF drops to
zero, as would be expected since such a system only responds to differences in
the phase shift induced by the specimen. However our main interest lies with the
small detail in the specimen so the loss of the low frequency information is not so
significant. The PCTF is of course also zero in a direction perpendicular to the axis
of differentiation but if the signals from all four quadrants of a quadrant detector
are recorded simultaneously it will be possible subsequently to form a DPC image
for four different directions of differentiation, and also form the amplitude contrast
image from the sum of the signals.

For high spatial frequencies the choice between absorption and phase contrast
imaging can be based on the relative magnitude of phase shift to amplitude change
between the feature of interest and the background medium. If the complex refrac-
tive index is n(r) = 1 - 6(r) - iO(r), the real and imaginary parts can be found
from the Henke data [8,9] and will give the amplitude and phase transmittance,
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Figure 2. PCTF for central stop sizes a=0.4 (top) and a=0.6 (bottom). Shown in the
direction of differentiation (left) and as two-dimensional contour plots for (left to right)
the split detector, the quadrant detector where the image is formed by the difference
between the signal on opposite quadrants, and the first moment detector. In each case
only one half of the function is shown as it is anti-symmetric about k21=0. Contour
interval =0.1. -
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Figure 3. Amplitude and phase shifts for protein and cement in water.

a(r) =27I(r)/A\ and O~(r) = 27rS(r)/A\. Figure 3 shows phase contrast to be signifi-
cantly better than amplitude contrast at many wavelengths, especially outside the
water window.
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Conclusions

DPC imaging in the STXM by the use of an appropriately configured detector will
allow both the amplitude and the phase contrast images to be recorded simultane-
ously, making prior choice of the imaging mode unnecessary. The lack of circular
symmetry in the PCTF is not a disadvantage when using a quadrant detector where
any of four different directions of differentiation can be chosen. The calculations
presented above show the transfer characteristics for the high spatial frequencies
to be as good for DPC imaging in the direction of differentiation as for amplitude
imaging. However, since we will be measuring the small difference between two
large signals it will be necessary to have a high brightness source to achieve satis-
factory image acquisition times. Phase contrast will in many cases be greater than
amplitude contrast for wavelengths shorter than in the water window, where the
higher transmission and greater depth of focus will allow thicker specimens to be
imaged; lower absorption can also result in less radiation dose to the specimen.
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Real World Issues for the New Soft-X-Ray
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Abstract

A new generation of synchrotron radiation light sources covering the VUV, soft x-ray
and hard x-ray spectral regions is under construction in several countries. They are
designed specifically to use periodic magnetic undulators and low-emittance electron
or positron beams to produce high-brightness near-diffraction-limited synchrotron
radiation beams. An introduction to the properties of undulator radiation is followed
by a discussion of some of the challenges to be faced at the new facilities. Examples of
predicted undulator output from the Advanced Light Source, a third generation 1-2
GeV storage ring optimized for undulator use, are used to highlight differences from
present synchrotron radiation sources, including high beam power, partial coherence,
harmonics, and other unusual spectral and angular properties of undulator radiation.

Introduction

The properties of undulator radiation and undulator magnets dominate the design
of the electron storage ring and the experimental apparatus planned for the new
synchrotron light sources.

In a typical undulator magnet, the magnetic field on-axis can be written as
By(z) = Bo cos kz, where k = 27-/A.. For permanent magnet systems, Bo is pro-
portional to the magnetization strength of the polarized magnetic material, and can
be as high as 2 Tesla. An electron of energy E = -ymoc 2 has a sinusoidal trajectory
given by x(z) = a cos kz, where a = KA,./227r. The maximum deflection angle K/y.
The undulator parameter K is AaeBo/2rmoc 2, having the value 0.934 Bo(T)A.(cm),
usually of the order of unity. For the ALS, y !- 3000, so a is of the order of IOp, which
is much smaller than the electron beam dimensions of or. = 330p and a, = 630.

The radiation produced by a single electron is essentially that of a moving dipole.
The Doppler effect for such a moving source results in an angle dependent observed
wavelength, given by A = A.(1 -/fl cos 0). Here 0, is v,/c, with v, being the electron's
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average velocity in the z direction. The speed of the electron is constant travelling
through the undulator magnetic field, so the transverse deflection of the trajectory
results in a slowing down of the average z motion. This can be expressed as a reduced
-, given by -" = 7/(1 + K2/2) . The radiation pattern is strongly peaked in the
forward direction, with an opening angle of the order of 1/y, about 0.3 milliradians
for the ALS. The small angle approximation may therefore be used, resulting in
A = A.(1 + K 2 /2 + ,2021/2-Y2. Hence, the shortest wavelengths are radiated in the
forward direction, with longer wavelengths radiated off-axis.

For an undulator of length L = NA., the electron radiates a Doppler-compressed
wave train of length NA, resulting in a transform limited sinc2 spectrum, with frac-
tional linewidth I/N. For undulators at the new light sources, N 100, resulting in
a one percent spectral bandwidth for each observation angle. Near the forward direc-
tion, energy within this bandwidth is radiated into a central cone with an opening
angleof 0 = 1/7*v'N = (1+K2/2),/7x/'N, a small fraction of 1/7, approximately 0.1
milliradian for the ALS. This is the same as the diffraction limited angular width of
the radiation pattern from a line source of length L, given by 0 = (\/L)2. This is be-
cause, classically, a single electron radiates a completely deterministic coherent wave
field, which must obey the rules of diffraction. The peak intensity, or energy/unit
solid angle, in the forward direction scales as N 2. The total energy radiated into the
central cone therefore goes as N, resulting in roughly N times more spectral flux than
from a bend magnet source.

If an optical system is used to form an image of the source of the central cone
radiation, the diffraction limited 1-a source size and angular divergence are ar =
v/'T/4r and ar' = V/X7, resulting in a phase space (emittance) of A2/4. This is
the same expression as for a single Gaussian laser mode[1]. These properties are in
marked contrast to the broad spectral and angular features of bend magnet radiation.

Brightness, Flux, and Coherence

Brightness. Higher source brightness is the major performance improvement for the
new light sources. Brightness is defined as source photon flux divided by the product
of source area and emission solid angle[2]. It is the figure of merit for microimaging
systems since it determines how much flux can be focussed onto a small target. Us-
ing a high-brightness light source, the entire central-cone undulator output can be
focussed through a small entrance slit into a high-resolution grating monochromator.
something not possible using present day sources. The source brightness is signifi-
cantly higher for the new sources because of the small beam emittance (about a factor
of ten) and the use of undulators (about another factor of N).
Flux. The total power radiated by the electron beam is proportional to B2

7
2 IL. B is

dependent on magnet technology, and is about the same for all synchrotron radiation
sources. Since storage ring beam emittance grows with increasing 7, the electron
beam energy must be kept relatively low (1-2 GeV) to achieve the small emittance
and energy spread necessary for high brightness undulator sources. Beam current is
limited by the low beam energy and the small beam size. This means that the new
light sources will produce about the same flux as present sources.
Coherence. Some of the work at the forefront of x-ray optics involves the use of
Fresnel zone plate lenses for microscopy and the use of the coherence of present
day undulator sources for x-ray holography [3]14]. Both these techniques depend on
spatial and temporal coherence. One of the major benefits expected from the new
light sources is an increase in the amount of spatially coherent light, and hence an
improvement in performance.
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The random distribution of electrons within a stored bunch of electrons results in
classical, non-laserlike, chaotic light [5]. The angular and energy spreads of the elec-
tron beam broaden the radiated spectrum. The non-zero electron beam size further
reduces the brightness of the source. Spatial coherence is produced by the small elec-
tron beam, combined with the intrinsic properties of undulator radiation. Temporal
coherence is strictly first order[5], determined by the combination of beam emittance,
energy spread, and I-/N.
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Figure 1. The coherent fraction J.
The amount of spatially coherent light is proportional to source brightness[l]. The

fraction of the central-cone radiation that is spatially coherent (i.e. within a single
gaussian mode) is given by[l] f (A/47r) 2 /T-OTzuTVO'TxO'TY. Here T Z = (o, + or)2,

O'TY = (a'~ + a,2)2, G + o,,,2, and 0
'Ty- = (a2, + 0'2,)1. For the ALS,

or, = 330p, ay = 6 3y, ,, = 30purad, and a., = l6pjrad. This ratio involves only
the photon wavelength, the electron beam emittance, and the undulator length. For
practical optical systems using the coherence properties of the light, it is possible
to use several radiation modes without significantly losing resolution, as reflected in
the half-Airy-disk criterion [6]. This allows the acceptance of about six times more
flux than the Gaussian mode criterion, although, at the diffraction-limited end of
the spectrum it becomes unphysical, allowing more than 100% of the radiation to be
coherent.

Consequences of Large K.

High Power Loading. To maximize light source performance, the longest possible
straight sections and the largest N should be used, since both flux and brightness
increase with N. Usually the size and number of straights in the machine are fixed,
and hence the length L of the undulator. This means A, must decrease for N to



Short- Wavelength Coherent Radiation 149

increase. For a fixed machine energy (-y) and operating wavelength A, this means
K must increase, requiring an increase in B. A large value of K,,. means that a
single undulator can cover a large tuning range by varying K, a desirable feature.
Unfortunately, this also drives up the total power that must be handled by the first
optical element in the beam line. For the ALS this can be several kW.
Harmonics The undulator spectrum is rich in harmonics, with even harmonics
forbidden by symmetry on-axis[l]. The number of significant harmonics is nc =
(3/4)K(1 + K2/2), increasing as K 3 for large K, and, the fraction of total radi-
ated power in the first harmonic is P1 /Pmt = l/(1 + K 2/2) 2. The maximum useful
harmonic limited by undulator quality and the electron beam emittance and energy
spread, so the higher harmonics are just extra heat to deal with. In addition, har-
monics can pass through grating monochromator systems and show up in the output
beam, and may have to be filtered out. For the ALS, undulators have been designed
to produce useful output up to the 5th harmonic. So, the optimization of undulator
performance can lead to difficult optical engineering problems: how to remove extra
heat with thermal distortions kept to a minimum to preserve brightness
Optics Contamination. The extra power produced when central brightness and flux
are maximized can pose a serious mirror contamination problem. Synchrotron ra-
diation hitting mirror surfaces generates an intense photoelectron flux, which can
lead to deposition of carbonaceous contamination, reducing the mirror reflectivity.
The contamination deposition rate may be reduced by improved vacuum, but, in-situ
cleaning systems probably will be necessary.
Effects on the Storage Ring. In an undulator magnet the peak mid-plane field de-
pends on the gap between pole tips or magnet blocks, B, = exp(-rg/A.)[7]. If the
A. is decreased, as desired, g must decreased also to increase B and K. This means
that the electron beam must pass through an increasingly long and narrow vacuum
chamber. Such a small gap may make it difficult or impossible to inject beam into
the storage ring or have a long stored beam lifetime.

Strong undulator fields, combined with the relatively low energy of the electron
beam required, result in significant electron beam focussing effects, making it nec-
essary to re-tune the machine when the undulator gap is varied. This may have an
adverse effect on electron beam lifetime, position, or size around the ring.
Off-axis Radiation. The potential problems arising from changing the undulator gap
may make it seem more practical to use off-axis radiation, using the Doppler shift to
vary the wavelength rather than the undulator gap. This approach, while tempting,
is fraught with difficulties. As L and N are increased, the fact that the observer
of the undulator output is not infinitely far away becomes increasingly important.
Typical undulator to experiment distances are of the order of 10 meters. while L can
be as large as 5 meters. This places the experiment in the Fresnel region, where the
variation of observation angle 0 from one end of the undulator to the other results
in a chirped radiation pulse. Furthermore, since the upstream end of the undulator
is farther away from the observer than the downstream end, the inverse square law
results in significant amplitude modulation of the chirped wave. An analysis leads
to the result that if the off-axis observation angle a is greater than a,' ,v-D7T, then
the chirp effect broadens the narrow undulator spectral peaks [8]. For larger off-axis
angles, the broadening is large enough to overlap different harmonics, and all the
spectral advantages of using undulators are lost. The apparent source size Ax =
L sin a increases off-axis, decreasing source brightness. These effects might be useful,
however, in lithographic imaging, where too much spatial coherence causes speckle.
A better method of broadening the undulator peaks to avoid gap adjustments is to
taper the undulator gap, again producing a chirped wave, but without as serious a
brightness penalty.
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Tuning for Spatial Coherence.
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Figure 2.

The amount of spatial coherence is a sensitive function of wavelength. Figure 2.
shows the angle integrated spectrum for the first harmonic of ALS undulator U5 with
K = 1, for photon energies near the carbon K-edge. This spectrum is what might be
observed after opening up the entrance slits of a high-resolution monochromator in an
attempt to coordinate the undulator gap, the beam position, and the monochromator
setting to maximize spatially coherent light output. The best spatially coherent flux
is produced at the exact fundamental photon energy, indicated by the lower arrow.
Even though the total flux is greater at the peak of the curve at slightly lower photon
energy, the radiation pattern has a hole in the center, and a larger total opening
angle, certainly not well described by a Gaussian mode. This results in a significantly
smaller coherence fraction.

More work is needed in the area of imaging undulator radiation and the spatial
coherence of undulator radiation. The theory of brightness propagation using Wigner
distributions in principle includes all of above, but the theory has not been developed
beyond its initial formulation[l].

Conclusions

To make use of the improved performance promised for the new light sources, users
needing spatially coherent light must have adjustable gap, long length, short period
undulators. This leads to the requirement for high quality, high heat load optics.
and for the control of surface contamination. Beam position stability is a must.
and beam position feedback and thermal stability systems should be built in from
the outset. To be able to adjust a beam line for desired coherence properties, the
user must have control of electron beam position and angle in the undulator, as well
as the alignment of optical elements in the beam line. Accurate and reproducible
calibration of both the undulator and monochromator is mandatory Techniques must
be developed for dealing with small, high-power beams of invisible radiation. The
use of off-axis radiation to avoid changing the undulator gap should be eschewed.
although undulatory tapering may have its uses. These requirements will have a
major impact on the design and operation of the new soft x-ray light sources.



Short-Wavelength Coherent Radiation 151

References

1. K.-J. Kim "Characteristics of Synchrotron Radiation", in
AIP Conference Proceedings 184, Physics of Particle Accelerators, Vol. 1,
M. Month and M. Dienes, eds. (American Institute of Physics, New York.
1989).

2. M. Born and E. Wolf Principles of Optics, 4th Ed. (Pergamon Press, Oxford.
1970).

3. J. Kirz and D. Sayre "Soft x-ray microscopy of biological specimens", in
Synchrotron Radiation R search, H. Winick and S. Doniach, eds. (Plenum
Press, New York, 1980).

4. C. Jacobsen, M. R. Howells, J. Kirz, and S. Rothman, "X-ray holographic
microscopy using photoresists" JOSA A 1,1848 (1990).

5. R. Loudon, The Quantum Theory of Light, 2nd Ed. (Clarendon Press, Oxford.
1983)

6. J. W. Goodman, Statistical Optics, (Wiley, New York, 1985), p. 227.
7. K. Halbach, "Permanent Magnet Undulators" in

Proceedings of the 1982 Bendor FEL Conference, Journal de Physique 44, CI -
211 (1983).

8. R. P. Walker "Near field effects in off-axis undulator radiation", Nucl. Inst. and
Meth. A2M7 (1988).



High-Performance Multilayer X-Ray Optics

D. G. Stearns and R. S. Rosen

Lawrence Livermore National Laboratory, P.O. Box 808,
Livermore, California 94550

S. P. Vernon

Vernon Applied Physics, P.O. Box 10469, Torrance, California 90505

ABSTRACT

We review the state-of-the-art in multilayer (ML) coatings for high normal
incidence reflectivity at soft x-ray wavelengths. In particular, Mo-Si ML and Ru-
B4C ML grown by magnetron sputtering have demonstrated normal incidence
reflectivities as high as 64% at 130 A and 20% at 70 A respectively. A strong
dependence of the Mo-Si layer morphology on the sputtering gas pressure is
observed, and is directly correlated with the normal incidence x-ray reflectivity.
We consider issues relevant to the deposition of multilayers on figured imaging
optics, and describe recent measurements of the normal incidence reflectivity of
spherical substrates coated with Mo-Si ML.

INTRODUCTION

Multilayer x-ray optics are becoming increasingly important in diverse
applications such as x-ray projection lithography1 , x-ray laser cavities2, x-ray
microscopy3 , astronomy 4 and spectroscopy5 . In this paper we focus on the
current development of normal incidence reflective optics for the soft x-ray
spectrum of -45 - 130 A. The ultimate goal is to develop a soft x-ray imaging
system capable of high throughput and diffraction-limited performance over an
appropriate image field.

The fundamental ecuirements of high performance multilayer coatings
include high reflectivity and lcng term stability in potentially hostile
environments. Furthermore, the development of a practical x-ray imaging
system requires the controlled deposition of multilayer coatings on large-arma
figured optics. Achieving success in these areas is extremely challenging due
to the nature of x-ray multilayer coatings. The structures are composed of
ultrathin (-10 -100 A), alternating layers of dissimilar materials such as Mo and
Si, chosen to have the greatest possible difference in the index of refraction at
the wavelength of interest, while at the same time minimizing absorption. The
multilayer stack can consist of anywhere from -10 to several hundred bilayers.
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A net reflectivity of order unity is achieved by the constructive interference of the
fields reflected at each interface, resulting in a dispersion condition analagous
to Bragg diffraction from a one-dimensional crystal lattice. The x-ray
wavelength X is related to the multilayer period A (the bilayer thickness) and the
angle of incidence 0 (as measured from the normal) by Bragg's law: X -
2AcosO. To achieve optimum reflectivity the interfaces at the layer boundaries
must be smooth and abrupt. Any average composition variation across the
interface, due to either roughness, interdiffusion or compound formation, can
result in significantly reduced reflectivity6 .

We have established a comprehensive research program at Lawrence
Livermore National Laboratory (LLNL) to develop high performance reflecting
optics for the soft x-ray regime. In view of the important issues discussed above,
we believe that progress towards the goal of developing efficient, diffraction-
limited x-ray optics requires a thorough understanding of the fundamental
physics underlying the growth and structure of the multilayer films. To this
purpose we have assembled a broad range of capabilities, both at LLNL and in
collaboration with other institutions, which includes thin film deposition,
structural characterization, x-ray optical characterization and computer
modeling of the multilayer performance.

HIGH REFLECTIVITY ML COATINGS

The ML are deposited onto polished substrates using dc magnetron
sputtering in an Ar plasma discharge 7 . The substrates are mounted on a
rotating platter and are alternately exposed to two large rectangular (12 x 25
cm) sources. The source-to-substrate separation is typically 6 cm. The rotation
speed of the platter is adjusted to control the layer thicknesses. In addition, the
substrates are spun at -4 Hz to average out any spatial inhomogeneities in the
flux of the depositing species.

A typical Mo-Si ML coating deposited onto a [100] single-crystal Si wafer
is shown in Fig. 1. The ML consists of 40 layer pairs with period A=68A and a
ratio of the Mo layer thickness to the period of )=0.5. A high resolution electron
micrograph8 of the ML microstructure is shown in Fig. la, where the dark and
light bands correspond to Mo and Si respectively. The Mo layers are
polycrystalline, having a [110] texture in the growth direction, and the Si layers
are amorphous. The pure layers are separated by thin, asymmetric interfacial
regions 9 of mixed composition. It has been suggested 10 that the intermixing at
the interfaces is the major limitation to achieving the theoretical highest
reflectivity in the Mo-Si system. The normal incidence reflectivity of this Mo-Si
ML, measured using synchrotron radiation1 1, is shown in Fig. lb. The ML
exhibits a peak reflectivity of 64% at 130 A and has a bandwidth defined as the
full-width-at-half-maximum of 5.6 A. The theoretical reflectivity, calculated using
optical constants from Henke et al. 12 and assuming ideally smooth and abrupt
interfaces, is shown as the dashed curve and has a maximum value of 72%.

It has been found that the ML morphology has a striking dependence on
the sputtering gas pressure, exhibiting a transition from layer growth at lower
pressures to columnar growth at higher pressures. This effect can be seen in
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Figure 1. (a) HREM cross-sectional image of a Mo-Si ML having a period of
A=68 A. The substrate is oriented below the figure. (b) Measured normal
incidence reflectivity (solid curve) and reflectivity calculated (dashed curve)
assuming ideal interfaces.

Fig. 2 where we show a sequence of HREM images of ML grown at Ar
pressures ranging from 2.5 to 20 mtorr. As the pressure is increased amplifying
roughness is observed thoughout the ML stack, eventually leading to columnar
growth and complete disruption of the layer structure at the highest pressures.
We attribute this behavior to the variation with gas pressure of the energy
deposited at the growth surface7 . At lower pressures there is less
thermalization of the sputtered atoms and reflected Ar neutrals so that they are
incident on the substrate with greater kinetic energy, thereby locally heating the
substrate surface. The increased surface temperature enhances the surface
mobility of the adatoms, accomodating an approach to the equilibrium
configuration which corresponds to layer formation in this system. The variation
in the normal incidence reflectivity is found to strongly correlate with the
observed variation in layer morphology. The peak reflectivities, plotted in Fig. 3,
range from over 60% at 2.5 mtorr to less than one percent at 20 mtorr. It is
evident that the optimal reflectivity is achieved at the lowest sputtering gas
pressures.

Our efforts are currently directed at developing high-performance
multilayer coatings for normal incidence reflectivity throughout the x-ray
wavelength range of 45 - 130A. One promising material combination for x-ray
wavelengths below 124 A (where Mo-Si is no longer viable due to increased
absorption in the Si) and above 65 A (the boron K-edge) is Ru-B4C 1 3. A typical
Ru-B4C ML coating, deposited onto a [100] Si wafer at a sputtering gas
pressure of 1.5 mtorr, is shown in Fig. 4. The ML consists of 150 layer pairs with
a period of A=36.4 A and =0. 4. An HREM image of the microstructure, shown
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Figure 4. (a) HREM cross-sectional image of a Ru-B4C ML having a period of

A=34 A. The substrate is oriented below the figure. (b) Measured normal
incidence reflectivity (solid curve) and reflectivity calculated (dashed curve)
assuming an RMS interface roughness of o=6.9 A.

in Fig. 4a, indicates that the layers are fairly smooth and compositionally abrupt.
Both the Ru and B4C are in amorphous phases. The measured normal
incidence reflectivity is shown in Fig. 4b. The ML reflectivity has a maximum
value of 20% at 72 A and a bandwidth (FWHM) of 0.55 A. The dashed curve in
the figure represents the best fit to the data, and was calculated assuming an
RMS interface roughness of a=6.9 A. The theoretical peak reflectivity of a ML
having ideally smooth and abrupt interfaces is 48%.

ML-COATED FIGURED OPTICS

Perhaps the greatest challenge in fabricating multilayer x-ray optics
involves the controlled deposition of a designed coating onto a large-area
figured substrate. For normal incidence optics, the operational x-ray
wavelength will dictate the period of the multilayer structure according to A -

X2. Depending on the angular dispersion of the optical system, it might also be
necessary to grade the coating, i.e. vary the multilayer period across the surface
of the substrate in some well-defined manner. In order to maintain high
throughput at the wavelength of interest, the relative error in the multilayer
period AA/A must be less than the bandpass of the multilayer AX/X.
Furthermore, to achieve diffraction-limited x-ray imaging, figure errors
introduced by variations in the total thickness of the multilayer coating are not

allowed to exceed V4. Together these requirements impose severe tolerances
on the uniformity of the multilayer coating.

To derive a simple estimate of the uniformity requirements, let us assume
that the goal is to deposit a uniform ML coating on a perfectly figured substrate.
to yield a maximum normal incidence reflectivity at wavelength X across the
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entire surface. We expect that due to deposition error the actual period of the
ML coating will vary from point to point on the surface. An error SA in the ML
period will degrade the imaging properties of the optic in two ways. First, the
ML bandpass will shift so that the reflectivity at the operating wavelength X is
reduced. This effect we call "detuning". We require that the shift of the
bandpass 8X=28A be less than one fourth of the full width of the bandpass AX.
This is given approximately by A?=iN, where N is the number of bilayers.
Hence to avoid detuning the fractional error in the ML period must be held to
within 8A/A < 1/4N.

The second detrimental effect of an error in the ML period is to locally
distort the figure of the optical surface, resulting in a change of the phase of the
reflected field. This effect we call "dephasing". The position of the surface of the
ML-coated optic changes by an amount NSA, causing a change in the phase of
the reflected field of 4nN8A/X. However, this change in phase is partially
mitigated by a phase shift associated with the detuning of the ML bandpass. It
can be shown that the period error 8A results in a phase shift of -2nNBAIX, which
is opposed to and just half of the value of the change in phase caused by the
altered figure. We require the net change in phase of the reflected field to be
less than an eighth wave (a typical error budget for a single optic in a
compound system). Hence we conclude that the fractional error in the ML
period must be held to within 8A/A < 1/4N. It is interesting to note that in this
simplistic treatment the requirements for avoiding detuning and dephasing are
identical.

The implication of the uniformity requirements on the ML deposition can
be illustrated in a few examples. Consider a Mo-Si ML coating operating at 130
A with A=67 A and N=40. Using the criteria derived above, the tolerance on the
ML period error is 8A<0.4 A. In simple terms, the period of the ML coating must
be held constant across the entire surface of the optic to within a fraction of an
angstrom. As the x-ray wavelength decreases, the tolerance becomes more
severe for two reasons: the ML period must decrease and the number of
periods increases rapidly as the index of refraction approaches unity. For
example, a Ru-B4C ML coating operating at 70 A, where A=34 A and N=1 50,
requires a tolerance in the ML period error of 8A<0.06 A! It is possible to
somewhat relax the tolerance by decreasing the number of periods at the
expense of the peak reflectivity. However, it is evident that fabrication of
diffraction-limited imaging optics for wavelengths less than -100 A will require
extremely precise control of the ML deposition.

We have studied the issue of ML uniformity in a series of recent
experiments. A variety of figured substrates have been coated with Mo-Si ML
(A-67 A, N=40) designed to provide a maximum normal incidence reflectivity at
X-130 A. Our strategy for achieving uniform coatings was to use large targets
(12 x 25 cm) located in close proximity (6 cm) to the substrates, and to spin the
substrates to average out spatial variations in the deposition rate. In this way
we have avoided the inconvenience of tailoring the spatial distribution of the
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deposit for a particular substrate by incorporating baffles or masks. The normal
incidence reflectivity of the ML-coated figured optics has been measured using
synchrotron radiation at the BESSY facility. A vacuum reflectometer was
modified to allow measurements on curved surfaces within -0.8o of normal
incidence, providing excellent spectral resolution ( JAX - 100-1000) and spatial
resolution (spot size- 150-um-diameter). The normal incidence reflectivity was
measured as a function of x-ray wavelength for an array of points across the
surface of the optic.

The reflectivity measured on a 2-inch-diameter spherical optic composed
of zerodur and having a 60 cm radius of curvature is presented in Fig. 5. The
measurements were made for an array of points across a diameter of the optic
to within a few millimeters of the edges. The peak reflectivity, shown in Fig. 5a,
has an average value of 62% at 138 A and is uniform to within ±1.6% across the
entire surface. By fitting the reflectivity versus wavelength data we were able to
determine values for the ML period A at the different test points and these are
plotted in Fig. 5b. The ML period has an average value of 70.1 A and is uniform
over the central 40 mm section to within ±0.5%. The dashed horizontal lines
represent the ±0.4 A uniformity requirment for achieving diffraction-limited
performance. The variation in the ML period is well within the tolerance except
near the very edge of the optic. We attribute the decrease in the period at the
edge to shadowing by the mounting fixture during deposition.

As another example, Fig. 6 presents the results for a 3-inch-diameter
spherical, fused silica substrate having a 100 cm radius of curvature. The peak
reflectivity, shown in Fig. 6a, has an average value of 57% at 129 A and is
uniform to within 5.6% across the surface. We believe that the lower reflectivity
is associated with an increased surface roughness of the substrate. The ML
period is 65.4 A and is uniform to within 0.6%. Once again the period is found
to be well within the ±O.4 A uniformity requirement over the entire diameter of
the optic (>60 mm), except near the edges. These initial results demonstrate
the feasibility of depositing ML coatings on precision substrates for optimum
normal incidence reflectivity at X-1 30 A without compromising the diffraction-
limited imaging performance of the optics.

(a) (b)
I | I | I I | ' i I

I II

r (mm) rmm)

Figure 5. Characterization of a 2-inch-diameter spherical optic (R=60 cm)
coated with Mo-Si ML. (a) Normal incidence reflectivity measured across the
diameter of the optic. (b) Variation of the ML period.
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Figure 6. Characterization of a 3-inch diameter spherical optic (R=1 00 cm)
coated with Mo-Si ML. (a) Normal incidence reflectivity measured across the
diameter of the optic. (b) Variation of the ML period.
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ABSTRACT: A soft x-ray figured optic has been incorporated into a spectrometer with a

multi-channel detector to enhance signal levels from short pulse laser produced plasmas.

Laser produced plasmas are a source of soft x-rays but their usefulness is limited by their

relatively small time averaged fluxes. To increase the utility of these sources a

spectrometer has been designed which incorporates a figured multilayered soft x-ray

optic and a multi-channel detector.

The x-ray optic is used to collect the plasma emission and focus it onto the input slit of a

grazing incidence monochromator. The portion of the radiation that can be collected

with the x-ray optic is much greater than can be collected by the input slit alone of a

conventional monochromator. The Mo/Si multilayer optic used was matched to the input

f/50 acceptance of the spectrometer. Figure one shows the increased signal level of the

emission from a gold plasma obtained with the optic. A soft x-ray linear detector and

amplifier from NIST has also been installed on the spectrometer. Figure two shows a

typical reflected spectrum measured with the multi-channel detector. Spectra acquisition

times have been dramatically reduced with the x-ray optic and the linear detector.

Another important feature of this system is that since entire spectra are obtained at one

time data can be discriminated by plasma emission variations. This enables tha some

shot-to-shot type variations can be nonnalized out. A demonstrated (,f this is InI the

measurements of the soft x-ray absorption of Kr. Figure three shows the spectrum oI thc

emission of a gold plasma reflected from a near normal incidence sphvrical nultdrhitcr

optic when the target chamber has been filled with a low pressure of Ki "h c sond K',

gas has been nomalahed to the signal without gas and is shov.wn in i urc ltour. lhces

results wil' be rniparcd to , nchrotron based mcasurments of absorion tcltrc,..
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The use of a x-ray optic and linear detector have enhanced signal levels, decreased
acquisition times and enabled single shot spectra acquistions which will make the short

pulse laser plasma emission a viable source for a broader range of experiments.

Fig. I Gold plasma soft x-ray emission spectra measured with a conventional single slit
detector. The top graph shows the direct signal from the plasma and lower graph shows
the signal level of the beam that has been collected and focused with the multilayer optic.
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Fig. 2 Reflected spectra measured with a multi-channel detector.
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Feasibility of X-Ray Nonlinear Resonant Effects
in Plasma
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Abstract

We demonstrate the feasibility of the experimental observation of saturation
related third-order X-ray nonlinear resonant effects in plasma.

Recent developments in X-ray laser (XRL) research resulted in the experi-
mental observation of laser amplification at many wavelengths in the soft X-ray
domain [11 ranging from X=28nm to \=4nm. Within the next few years
powerful sources of coherent XRL radiation at those wavelengths will also be
available. This sets a stage for the research on the interaction of intense coherent
X-ray radiation with matter, in particular on X-ray nonlinear optics.

The first obvious choice of the environment for the X-ray resonant nonlinear
effects (XRNE's) to occur and to be experimentally observed, is the plasma con-
sisting of the same ions that give rise to the laser action itself. XRNE's in these
situations are expected to be essentially similar to nonlinear effects due to other
resonantly-enhanced nonlinear interaction of light with matter in a visible optical
domain. In this paper we present evaluation of the saturation intensity anU non-
linear refractive index for the soft X-rays in the Se CCV and Mo XXXIII XR laser
and laser-like plasmas.

The strongest nonlinear X-ray interactions may occur in the active XRL
plasma e. g. in the neonlike Se or Mo plasma, d iring X-ray lasing. However,
from the point of view of studying XRNE's as such, i. e. in a situation in which
they do not intervene with the lasing process, it would be more instructive first to
investigate plasma which consists of the same ions as the respective XRL, but
with electron density N. not high enough to excite laser action. This assumption
also significantly simplifies [21 the problem. In particular, it allows us to neglect
collision rates for the transitions near the neonlike ground state, and to take into
account only the levels coupled by X-ray radiation of interest. The stability of
neonlike plasmas in a wide range of Ne assures that the fraction of the neonlike
ions fN, in the plasma will remain almost unchanged. In the absence of any
external pumping radiation between ground level and 3p-3s levels, such low elec-
tron density cannot provide any significant 3s-3p levels population (see e. g.. [3]
for Kr), and therefore no interaction with the XRL radiation resonant to 3s-3p
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transitions can be observed. However, XRNE's can be made feasible if the 3s
level is populated, e. g. by the powerful radiation resonant to the transition
between 3s and the ground levels. This radiation is conveniently originated from
the radiative decay of the 3s level in the XRL.

As a result, our model could be restricted to only three levels: the upper (u)
and the lower () XRL levels, and the neonlike ground level (g). Levels u and I in
this low density plasma will be coupled by the XRL radiation with the resonant
frequency; we will be interested in the absorption saturation and nonlinear refrac-
tion at that transition. Level I will be populated by sufficiently strong
(incoherent) pumping radiated as a "side product" by the respective XRL as a
result of the decay of its level I into its ground level g. Two examples wilt be con-
sidered: Se XXV as the medium of the most successful XRL so far [1], [4] (the
line with the wavelength Xul =20.638nm), and Mo XXXI where gain for the X-
ray with one of the shortest wavelengths in the neonlike sequence has been
recently reported 14] ( Xu = 10.64nm).

The first important problem to be solved is the choice of the electron tem-
perature Te. To have a meaningful estimate, we choose Te =!/2 (the tempera-
ture of the lasing plasmas [5-7]). The ion temperature Ti=0.4Te [15, yielding
Ti=400eV for Se and 800 eV for Mo). For these temperatures , fNe may be
assumed to be 0.3 and 0.1 for Se and Mo, respectively [5]. Dividing fNe by the
average ion charge, one obtains the ratio a of neonlike ion density Ni to N. equal
to 0.02 for Se and to 0.005 for Mo. Collision rates can be neglected if
Ne << Aik /Cik where Aik and Cik are the radiative and downward collisional
rate coefficients for transitions of interest [2], respectively. The atomic data from
5-81 as well as the principle of detailed balance (required to obtain downward col-
isional rate coeffcients from upward ones [9]) yield Ne -1018 cm- 3 for Se plasma

and Ne -10
19cm - 3 for Mo plasma.

Two-level models [10,11] modified to take into account the level degeneracy
[12] and the inhomogeneous broadening [13], result in the following set of equa-
tions. At first, for the dimensionless I- level population in the absence of the XRL
radiation f-Ni/Ni ( Nj denotes the population deneity of the I- level) we have:

-+g-)Igrg(1 +rig) (1)
where Al. is the ratio of the Lorentzian full .width on half maximum Av/lg to the
Doppler width, AVP1--2vg[(2kT/Mic 2 )In2] , for the 1-g transition, vl being
the central frequency; Mi is the pnass of th ion; rL-Ii /1'1, is the dimensionless
pumping intensity with Il =47r'hc AZviX L' (14'gr)- be'ing the 1-g "'saturation
intensity"; gl is the statistical weight of the level I. This equaLion is valid unless
ri, is large enough (>50) to destroy the implied Doppler broadening predomi-
nance. It is worth noting that no significant absorption of the pumping photons
with the energy hvl by the excited neonlike ions is expected, since the energy
2hv19 is significantly igher than the ionization potential of these ions.

For the absorption coefficient (v) of the incident radiation with the fre-
quency v one obtains:

, Re w(x+ib) v ; , ., Aul gu e2

ro 47r2 ~ADg (2)

where Xul is the central wavelength of tne transition; b=(ln2)V2A (1 +r)
describes the degree of homogeneous broadening; r-- 1/1,l4 and
x=2(ln2)V2(vl-v)/AUujl are the dimens onless XRL radiation intensity and
detuning , respectively; l--=47r2 hcAvjX ; w(x+ib) denotes the complex error
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function (see e. g. [13]). Finally, the nonlinear correction AnNL(r)=n(r)-n(r=-0)
to the refractive index n(r) can be written as:

An L =(47r)-Xut0 [Im w(x +ib) -Im w(x +ibo)], b0 -b(r =0) = In2 A , (3)

In our calculations we assume that the homogeneous linewidths are deter-
mined mainly by the lifetime of the l-g transitions (similar to [14]), so that
A v,1 = A vg =-A19/27r. Given the transitions probabilities
A19 =3.9x1012 (1.1X101 3) and At =-7.7x10 9 (7.2x10 l 9), and plasma conditions, one
can obtain following estimations for Se (Mo) plasma. Pumping intensity
I -013 (1014 )W/cm2 is required to attain 0=0.1 . Such population yields the
absorption coefficient at the centrl -L freqency -,(,u,) - 1.5(0.5)cm-', with the
saturation itensity" I'.=6X10 (10 )W/cm . The nonlinear part of refractive

index is A N L "3x10-V(10 - 8 ) for I=3xIl and dimensionless detuning x=0.8
(such detuning corresponds to the frequency v being within the kernel of the
Doppler lineshape).

Our calculations of nonlinearities in the laser active medium show that at
least for Se XRL they should be very large; this conclusion does not depend on
any specific model. Indeed, the power of the order of 1 MW per line and the
source size -20O( m [4] mean that the intensity I=2x109 W/cm2 -- 35xI'j has
been reached in the Se plasma. According to Eq. (2), this decreases the gain
coefficient -y by factor up to 20. (This result remains almost the same even if in
addition to the lifetime of the l-g transitions, as above, the colision dephasing
time -4x10 1 3 sec [15] is taken into account). Therefore, the discrepance
between the calculated (38cm - 1) and measured (5cm - 1 ) small-signal gain
coefficients [51 could be attributed at least in part to the gain saturation. Furth-
ermore, even assuming the measured small-signal gain coefficient for -Y0, one
obtains from Eq. (3) that for the intensities existing inside the Se XRL, the non-
linear correction to the refractive index can become fairly large in the X-ray
domain, An NL 8 ×10 - 8 -2x10 - 7 . This nonlinear refractive index may result in
the significant change ( 27r across the beam) in the phase front of the wave at
the length LNL = X/An' -- 5-10cm.

Our choice here of the same ions as in the XRiL plasma has been justified by
the advantage of perfect frequency match between the XRL radiation and the
transition of interest. In such a case, however, we have to deal with a still very
hot plasma, and to use additional X-ray irradiance (pumping) , since the non-
linear transition occures between two excited levels. It would be greatly desirable,
therefore, to identify also some alternative (i. e. non-XRL) plasmas, for which (i)
the degree of ionization (and therefore, the required temperature) is significantly
lower than that of the XRL plasma, and (ii) the XML radiation is matched (not
necessarily perfectly) to some direct transition from their ground level. A number
of such "XRL line-plasma " couples have been found by us; some of the examples
are: Se XXV 209.78 A line and Fe X or Cl XIII plasma; Al XI 150.7 A or C VI
182 A line and Na IV plasma. Our preliminary evaluations show that significant
XRNE's can be feasible for Te =35-300eV and Ne=10-7-10 cm- . Such
plasma can be readily produced by relatively simplh and well controlled electrical
discharge [17].

All these estimates indicate a significant potential for third-order XRNE's in
plasma XRL as well in some other plasmas. Self-action effects based on the
resonant nonlinear effects such as self-(de)focuing, self-trapping, and self-
bending, can be observed rending themselves as either desirable effects for
enhancing of laser action, or the effects to be avoided or inhibited. Other effects of
the same group, e. g. four-wave mixing, may be efficiently used for plasma diag-
nostics and for phase-conjugation amplification. Since the intensities significantly
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exceeding the saturation intensity have apparently been achieved in experiment,
it may also be possible that self- transparency and related 27r-solitons can be
attained similar to that in the optical domain [161. As a next step, high-order har-
monics generation in the X-ray domain can be natural extension of the similar
optical effect. Our future plans include investigation of XRNE's in metallic
vapors and, what may be the most promising, - in condensed matter.

This work is supported by AFOSR.
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NORMAL INCIDENCE MULTILAYER REFLECTORS

FOR SUB-10 nm REGION

Tai D. Nguyen, Eric Gullikson, and Jeffrey B. Kortright

Center for X-Ray Optics, Accelerator and Fusion Research Division,
Lawrence Berkeley Laboratory,

University of California, Berkeley, Caliluvitti 94720.

An preliminary investigation of the performance and quality of
Ru/C, Ru/B 4 C, Ru/B, and Ru/BN multilayers is presented, The
purpose of the study is to determine the choice of material
combinations that yields the highest normal incident reflectance for
application such as soft x-ray projection lithography at energies
above the Si L edges. Measurements of relative reflectivities of the
multilayers from an electron-impact source (Henke tube) with Boron
K emission at 183 eV are presented. As the operating wavelength
decreases, the period or the layer thicknesses inside the multilayers
also decrease. Imperfections and fabrications of high quality
multilayers then play a more dominant role in the performance of
the multilayers. Correlation between the performance of these
multilayers and uniformity of the layers inside the multilayers is
discussed.

This work was supported by the Director, Office of Energy Research, Office of
Basic Sciences, Materials Sciences Division, of the U.S. Department of Energy under
Contract No. DE-AC03.76SFOO098 and by the Air Force Office of Scientific Research.
of the U.S. Department of Defense under Contract No. F49620-87-K-0001.
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High-Damage-Threshold Gratings Using Coated
Silicon Substrates

H. W. K. Tom, M H. Sher, 0. R. Wood 1I, W. M. Mansfield,
U. Mohideen, R. R. Freeman, and J. Bokor
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Abstract

High damage threshold gratings can be made by putting suitable coatings on silicon
grating blanks. We expect several times improvement in the damage threshold for
nanosecond laser pulses and similar improvements for 100 femtosecond laser pulses.

We are currently investigating the manufacture of high damage threshold gratings
using a novel idea. We are placing high reflectivity coatings on holographically
patterned Silicon grating blanks. This approach provides three principle advantages
compared to current gratings made by placing a thin metallic layer over holographically
patterned photoresist on glass substrates. First, advanced lithographic and processing
techniques for Si make possible the fabrication of arbitrary grating groove profiles with
holographic registration across large areas. Second, metal-Si gratings should not be
limited by damage at the metal-silicide interface because Si is an efficient thermal
conductor and the damage threshold of metal-silicide is > 4000C. This is in great
contrast to metal-photoresist gratings which damage at the metal-photoresist interface
when temperatures exceed 100-200*C. Third, extremely efficient gratings can be
fabricated using enhanced metallic and dielectric coatings (-99% reflectivity) on blazed
gratings (ie., triangular groove profiles). These advantages make us believe damage
thresholds comparable to those of bulk metals (-300 mJ/cm 2 ) are obtainable. For
dielectric enhanced metallic coatings, several times the bulk metal damage threshold
should be possible.

In Fig. 1 we show examples of the groove profiles one can achieve with lithographic
techniques. With suitable etching, one can obtain square, triangular, or sinusoidal
profiles. In Fig. la we show a triangular profile with apex angle of 72* and period of
5000 A. The apex angle is determined by the angle between (111) planes and the Si(100)
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surface and is produced by an etching process that preferentially exposes (111) faces. In
Fig. lb we show the groove profile of a grating we have made that has reasonably high
diffraction efficiency (80%) at 810 nm, and is the one used for damage threshold
measurements described below. The profile is trapezoidal with apex angle = 720 as in
Fig. la. We note that height to period ratios of - 30-40%, similar to those that might be
used for chirped-pulse amplication schemes, can be readily fabricated. Clearly one
approach to the problem of damage threshold is to increase the Au film thickness until
the bulk damage threshold is reached. In principle, we could control the Si groove profile
to allow for modification of the profile after a relatively thick deposition of Au.

Fig. 1. Scanning electron micrograph of grating groove patterns on Si(100). The
rectangular silicon nitride "caps" are removed before metal deposition. a) triangular
grating exposing (111) planes. b) trapezoidal grating with (111) and (100) faces.

Once optical energy has been deposited into the thin metal overlayer of a grating,
there are three mechanisms for damage: 1) the lattice temperature at the metal-substrate
interface exceeds damage threshold, 2) the electron temperature at the metal-substrate
interface exceeds damage threshold, and 3) either the lattice or electron temperature at
the metal-air interface leads to ablation of metal.

Here we use the standard approach to characterizing the excitation of solids with
optical pulses as short as 100 fsec.[1,2,3] Light is coupled to the electrons in the solid,
and we assume that coupling between the electrons and the lattice excitation modes
(vibrations) is relatively slow. Assuming equilibrium among the electrons and the lattice
modes, individually, we then characterize the electrons and lattice excitations by
temperatures T, and TL. These evolve in time by the coupled differential equations:

YTeaTe/at=KCV 2 Te + g(TL-Te)+S(x,t)

CLaTL/at=g(T -TL)
where ye is the temperature-dependent electron specific heat, r is the thermal
conductivity, g is the electron-lattice coupling constant, and CL is the lattice heat
capacity. S(x,t) is the absorbed energy source term: in this term one includes the usual
Fresnel-Drude calculation of the absorbed energy as well as enhanced absorption due to
the grating profile (local field effects), due to plasma formation above the surface, and
due to changes in the optical dielectric constant from electron heating effects. For gold,
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y=6.2x105 J/cm3 -K 2[4], K=3.lTe/(TL+1.16xl0-T 2 ) W/cm2 -K (with Te in
K),[5] g=4x0 t ° W/cm3 -K[6], and CL=2.47 J/cm3 -K. The equilibration of
electron and lattice temperatures implied by the value of g is approximately 1-5 psec.
For nanosecond optical pulses, the electron and lattice temperatures are in equilibrium
and one only has to consider lattice mechanisms for damage.

When the damage mechanism is due to lattice temperature, it is clear that the Au-Si
gratings can have higher damage thresholds than Au-photoresist gratings. Si is a better
substrate than glass, first, because the Au-silicide damage threshold at >400°C is higher
than the damage threshold of photoresist at 100- 200'C. Secondly, Si is a good thermal
conductor and can lower the peak temperatures reached at the front Au surface and the
Au-substrate interface. The nsec pulse multishot damage threshold for many metals is
around 500 mJ/cm2 for normal incidence in the near IR depending on surface
preparation. The nsec pulse damage threshold for the best Au/photoresist gratings have
been reported (Jobin-Yvon, France) as high as 200 mJ/cm2 with 1.06 pm excitation.t7]
Assuming a reflectivity of 97%, 6 mJ of absorbed energy would raise a 200 nm film of
Au to 150°C. The actual absorption and Au film thickness on the grating are probably
less favorable, but it is reasonable that 1500C is sufficient to damage the Au-photoresist
interface. On the other hand, since Si is a good thermal conductor and Au-Silicide is
stable to >4000C, one would expect for Au thicknesses >200 nm, the damage threshold
at the Au-silicide interface is higher than 500 mJ/cm 2 and that the damage threshold of
the grating should be determined at the front surface as for bulk Au.

We tested whether or not damage is occurring at the Au-silicide interface vs. the front
face by measuring the damage threshold as a function of Au thickness. The results are
summarized in Fig. 2. The samples were Si flats overcoated with a 30 nm Ti binding
layer followed by Au of the specified thickness. The data were taken with 810 nm laser
pulses of pulse durations 145 fsec, 450 fsec, and 4.5 psec, and at 0' and 620 angle of
incidence. The 00 data are almost exactly twice the values of the 620 data, consistent
with the 2 times more absorption due to Fresnel reflection at the two angles. The damage
threshold is defined here as the peak fluence incident on the sample surface (beam fluence
times cos(6)) for which the sample survives for 10 minutes at 10 Hz in the pulsed laser
beam. Survival occurred if no visible change in the surface could be detected (as
evidenced by scattered light from the illuminated spot). The shot-to-shot energy
fluctuation was ±10%. Absolute fluence resolution was limited to 15% by the neutral
density filters used to attenuate the beam.

0.4 Fig. 2. Damage thresholdEE fluence vs Au thickness.

0.3 Measurements on Au/Ti/Si
F •flats at various pulse

_durations and angles ofo 0.?0 02 incidence..

00-0 V 4500 tsec,-0.1 0 0
• 145 fsec. 0

V 4500 fsec, 62
E 0.0 0 0 450 (sec, 620
o 0 1000 2000 3000 4000 0 145 tsec. 62(
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The absence of Au thickness dependence on all but the 145 fsec data taken at 620
angle of incidence shows clearly that the damage does not take place at the Au/Ti/Si
interface, and that the damage threshold is that of bulk Au (ie., front face induced
damage). The data for a 3700 nm flat film of Au on photoresist excited at 0* incidence is
shown as the solid ellipse in Fig. 2. The Au film was provided by American Holographic
(MA). The damage threshold is 60% of the corresponding Au/Ti/Si flat.

Laser-induced damage of bulk materials often occurs at thresholds below what would
be necessary for lattice melting assuming a constant reflection coefficient. This is
because excited state effects such as enhanced optical absorption in the electronically
excited bulk material and absorption in the plasma above the target surface, can lead to
more than the nominal deposition of optical energy. The optical dielectric constant for a
metal is roughly given by the Drude model (disregarding interband transitions):
£(€o)=1-[o /(.o2 +vj)I(1+iv i/w). Here Op is the plasma frequency and vi is the
electron-ion collision frequency. The latter represents the free carrier absorption of the
electrons near the Fermi level. In the free electron model when T,:hv, the free carrier
absorption increases with electron temperature as (1 +0. 3 Te (eV)/1.5) where the factor
of 0.3 comes from a numerical calculation of the joint density of states assuming the free
electron model. Changes of a factor of 3 in the normally small Im(E(o)) -c v0 /co can
drastically change the optical reflectivity especially at non-normal incidence. The
increase in the electron-ion collision frequency with electron temperature was invoked to
explain the decrease in reflectivity observed for Ag(l 11) from nearly 100% to 20%, as
the incident intensity is changed from 5x1012 to 5X10' W/cm 2 in 90 fsec pulses.[81
For gold at several 100's of mJ/cm 2 irradiance, the change in free carrier absorption
should be small, however, a large increase of lm(e(co)) occurs because electronic
excitation to Te - 0.5 eV opens up the possibility of the 810 nm light (1.5 eV) exciting
the strong d-sp interband transition (2 eV). The oscillator strength of the interband
channel is 10 times that for the conduction band electrons near the Fermi energy. Once
enough energy is absorbed, the surface will also expand to create a plasma gradient of
critical thickness which will further increase the absorption. For extremely intense laser
pulses, the absorption may also be enhanced by multiphoton absorption.

To test these effects, we measured the the damage threshold fluence as a function of
optical pulse duration. In Fig. 3a we show the results for AU/Ti/Si flats. The data clearly
show that the damage threshold is lower for pulses shorter than 500 fsec and confirms
that excited state effects increase absorption. The damage thresholds at 00 C incidence
were 260 nJ/cm2 at 145 fsec and 360 mJ/cm 2 at 4.5 psec. It is unlikely that electronic
heating without enhanced absorption leads to plasma ablation damage in this case
because the electron temperature reached on the front face with 145 fsec excitation
assuming 2.5% linear absorption is only 5400K. If on the other hand, one assumes 10%
absorption, which might occur for electron temperatures in excess of 0.5 eV due to d-
band absorption or sufficient increase in the free electron v i, then the peak lattice
temperature of the front surface can exceed the bulk melting temperature of 1060*C. It is
unlikely that enhanced absorption in a plasma layer plays a role for 145 fsec excitation
because tCe electron temperature is too low ("1.5 eV for 10% absorption) to gentrate an
absorbing plasma layer in 145 fsec. For longer optical pulses, enhanced absorption in the
plasma layer probably plays a substantial role. The damage even for 145 fsec pulses is
probably not due to multiphoton absorption since there is no substantial difference
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Fig. 3. Damage threshold fluence vs laser pulse duration. 3a) (left) Measurements
performed on AU/Ti/Si flats for various Au thicknesses at 620 angle of incidence. 3b)
(right) Measurements on American Holographic grating and Au/Ti/Si grating with
groove profile of Fig. lb and with 30 nm Ti and 100 nm Au overlayer.

between the 145 and 450 fsec pulse damage threshold even though the intensity is 3
times higher in the 145 fsec case.

We also observe that for 145 fsec excitation, the damage threshold on the 100 nm
thick Au flat is about 30% lower at 620 angle of incidence than at 00 angle of incidence
after allowing for a factor of 2 change in nominal absorption. This is shown in the data
of Fig. 2. Such a result is consistent with a change in the Au dielectric constant due to
electronic excitation causing a larger increase in absorption at 620 than at normal
incidence. Although resonance absorption is also a maximum at 620 angle of incidence,
we believe there is inadequate time to generate a critical thickness plasma and to get
significant resonance absorption in 145 fsec. The fact that this difference is not observed
for thicker Au films may be explained by a coincidence that the Au/Ti/Si interface at 100
nm deep reaches its damage threshold temperature of - 5000C at a lower fluence than
required to heat the front surface to the melting temperature of 10600 C. One can only
speculate that the dynamics of the nonlinear change in absorption and optical attenuation
depth makes this occur on the sample irradiated at 620 incidence but not on the sample
irradiated at normal incidence.

We have fabricated a Au/Ti/Si grating with trapezoidal profile as in Fig. lb and with
Au thickness of 100 nm. In our first efforts, a height/d-spacing ratio of -32% gave the
best diffraction efficiency 80 (±5) % at 810 nm. The period is 5000 A. The best
American Holographic grating (on photoresist) was 90 (±2) % efficient. In Fig. 3b we
show the damage thresholds for these two gratings for different optical pulse durations.
The damage thresholds for gratings scale with pulse duration the same way the damage
thresholds for flats do, ie., "20-30% lower damage threshold for short pulses. In all cases,
the Au/Ti/Si gratings had lower damage threshold than the commercial grating or even
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flats irradiated at 62'. This strongly suggests that the nominal absorption of the grating
is slightly larger than that for flats at 620. Part of this may be due to fabrication defects,
and part may be due to local field effects that may enhance the absorption at specific
places in the groove profile. We believe that one should be able to increase the grating
efficiency and decrease the absorption with proper choice of the grating profile. One
obvious direction is to try groove profiles approaching the blaze condition, eg., where the
effective incidence angle approaches 00. The sharp comers may have to be smoothed to
diminish local field enhancements, but a factor of two improvement over the commercial
holographic gratings should then be possible.

For triangular profiles approaching the blaze condition, it becomes reasonable to
apply dielectric coatings to the metal surface. By limiting the nominal absorption to
99%, one can improve diffraction efficiency and raise the damage threshold further. It is
of course uncertain how dielectric coatings act in grating geometries where the lateral
dimensions are less than the optical wavelength. We plan to explore this possibility.

In conclusion, we have fabricated Au/Ti/Si diffraction gratings. In experiments on
flats, we have shown that with Au thickness >100 nm, we obtain the damage threshold of
bulk Au, eg., 260 mi/cm2 in 150 fsec and 360 mJ/cm 2 in >500 fsec at normal incidence.
This is approximately 2 to 3 times better than the best Au gratings on photoresist. Our
experimental results on Aw/iSi flats show that the damage for 145 fsec pulse excitation
occurs because the laser pulse heats the electron temperature enough to dramatically
increase the optical absorption so that the front surface lattice temperature eventually (1-
5 psec later) exceeds the melting temperature.
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0.5-TW, 125-fs Ti:Sapphire Laser
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Abstract

We report the design and construction of a compact 0.5 terawatt, 125 femtosecond
laser system based upon chirped pulse amplification in Ti:sapphire. The final
output beam contains 60 millijoules and is 1.2 times diffraction limited. A saturable
absorber reduces the pre-pulse intensity to 10 - 9 that of the main pulse. Frequency
doubling the output to 403 nm has been achieved in KDP with a peak conversion
efficiency of 45%, and a whole beam conversion of 25%.

Recent progress has been reported in the development of femtosecond, terawatt
laser systems. 1-4. Such novel light sources, when tightly focused, can produce an
intensity exceeding 101 8W/cm2 One interest in such a source is for the generation
of femtosecond x-ray pulses emitted from a solid target placed at the focus of such
a laser. Calculations' have shown that laser energy to 3.5 A x-ray conversion
efficiency can exceed 0.1%, while preserving the ultrashort duration of the laser
pulse. To obtain this laser power, we have constructed a system based on Ti:sapphire
amplifiers and the technique of chirped pulse amplification. A key feature of chirped
pulse amplification is the very large reduction in necessary amplifier aperature for
the safe, linear propagation of the pulse. This allows the use of small (0.2 cm 2 )
aperature amplifiers and optics. Only a single, commercially available, pump laser
is required for all amplification. The final output contains 60 mJ of energy in a
125 fsec pulsewidth. The output beam is nearly Gaussian with an e - 2 diameter
of 23 mm, and focuses to 1.2 times the diffraction limit. We describe the design
and operation of the laser, and measurements of the final output pulse, including
efficient second-harmonic generation at 403 nm.

The femtosecond oscillator for the system is a hybridly-modelocked dye laser'
operated at 807 nm, and shown in Fig. 1. The gain and saturable absorber dyes are
LDS-751 and HITC-I. The gain dye is pumped with 70 psec pulses of a frequency-
doubled light from a cw mode-locked Nd:YAG laser. The average power of the
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dye laser is 5 mW, with a pulse width of 85 fsec and a bandwidth of 8 nm. In
order to provide reproducibly short, satellite-free pulses for amplification, we employ
stabilization of the pump laser amplitude, use a birefringent filter in the dye laser
cavity to restrict wavelength and control bandwidth, and actively stabilize the dye
laser cavity length. The presence of satellite pulses is observed by an increase in the
output power of the oscillator. We use this information to inhibit the regenerative
amplifier, which would be damaged by such pulses.

The dye laser beam is collimated by a 200 cm focal length lens and double-
passed through an anti-parmllel grating pair containing a telescope 7 as shown in
Fig. 1. This expander introduces a large, positive chirp to the pulse, stretching the
initial pulsewidth from 85 fsec to 180 psec. The expander gratings are gold-coated.
1800 lines/ram holographic diffraction gratings (Milton Roy Co.), separated by 128
cm. The incident and diffracted angles for the first grating are 54.9 degrees and
38.9 degrees. Two 50 cm focal length cemented doublet lenses, placed a distance
2f (at 800 nm) apart between the gratings, form a unit-magnification telescope to
invert the sign of the grating dispersion. The effective length of the expander is
68 cm.

To obtain a gain of -. 10"0, Ti:sapphire (anti-reflection coated with single
layer of MgF 2 ) is used both in a regenerative amplifier and a triple-passed power
amplifier. Both amplifiers are pumped with 532 nm from a single Q-switched and
frequency-doubled 10 Hz Nd:YAG laser. The pump laser produces 750 mJ at 532
nm in 7 nsec pulses. The regenerative amplifier cavity, shown in Fig. 1. forms
a TEM00 mode waist diameter of 1.9 mm, and has a round-trip time of 9 nsec.
The 18 mm long Ti:sapphire crystal (a 532 = 1.4 cm- 1 ) is end-pumped with 60 mJ
of 532 nrn energy. To provide a uniform pump energy distribution, a 35 cm focal

Pulse expander

Pulse compressor Power amp Regenerative amplifier

Figure 1. Layout of the terawatt, femtosecond laser system. For both the pulse

expander and compressor, the entrance and th"~ exit angles are the same, but the

beam is displaced in the vertical dimension.
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length lens images the green pump output from the Nd:YAG doubling crystal onto
the face of the Ti:sapphire with a 4 x demagnification. The focus of the imaging
lens is not strong enough to spark in dust-free air.

Pulse selection is obtained with a single intra-cavity Pockel's cell and thin-film
polarizers, which satisfy the requirements for high power and broad bandwidth. We
have developed a three layer coating which exhibits 80% S-polarization reflectivity
and nearly 100% P-polarization transmission at 72 degrees angle of incidence.
These values remain constant within one percent over a bandwidth of 130 nm
centered at 800 nm. An optical pulse is selected from the pulse train after the
expander for injection into the cavity by the Pockels cell using a 5 nsec, 6 kV pulse
from a thyratron pulse generator. Both optical injection and cavity dumping are
accomplished with the same electrical pulse by returning it via a delay line. A
typical seed pulse energy of 5 pJ increases to a maximum of 8 mJ after fourteen
round trips. We employ a protection circuit to prevent amplifying seed pulses which
contain satellite pulses. This reduces the repetition rate of the amplifiers from 10
Hz to- 6 Hz.

Final amplification is obtained in a triple-passed power amplifier. The power
amp is a 13 mm thick. 13 mm diameter Ti:sapphire crystal (0532 = 1.5 cm - 1 ),

pumped over the central 5 mm diameter with 550 mJ of 532 nm energy. Relay optics
image the pump beam onto the Ti:sapphire crystal with a 1.4 times demagnification.
The high energy foci are contained in vacuum tubes. For an input pulse energy of
8 mJ, the power amplifier provides a total saturated gain of 15. The output energy
is 110 mJ, and a 7.5 times Galilean telescope enlarges the beam to an e -2 diameter
of 23 mm.

The pulse is then double passed through a grating pulse compressor to remove
the positive frequency chirp due to the expander. The compressor gratings arc
identical to the expander gratings, except that the ruled area is 10 cm by 10 cm.
The gratings are set with the same incident and diffracted angles as those in the
expander. To compensate the material dispersion of the amplifier (equivalent to
2.5 m of silica after fourteen round trips), the grating spacing is increased by 8.9
mm over the nominal 68 cm required to compensate the expander. This results in
negligible broadening of the pulse due to the higher order dispersion, and single-shot
autocorrelation measurements of the amplified, compr, ssed pulse yield a pulsewidth
of 125 fsec, assuming a sech 2 temporal pulse shape. The output beam peak fluence
and intensity is 15 mJ/cm 2 and 10" W/cm 2 . We separate the incoming and
outgoing beams by propagating along a 0.5 degree incline.

The spatial beam quality of the amplified, compressed output was determined
by focusing the attenuated output and measuring the spot size at the focus with
either a pinhole or a scanning knife-edge. Beam attenuation is necessary to prevent
destroying the pinhole and knife-edge at the focus. The output was attenuated
by 10 r by placing two high reflectors in the beam path following the power
amplifier and an additional high reflector after the pulse compressor. This beamn
was measured to be very nearly gaussian with a e - 2 beam radius of 11.5 mim.
The attenuated output was then focused using a 200 mm focal length air-spaced
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triplet lens. Transmission measurements using either a scanning knife-edge or a
10.8 micron pinhole determined the spot size. The pinhole measurements yielded
87% transmission, indicating a beam waist radius wo of 5.4 microns. The scanning
knife-edge measurements gave 5 microns ± 10%. For this lens and the measured
input beam radius of 11.5 mm, the calculated diffraction limited focal spot is
wo = 4.4 microns. Thus-, we infer that the output beam is 1.2 times diffraction
limited. Using the measured values of spot size and power, we expect that with
an f/6 optic, an intensity of 1018 W/cm 2 would be obtained. When the saturable
absorber is used, we observe a 10% increase in the focused beam spot size over that
without the saturable absorber cell, indicating a small degradation in the beam
quality.

For the available seed energy, the regenerative amplifier delivers approximately
3 percent of the output energy as background amplified spontaneous emission. A
saturable absorber placed after the compressor gratings reduces any such amplifier
noise which precedes the main pulse by a factor of 1000. The main pulse fully
saturates the IR-140 absorber and a large signal trnsmission of 75 percent is
observed (whole beam). Since the output beam has a peak intensity of 10" V/cri 2 .
the absorber cell must be kept to a minimum thickness to reduce nonlinear phase
distortion of the pulse. The cell has a clear aperature of 5 cm and employs AR-
coated, 3 mm thick fused quartz windows spaced by 4 mm.

An alternative approach to reduce the pre-pulse energy is to frequency double
the output of the laser. Since low intensity background noise doubles with very
poor efficiency, the peak intensity to background noise contrast ratio increases
dramatically when the fundamenta is removed with dichroic mirrors or a color
filter. We have frequency-doubled the laser output to 403 nm using a 1.4 mm thick.
5 cm by 5 cm KDP crystal cut for Type 1 phase matching (Fig. 2). This thickness
is chosen such that the group velocity mismatch between the fundamental and the
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Figure 2. Plot of the second harmonic conversion efficiency versus the incident 807
nm laser intensity.



180 Short- Wavelength Coherent Radiation

harmonic results in a 60 fsec pulse separation. We measure a maximum conversion
efficiency of 45% at 1011 W/cm2 and a whole beam conversion of 25%. We obtain
these results by propagating the unfocused, collimated output bean through the
free standing KDP crystal.
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was supported by the U.S. Air Force Office of Scientific Research and the Strategic
Defense Initiative Organization.
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Multiterawatt Laser System Based on Ti:A1203
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Abstract

Ultrashort duration, high-energy laser pulses have been generated using a titanium-doped-sapphire oscillator and amplifier system. The pulses have an energy of 0.45 Joules with a
duration of 95 femtoseconds, and 0.23 Joules with a duration of 60 femtoseconds.

We have constructed a Ti:A120 3 based laser system which uses chirped pulse
amplification (CPA) and multipass amplifiers. Pulses are produced with a peak power of 3
TW, an energy of 0.45 J and a duration of 95 fs. Figure 1 shows a schematic layout of the
system. The oscillator is a mode-locked Ti:A120 3 laser (Spectra-Physics Tsunami) pumped
by an cw-Ar+ laser (Spectra-Physics 2040E). The Tsunami laser produces time-bandwidth-limited, 1 ps pulses at a repetition rate of 82 MHz. The output power is 1.6
watts at a wavelength of 807 nm when pumped by 9 watts (all lines) from the Ar+ laser.Pulses from the oscillatcr pass through a Faraday isolator and a 65 cm length of 630 nm,
polarization-preserving, optical fiber. Self-phase-modulation (SPM) in the fiber increases
the bandwidth to 24 nm. The power out of the fiber is 750 mW. We obtained a pulsewidth
of 70 fs by compression of these chirped pulses using a prism compressor.[ 1 ]

In order to maintain low peak power in the amplifier chain, pulses are stretched to
0.5 ns in a four-pass grating arrangement using two 1800 line/mm gold-coated,
holographic gratings (Milton Roy) and two 60 cm focal length lenses. The lenses are
corrected for chromatic and spherical aberrations at 805 nm. This is essential for achieving
minimum compressed pulsewidths with CPA. Pulses are spectrally filtered in the stretcher
by the use of spatial apertures, in order to eliminate nonlinear portions of the chirp. In the
absence of amplification, stretched pulses could be recompressed to 70 fs.

The stretched pulses are amplified in four Ti:A120 3 crystals; the first three areBrewster-cut crystals and the fourth is used at normal incidence and is antireflection coated.
Spatial filters following each amplifier limit amplified spontaneous emission (ASE) andmaintain beam quality. The first three amplifier stages are longitudinally pumped by the
frequency doubled output of a Q-switched Nd:YAG laser (Quanta-Ray GCR-4) which
produces 6 ns pulses with a total energy of 0.7 J at 532 nm and a repetition rate of 10 Hz.
The fourth amplifier stage is longitudinally pumped by a flashlamp-pumped dye laser
(Candela LFDL-20). This laser produces up to 12 J pulses with a duration of 3 gs at 576
nm and at a 5 Hz repetition rate.
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Figure I Schematic layout of the Ti:A120 3 system. SF, Fl, and SA represent a spatial
filter, Faraday isolator, and saturable absorber, respectively.

The first amplifier is arranged in a four pass configuration and is pumped with an
energy of 85 ml. A Pockels cell pulse selector is placed between the second and third
passes to limit ASE to a 4 ns window, as well as to select a pulse from the oscillator pulse
train. A Faraday isolator following the amplifier prevents amplification backwards through
the system. A color filter (Schott RG 850) is then used as a saturable absorber to improve
the short pulse-to-ASE energy contrast by a factor of 90 while transmitting 70% of the
short pulse.
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The second amplifier is pumped with an energy of 65 mJ. The 807 nm pulses make
two passes through this amplifier, which is followed by another color filter saturable
absorber. At this point the energy contrast between signal and ASE is nearly 107 and the
pulse energy is 7 mJ.

The third amplifier stage is pumped with an energy of 0.5 J in a 3.4 mm diameter
beam. Following two passes through this amplifier the 807 nm pulses have an energy of
50 mJ.

The fourth amplifier stage is pumped with an energy of 9.9 J in a 1.2 cm diameter
beam; this is also the final diameter of the amplified beam. After four passes the 807 nm
pulses have an energy of 1.1 J. After a vacuum spatial filter the pulses are compressed in a
two-pass grating configuration to 95 fs with an energy of 0.45 J. The corresponding peak
power is 3 TW. At an output energy of 0.23 J we obtain a pulsewidth of 60 fs, indicating
that either gain saturation in the amplifiers or SPM in air after recompression may be
limiting the minimum pulsewidth at the highest energy. Pulsewidths are obtained using a
single shot autocorrelator, the lorentzian profile probably results from spectral modification
following either gain saturation or SPM. ASE from the system is less than 15 4J, as
determined by blocking the input to the amplifiers.

At the highest energy, the amplified pulse has a bandwidth of approximately 8 nm:
the spectrum is asymmetric and peaked at long wavelengths because of gain saturation. The
compressed pulse is spectrally broadened to a bandwidth of approximately 13 nm because
of SPM in air. The beam also undergoes small-scale self-focusing(2] in air within a
distance of one meter following the compressor at power densities between 1011 and 1012
W/cm 2. The nonlinear index (n2) of air is 2x10- 16 esu [3] leading to a phase shift (B-
integral) of 0.1 rad/cm. Inhomogeneities in our large aperture Ti:A120 3 crystal, used as the
fourth amplifier, enhance the self-focusing. In order to obtain highly focused pulses we
need to address the resulting non-uniform phase distortion across tte beam spatial profile.
Possible solutions include larger diameter optics and an evacuated chamber for the
compressor.
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Calculations of High-Intensity Multiphoton
Ionization and Photoemission from Atoms

K. C. Kulander, K. J. Schafer, and J. L Krause

Physics Department, Lawrence Livermore National Laboratory,
Livermore, California 94550

A method which involves the direct solution of the time dependent Schrodinger equation
has been used in studies of the dynamics of excitation of and emission from atoms in
intense, pulsed laser fields.

Introduction

A surprising array of effects have been observed during high-intensity, short-pulse laser
excitation of atoms and molecules. To model the results of these measurements, we have
developed methods to solve the time-dependent Schr6dinger equation for an atom in a
time varying, classical electromagnetic field. 1.2 Studies on many atomic and molecular
systems have been performed over a range of intensities from the regime within which
perturbative techniques are valid up to field strengths well above an atomic unit (I >
3.5 1xl0 16 W/cm 2). These calculations have provided predictions for ionization rates,,
photoelectron energy and angular distributions J and photoemission rates. 4 The effects of
ac Stark shifted and intensity broadened intermediate states on the emission processes
have been investigated.

Method

We consider the case of a ground state atom in a strong, linearly polarized laser field
which is turned on gradually starting at time t=O. The response of the atomic electrons to
the laser pulse is calculated by integrating the time dependent Schr6dinger equation using
a finite-difference grid representation for the wave function. In order to completely
determine the final state of the system after the pulse, the spatial grid must be large
enough to contain the entire time-dependent wave function, which will have a finite but
possibly substantial extent due to ionization which occurs during the pulse. Such large
grids are necessary if the energy and angular distributions of the photoelectrons are
desired. If only ionization or photoemission rates are required, much more modest size
grids can be employed by absorbing the flux which caches the boundaries of the grid
either by using a imaginary potential confined to the edges of the grid or by using a mask
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function which reduces the wave function near the boundary smoothly to zero after each
integration step. Provided the grid boundaries are far enough from the nicleus and
reflections from the absorber are minimal, converged ionization and photoemission rates
are obtainable.

Results

The hydrogen atom has been the system studied most extensively theoretically because of
its simplicity. Although somewhat more difficult to study experimentally, there are
excellent measurements of photoelectron energy and angular distributions for several
wavelengths and intensities.5 Because any experiment will involve a significant spatial
distribution of intensities within the focal volume, some convolution of the theoretical
results is necessary in order to compare the single atom calculations with a measured
spectrum. Allowing for that we have obtained very good agreement with measured ATI
energy distributions and for the angular distributions of the individual ATI peaks. These
calculations used pulses which had rapid rise and fall times with an interval of constant
intensity over many optical cycles. The rates obtained are appropriate to experimental
pulses which have hundreds or thousands of optical cycles. Each ATI peak is found to
have a weak oscillatory structure on either side of the peak which is consistent with the
Fourier transform of the trapezoidal pulse employed. This pulse sweeps too rapidly
through any possible resonance with a Stark-shifted intermediate state, so that no
additional structure due to the excited states of the system is found. On the other hand,
calculations using very short sine-squared pulses (20-60 optical cycles) which have
relatively slower rates of rising and falling show quite complicated structure, some of
which is attributable to resonance intermediates. However, additional structure, due to
interferences between electrons emitted during the pulse rise and those emitted as the
pulse falls, is evident. This mechanism has previously been shown to introduce Airy-like
oscillations in ATI peaks in one dimensional, model calculations. 6 The structure resulting
from these two interfering sources is very difficult to unravel unambiguously.
Experimentally much of this structure will be averaged over in the observed distributions
because of the intensity distribution in the medium.

During excitation, in addition to ionization, the atom can undergo the emission of
photons at frequencies which are integer multiples of the pump frequency. This is called
harmonic generation. Experimentally, surprisingly high-order harmonics have been
observed in rare gas media. 7,8 Because of the inversion symmetry in the atom, only odd
harmonics are produced. We can calculate the strength of this emission from our time
dependent electronic wave function.4 The power spectrum is proportional to the square
of the Fourier transform of the time dependent dipole induced by the driving field. This
dipole is simply the expectation value of z, the coordinate in the direction of polarization.
We have calculated harmonic generation rates for a number of atoms, incident
wavelengths and incident intensities. By considering the propagation of the harmonic
fields through the focal volume, we can predict the conversion efficiency for harmonic
generation from an excited gas.9 ,t0 Calculated emission rates, which include the spatial
variation of the laser intensity along with the phase matching factors, agree quantitatively
with the measured yields up through the 25th harmonic of Nd:YAG (1064nm) in xenon
gas for incident intensities up to 3x 1013W/cm 2.10

Recently there has been considerable interest in the relationship between electron and
photon emission, particularly with regard to the competition between processes of the
same order. It has been proposed by several researchers that the emission of a
photoelectron corresponding to the net adsorption of q laser photons should be closely
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related to the strength of the single atom emission of the qth harmonic photon. 11,12 This
has been demonstrated to some degree with careful calculations for both processes over a
range of intensities for both hydrogen and xenon. 13
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Figure 1. Harmonic photon (open symbols) and electron (closed symbols) emission rates
for xenon at 1064 nm as functions of intensity.

In Fig. 1, we show the emission rates of photons and electrons from xenon for a 1064
nm laser at five different peak intensities. The photo-emission rates are proportional to
q3 1d(qwo)1 2. Because there is an arbitrary multiplicative factor between the different rates,
we have scaled the photon rate to agree with the electron emission rate at 3x1013 W/cm 2

for the 17th harmonic. This figure clearly shows the intensity dependence of processes of
equal order are generally in quite good agreement. Only for the higher orders at the
lowest two intensities is there an appreciable discrepancy between the photoelectron and
harmonic emission spectra. This difference occurs because the production of a photon of
frequency qo0 requires not only the net absorption of q laser photons, but also the
emission of the harmonic photon due to dipole coupling between the excited state and the
ground state. At low intensities, the dressed continuum states are poorly coupled to the
ground state because the oscillator strength is concentrated within the bound state
manifold. As the intensity increases, the dressed continuum states begin to include
significant amplitudes of those bound state components which carry oscillator strength
back to the ground state. Under these conditions the photoelectron and harmonic
emission spectra become comparable. This agreement extends up to the point where the
mixing between the bound and continuum states begins to decline. This point moves to
higher and higher order with increasing intensity. These calculations provide dramatic
evidence of the relationship between these processes. However, comparison between
measured photon and electron rates must take into account the propagation of the
harmonic fields through the excited volume, which may alter the apparent agreement
which we have found between the single atom spectra.
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The strengths of the time-dependent approach we have used to study these processes are
first, that arbitrary pulse shapes can be employed in the calculations and second, that the
time-evolving electronic wave function can provide detailed information about the
character of the excitation dynamics.

Acknowled~ment

This work was performed under the auspices of the U.S. Department of Energy at
Lawrence Livermore National Laboratory under contract number W-7405-Eng-48.

References

1. K. C. Kulander, "Multiphoton ionization of hydrogen: a time-dependent theory,"
Phys. Rev. A 35, 445 - 448 (1987).

2. K. C. Kulander, K. J. Schafer and J. L. Krause, "Time-dependent theory of
multiphoton processes," in Atoms in Intense Radiation Fields, M. H. Gavrila, ed.
(Adv. Atom. Mol. Opt. Phys., Academic Press, New York, 1991), in press.

3. K. J. Schafer and K. C. Kulander, "Energy analysis of time-dependent wave
functions: application to above threshold ionization," Phys. Rev. A 42, 5798 - 5801
(1990).

4. K. C. Kulander and B. W. Shore, "Generation of optical harmonics by intense
pulses of laser radiation. H. Single-atom spectrum for xenon," J. Opt. Soc. Am. B
7, 502 - 508 (1990).

5. See, for example, B. Wolff, H. Rottke, D. Feldmann and K. H. Welge,
"Multiphoton ionization of hydrogen atoms in intense laser fields," Z. Phys. D 10,
35 -43 (1988).

6. J. N. Bardsley, A. Sz6ke and M. J. Comella, "Multiphoton ionization from a short-
range potential by short-pulse lasers," J. Phys. B 21, 3899 - 3916 (1988).

7. A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. McIntyre, K.
Boyer and C. K. Rhodes, "Studies of multiphoton production of vacuum-ultraviolet
radiation in the rare gases," J. Opt. Soc, Am. B 4, 595 - 601 (1989).

8. M. Ferray, A. L'Huillier, X. Li, L. Lomprd, G. Mainfray and C. Manus, "Multiple-
harmonic conversion of 1064 nm radiation in rare gases," J. Phys. B 21, L31 - L35
(1988).

9. B. W. Shore and K. C. Kulander, "Generation of optical harmonics by intense
pulses of laser radiation. I. Propagation effects," J. Mod. Opt. 36, 857 - 876
(1989).

10. A. L'Huillier, K. J. Schafer and K. C. Kulander, "High-order harmonic generation
in xenon at 1064 nm: the role of phase matching," Phys. Rev. Lett., submitted.

11. B. W. Shore and P. L. Knight, "Enhancement of high optical harmonics by excess-
photon ionization," J. Phys. B 2, 413 - 423 (1987).

12. J. H. Eberly, Q. Su and J. Javanainen, "Nonlinear light scattering accompanying
multiphoton ionization," Phys. Rev. Lett. 62, 881 - 884 (1989).

13. K. J. Schafer, J. L. Krause and K. C. Kulander, "Nonlinear effects in electron and
photon emission from atoms in intense laser fields," J. Nonlin. Opt., in press.



Integration of the Schr6dinger Equation on a
Massively Parallel Processor

Jonathan Parker, Sayoko Blodgett-Ford, and Charles W. Clark

Physics Laboratory, National Insitute of Standards and Technology,
Gaithersburg, Maryland 20899

Institute for Physical Science and Technology, University of Marylani4
College Park Maryland 20742

Abstract

We use a massively parallel computer to integrate the time-dependent Schr6dinger
equation for hydrogen in high-intensity radiation fields. Photoelectron and harmonic-
radiation spectra are presented.

The behavior of atoms in strong radiation fields depends critically upon the time
evolution of the field. For example, it has been found that above-threshold ionization
(ATI) spectra show radical changes as the duration of the exciting laser pulse
decreases; there is also theoretical evidence 2 for novel phenomena, such as population
trapping, which occur only for relatively short pulses. In order to treat problems of this
sort theoretically, one must employ methods that accommodate general time variation
of the radiation field. The most direct such method is numerical integration of the
time-dependent Schrodinger equation. This would be an entirely non-controversial
approach if vast computational resources were not required to implement it in practice.
To date there have been only a few reports 3 of direct integration of the time-
dependent Schrodinger equation for a three dimensional, one-electron atom in a
radiation field.

Since one of the main limitations to numerical integration of the Schrbdinger
equation is the availability of computational resources, we are investigating the
application of massively parallel computer architectures. Our basic approach involves
dividing configuration space into discrete regions, and assigning a dedicated central
processing unit (with its own local memory) to compute the wavefunction in each
region. The wavefunction 0 is represented on a discrete spatial grid, j- S (xj), which
leads to a set of equations of the form

a t A
where the index k refers to neighboring points on the grid. The sum over neighboring
grid points derives from momentum-dependent terms in the Hamiltonian, such as the
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kinetic energy operator and the A - p form of the electron-field interaction. In the
simplest cases, only nearest neighbors on the grid are coupled. One can then
envisage a configuration in which each grid point has a dedicated processor, which
solves the above equation using the contents of its own local memory and that of its
nearest neighbors. With an appropriate interprocessor communication architecture,
such as that provided by the Thinking Machines, Inc. Connection Machine, the time
taken to solve this equation becomes independent of the number of grid points.

We have implemented several approaches of this type on a Connection
Machine, to describe atomic hydrogen in a linearly-polarized radiation field. We have
used both cylindrical-coordinate and a partial-wave discretization methods, and have
performed calculations in both length and velocity gauges. Numerical results
generated by these four methods are compared in selected cases to verify that the
results are consistent.

The equations of motion are integrated typically over about ten optical periods.
The field is ramped on linearly over 3.5 periods and ramped off in the same way.
Harmonic-radiation spectra are determined from Fourier transforms of the time-
dependent expectation value of the acceleration; photoelectron energy distributions
are calculated by projecting the computed wavefunction onto continuum Coulomb
wavefunctions after the field has been ramped off. We show in Fig. I some results for
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Fig. 1. Photoelectron spectra of atomic hydrogen. he atom was initially in the ground
state, the laser wavelength was A = 608 nm, intensities ranged from I.6xI13 Wcm-2

to 4.4x0 13 Wcm-2 , and the pulse was ten field periods in length.



192 Short- Wavelength Coherent Radiation

radiation at A = 608 nm and for intensities ranging from 1.6xl0 13 Wcm -2 to
4.4x10 13 Wcm -2 . The arrows represent the expected positions of ionization peaks in
the absence of shifts. In each case the peaks in our photoelectron spectra are shifted
to lower energies by an amount that is equal to the ponderomotive energy, to within
10%. This is just the frequency shift of the ground state of hydrogen, as predicted by
lowest order perturbation theory. This agreement holds to intensities as high as
2x10 14 Wcm - 2 . The figure also demonstrates the abrupt onset of ATI at
1.6xl013 Wcm -2 . The units of the y-axis, though arbitrary, give the correct relative
cross sections for photoionization at the three intensities.

We have evaluated several algorithms for the integration of Schrodinger's
equation in the length gauge and in the velocity gauge, with emphasis on -letermining
their suitability to the Connection Machine architecture. Figure 2 shows predictions of
population .i partial waves Yim(0,(p) after four field periods, as predicted by length
gauge and by velocity gauge calculations. The field frequency here is 1/3 the Rydberg
frequency and the intensity is 7.0x10 14 Wcm -2 . .In this example, the wavefunction is
expanded in spherical harmonics, and a finite difference scheme is used to integrate in
the radial coordinates. It is apparent from the figure that fewer partial waves are
populated in the velocity gauge calculation than in the length gauge calculation. The
velocity gauge interaction Hamiltonian is less efficiently implemented in Connection
Machine Fortran than the
length gauge interaction Hamiltonian, but the velocity gauge calculations are faster
overall, because fewer partial waves are needed.

Population in partial waves, 1< 1l T1 >12 , is not a gauge invariant quantity and
consequently the disagreement between length gauge and velocity gauge calculations
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azimuthal quantum number of partial wave

Fig. 2. Population in partial waves, 1< I I T >12 , where I is the azimuthal quantum
number. The data is shown after four field periods of the laser, with field frequency at
1/3 the Rydberg frequency, and intensity at 7.OxO14 Wcm -2.
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Fig. 3. Spectrum of radiation generated by atomic hydrogen undergoing ATI. The
spectrum is calculated from the Fourier transform of the expectation value of the
acceleration. Field intensity was 7x10 14 Wcm-2 , the field frequency was 1/3 of the
Rydberg frequency, and the atom was initially in the ground state. The dashed line is
the length gauge prediction.

is expected. However, length gauge and velocity gauge calculations should give the
same predictions of gauge-invariant quantities like acceleration. Figure 3 shows the
results of such a calculation. In Fig. 3 the square of the Fourier transform of the
expectation value of the acceleration is plotted, showing the expected harmonic
generation. In this calculation the field intensity is 7x1014 Wcm- 2 , and the field
frequency is 1/3 the Rydberg frequency. Comparison of velocity gauge predictions in
Fig. 3 with length gauge predictions reveals only slight differences. Comparisons of
this sort between the predictions of different numerical methods proved to be helpful in
detecting and tracking down subtle errors. In particular small failures in the numerical
integration often showed up dramatically in the logarithmic plots of the Fourier
transform of acceleration.
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ABSTRACT

Studies of the interaction of molecules and solids with subpicosecond (- 600 fs) high
intensity radiation (a 10"6 W/cm2 ) are leading to the observation of new physical
phenomena and the production of new classes of highly excited matter. The
experiments indicate that a central factor is the ability to generate very high
levels of electronic excitation in a manner which enables the heavy bodies of the
system to remain kinetically cold for the time scale of the interaction.

I. INTRODUCTION

Advances in femtosecond lasers are extending the exploration of multiphoton
interactions well into -the strong-field regime, the physical situation in which the
external field Is considerably greater than an atomic unit (e/a?). The performance
projected for ultraviolet rare gas halogen laser technology is currently being
realized1- 1 1 and new near-infrared solid state systems, such as Ti:AI 20), are
under vigorous development. Both technologies should reach a field strength of
- 100 e/a'. with Instruments that produce an output energy of - 1 J in a pulse
width of - 100 fs.

There is a growing body of evidence that fundamentally new forms of highly
excited matter can be produced with strong-field interactions. Specifically, there
is considerable interest in the response of (1) free molecular systems and (2) solid
matter to intense subplcosecond irradiation. Important information on molecules
has been derived from the study of coulomb explosions induced by the rapid
multiphoton ionization characteristic of strong-field coupling. 12 - 20  Much data
concerning the behavior of solids has come from the analysis of x-ray spectra. 2 1-

25

II. MOLECULAR COULOMB EXPLOSIONS

Assuming that the molecular potential is dominated by the Coulomb term, the time
-r for two atoms, to undergo a Coulomb explosion and develop a separation of x.
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with a reduced mass of M initially situated at a molecular bond distance of - 29ao
and ionized suddenly by a pulse of radiation to charge states Z, and Z2 , is

cot 2  2meZZ 2

1/2
xL (12a/) + - (1+1-a/x ) In "(1)[x(l - 2?a./x) 1 + i(1 2ao/x)i)]x21pao + 2 In(1 - (1 - 20ao/x) 1/2

In Eq. (1), a is the fine-structure constant, me the electron mass, )cc the electron
Compton wavelength, ao the Bohr radius, and c the speed of light. For x = 1.0
nm, with M = 7 amu, 0 = 1, Z, 2, and Z2 = 1, Eq. (1) gives t = 14.6 fs. For
these parameters, the explosion of a homonuclear diatomic molecule would yield
an ion kinetic energy of U0 = 13.6 eV for each fragment, a magnitude that can
be readily measured.

Studies of this nature have been performed on several systems, including N2,
N2 0, CO and CO. A basic question arises concerning the dynamical role, if
any, of the frequency of the intense radiation causing the multiphoton ionization.
There has been, in particular, a controversy between the results obtained with
N2 in experiments conducted with - 610 nm and 248 nm radiation. 16 ,2 0,27

Significantly, the recent experimental work of Lavancier et al. 20 on CO indicate
that there is a strong frequency dependence in the coupling mechanism and that
both of the earlier interpretations were basically sound. The ultraviolet wavelength
favors a vertical pathway for excitation (small or negligible nuclear motion)
while the coupling of the visible radiation appears to be substantially nonvertical
and involves considerable nuclear displacement during the process of ionization.
Interestingly, the comparison2 6 of the Coulomb explosions observed with 248 nm
radiation for CO and CO2, with those arising from fast ion collisions,2 8 also
appears to confirm the vertical nature of the excitation occurring for the ultraviolet
wavelengths. The basic finding is that, under appropriate conditions, the multiphoton
process can remove a substantial number of electrons in a time interval sufficiently
short that nuclear motion in the molecular frame is quite small. As a result of
curve crossings that can be traversed during the process of dissociation, this
finding presents a number of important implications for the production of
electronically excited ions.29

III. SOLID MATTER INTERACTIONS

Studies of the interaction of condensed matter with short pulse (- 600 fs) high
intensity (- 1017 W/cm2 ) ultraviolet (248 nm) radiation show that intense spatially
compact sources for x-ray emission in the kilovolt range can be generated from
solid BaF 2 targets at close to the maximum volume specific rate allowed. 24 In this
case the radiation is emitted in the 9 - 13 A range by transitions involved M-shell
electrons of Ba ions as shown in Fig. (1). The observed structure can be put in
correspondence with previous measurements of the 3dn - 3dn-l4f sequence in
that material. 30 The measurements showed that the emitted intensity Ix fell in
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Fig. (1). Spectrum of x-ray emission observed from BaF2 at a laser intensity of
_ 107 W/cm2 .

the range 5 x 101 4 1x < 1 0
1

5 W/cm2 , an extraordinarily high value. A simple.
but experimentally based, analysis2 4 shows that the upper bound of the emission
rate Is - 2 x 1015 W/cm 2 , a magnitude only slightly above the measured intensity.
Other high-Z materials are expected to exhibit similar characteristics.

Given the findings on Ba, if sufficient excitation is available, transitions involving
M-shell electrons in uranium ions should produce very intense radiation in the 4-

5 keV region. Estimates suggest that for this case intensities in the 1017 - 1 0 18
W/cm 2 range would occur. Although this emission is incoherent, such sources
provide extremely powerful and spatially compact x-ray emitters.

IV. SUMMARY

Studies of strong-field coupling to molecules and solids are producing experimental
evidence that new classes of highly excited matter can be produced. The common
factor in these two types of materials is the ability to produce extremely high
levels of electronic excitation in a manner which enables the heavy bodies of the
system to remain kinetically cold for the time scale of the interaction.
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Abstract

We report on the multiple photon ionization and dissociation of hydrogen, deuterium,
and deuterium hydride molecules in intense (8 x 1011 - 4 x loll W/cm

2
) laser fields.

The three isotopes give some insight into the intermediate states involved in the pho-
toionization process. We are able to measure ratios of ATD peaks for H+ and D' over
a wide range of intensities. Our results support the dressed molecule picture at least
qualitatively but differences do exist with the quantitative predictions.

Interest in the behavior of isolated atoms in intense radiation fields has resulted
in a cumulative literature rich in new phenomena[l], unresolved issues, and exciting
new predictions for future studies. Recently, the behavior of molecules in intense fields is
attracting an increased amount of attention, especially in the studies of photodissociation
dynamics. The additional challenge associated with studying molecules in strong fields
result from the difficulty of sorting out the general behavior of field-induced effects
from the details or specifics of the molecular structure. This becomes inherently more
cumbersome due to the many internal degrees of freedom of molecules compared to
atomic systems. However, these strong-field studies raise some interesting and unique
questions concerning the role and interplay of ionization and dissociation. Furthermore.
the attraction for studying molecules derives its fundamental interest from the ability to
control molecular dynamics by external variation of a laser field. Although premature
in realization, an understanding of the influence of both intensity and pulse duration in
concert with frequency may ultimately lead to our ability or inability to control chemical
dynamics.

Molecular hydrogen represents the "model" molecular system for these studies be-
cause of its simple and well known molecular structure and as a result should provide
the foundation for future field-molecule studies. The effects of intense fields on H2 have
been studied lately by observing the above threshold ionization and dissociation (ATI
and ATD) phenomena through resonant[2] and non-resonant[3-5] multiphoton ionization
(MPI). Several models for the photodissociation of H2, dressed molecular state model[5,6]
for instance, have been proposed. Absence of rigorous treatments, difficulties in experi-
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ments and insufficient resolution of the results leave the picture of the interaction between
the potential surfaces of the H2 molecule and the field still less than very well under-
stood. In this paper, we report on "non-resonant" ionization and dissociation of H2 , D2
and HD molecules in intense (8 x 10"1 - 4 x 1013 W/cm 2) laser fields. The molecules
were irradiated by the second harmonic of both Nd:YAG and Nd:YLF lasers. The first
I.P. from the vibrationless H2 ground state is 15.425 eV, requiring at least 7 photons
for ionization in the current experiment. The well resolved intensity dependent electron
and proton spectra along with the comparison of data taken at two wavelengths (527
and 532 nm) and for two different isotopes is very useful in elucidating the interaction
dynamics predicted by existing models.

The intense laser field photodissociation of H' has been explained by the mechanism
of bond-softening[5,6 using a dressed molecular state formalism. In this model, the laser
field is considered as a strong perturber to the molecular potential. The potential curves
couple and distort via the strong dipole interaction. Since the ground ionic state and
the first repulsive state have symmetry 2E+ (lsag) and 2E+ (2pa,) respectively, only
1, 3, 5, ... (odd number) photons can be used to dress the transition state because of
parity conservation. However, a net even number of photon dissociation can also occur
due to the absorption and stimulated emission of photons. Intense fields cause the laser
induced avoided crossing gap to open up. Any ions with vibrational energy within the gap
should become unstable. As the laser intensity is increased and the molecular potentials
distort, one should observe a negative shift in the proton kinetic energy corresponding to
dissociation from the lower vibrational states of H + .Furthermore, the absorption of more
photons (N>2) from the same vibrational states results in a series of peaks separated by
about a photon (total) kinetic energy (ATD). Likewise, the distorted potentials result
in a change in the vibrational energy eigenvalues resulting in a positive shift in the
photoelectron spectrum.

The photon sources used are well characterized Nd:YAG (1.06pm, 10 nsec, 10 Hz)
and Nd:YLF (1.05pm, 50 psec. 1 kHz) lasers. Details of these laser systems have been
described previously(71. The intensity ranges for 532 and 527 nm radiations were 8 x 1011
to 9.7 x 1012 W/cm 2 and 5 x 1012 to 4 x 1013 W/cm 2, respectively. The apparatus
consists of ultra high vacuum chambers equipped with time of flight electron and mass
spectrometers. The photoelectron spectrometer has an energy resolution of about 50
meV for 1 eV electrons. It is calibrated by the well known ATI spectrum of xenon atoms.
The mass spectrometer calibration was performed by weak-field photodissociation of
chlorine[8] molecules. Its resolution was estimated to be about 100 meV for I eV protons.
The background pressure in the ultrahigh vacuum system was I 10-9 torr. During an
experiment, the number of ions produced in the ionization region was kept less than 50
per shot to minimize space charge effects.

Figure 1 shows a typical time of flight mass spectrum resulting from the 532 nm
nonresonant MPI of D2 molecules at an intensity of 9.7 x 1012 W/cm 2. The three peaks
are labelled according to the number of photons being absorbed by D + ions leading to
dissociation. According to our experimental results at low intensity most H+ ions are
dissociated from the v+ g = 5 vibrational level following the absorption of a single photon
(peak 1 in Fig. 1). The maximum of this peak is observed to shift from v+ = 5 to v+ =
4 at higher intensities. With increasing intensity another peak emerges corresponding to
two photon dissociation via v+ 4=2. Consequently, its separation is less than a photon
total energy from the first peak due to differing initial vibrational states and is intensity
dependent. At still higher intensities a third peak appears about one photon total
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Figure 1: Time-of-flight mass spectrum resulting from 532 nm MPI and dissociation of
deuterium at 9.7 x 1012 W/cm 2.
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Figure 2: A plot of the (a) branching ratios, R, and (b) dissociation fraction, F, for H2

and D2 as a function of 532 nm intensity.

energy away from the second peak corresponding to a three photon dissociation. The
same general behavior is observed for D2 and HD molecules. Similar kinetic energy
shifts were observed in the 527 nm (psec) spectra over an intensity range of 5 x 1012 to
4 x 1013 W/cm2 . Shown in Fig. 2(b) is the dissociation fraction FH and FD as a function
of laser intensity for H' and D+ , respectively and where FH=[H+/(H+ + H+)] and
FD=[D+/(D+ + D+)]. Note, that the dissociation fraction for each molecule increases
with intensity and that FD is larger than FH at all intensities shown.
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Figure 3: Photoelectron spectrum of H2 molecule taken at different laser intensities with
527 and 532 am radiations. The data is normalized for gas density and number of laser
shots. The tick marks indicate the unperturbed vibrational levels of the H.' ground
state. The hashed boxes are the shifts calculated in ref. 5 using a Floquet method at
the maximum 527 nm intensity of 3 x 1011 W/cm' . The numbers in parenthesis are the
corresponding Ponderomotive energies at each intensity.

We have carefully examined the photodissociation of H+ molecules by recording the
proton kinetic energy spectra and the H2 photoelectron spectra simultaneously as a
function of laser intensity. Our results verify that the mechanism responsible for H+ and
D+ formation is the photodissociation of the parent molecular ion. It appears that the
amount of H+ produced is proportional to that of photoelectrons due to (7+ 1) molecular
ionization. In addition, energy conservation implies that seven second harmonic photons
of YAG(YLF) can populate only up to v+ = 3(4) vibrational levels in the ionic ground
state, whereas the lowest intensity data have proton energies peaked at v+ = 5. Thus,
we conclude that the H+ peak labeled 1 in Fig. 1 (0.7 eV total energy) is due to the
eight photon ionization of H2 followed by one photon dissociation of H+

Figure 3 shows the photoelectron spectra of H2 at 532 and 527 am at different laser
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intensities. For the entire dynamic range of laser intensities, the vibrational structure of 7
and 8-photon processes is resolvable as well as assignable to the unperturbed vibrational
frequency of H+ within experimental error. Some important features of the spectra
should be pointed out here. (1) The low intensity 527 nm photoelectron spectrum shown
in Fig. 3(c) exhibits well resolved v+=0-3 vibrational bands whose intensity distributions
are similar to the Frairk Condon factors expected from a direct 7-photon ionization
between the H2  + andH + 2 E+ ground states. (2) As the 527 nm laser intensity
is increased in Fig. 3 to 3 x 1013 W/cm2, only the low energy electrons, specifically
the v+ = 2 and 3 bands, are suppressed proportional to the expected Ponderomotive
shifts in the ionization potential. No such suppression is observed with the 532 nm
excitation due to the lower saturation intensity of H2 in nanosecond pulses. (3) Over
the entire intensity region for 532 nm excitation and those above 1013 W/cm 2 with 527
nm the photoelectron spectrum (PES) profiles are similar, i.e. for the seven photon
process most ions are formed in the v+ = 0 level, suggesting a probable intermediate
state resonance. (4) At the lowest intensity which results in an observable rate, the three
molecules show different vibrational distributions (see Fig. 4) which is also indicative of
intermediate state effects. (5) The maximum in the photoelectron distribution for the
eight photon process (ATI) shifts gradually from v+ = 5 to v+ = 2 as the laser intensity
is increased. (6) The amplitude shift in the 8-photon photoelectron distribution for all
three molecules is independent of the molecule studied. That is, the most probable
photoelectron kinetic energy at a given intensity is the same for H2, D2, and HD. (7)
Finally, no dramatic shifts were observed in the positions of photoelectron kinetic energies
as a function of laser intensities within our experimental resolution. However, the peaks
are observed to become asymmetrically broadened towards lower electron energies at the
highest intensities. This broadening is observed to be universal for all three isotopically
substituted molecules.

H2  (a) HD (b) D2  (c)

V=- V=0 v=0

0 03 0.6 0.9 12 0 0.3 0.6 0.9 1.2 0 03 0.6 0.9 1.2 1-5

Electron Kinetic Energy (eV)

Figure 4: Low intensity 532 nm PES of (a) H2, (b) HD, and (c) D2 taken at 1 x 1012

W/cm
2

.
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Our results are generally in qualitative agreement with the bond-softening model
but there remain some quantitative differences. In the current experiment, we observed
apparent negative shifts in proton kinetic energies with increasing laser intensity with
both 532 nm (ns) and 527 nm (ps) pulses. The maximum population of the 1-photon
proton kinetic energy peak shifts by - 200 meV over the entire intensity range. Likewise,
the maximum of the iofiic vibrational state distribution in the PES changes from high
to low vibrational levels in a similar intensity range, although the shift in the amplitude
of the vibrational distributions is independent of the molecule studied. Thus, the bond-
softening to first order is predominantly an electronic coupling and not vibrational.
However, we could not observe any commensurate positive energy shifts in the PES
peak positions with increasing intensity although a broadening is clearly evident. An
asymmetric broadening in our PES could result from spatial or temporal averaging in our
experiment masking a "pure" energy shift. However, the sign of the observed broadening
is opposite to that predicted by a bond-softening model[5] (see Fig. 3). This inconsistency
could imply a shortcoming in the numerical method since only the vibrational motion
in the distorted potential are included in the Floquet calculation. Another contributing
factor to the peak width could result via strong-field rotational pumping with increasing
laser intensity, causing the photoelectron peaks to broaden towards lower energies.

Referring to Fig. 2(a), the ratio (R 21) of dissociation via 2-photon versus the 1-
photon channels for H' changes from 7% to 25% as the intensity is increased to 9.7 x
1012 W/cm2. Furthermore, the ratio R 32 for 3 versus 2-photon dissociation decreases
from 16.5 to 6.5% in the same range. Interestingly, the behavior in D + is somewhat dif-
ferent, here the fraction R 21 changes from 17 to 40% which is larger than H+ .However.
the D + ratio R 32 is smaller than H+ and relatively constant (-6%) over the entire inten-
sity range. These branching ratio effects can be all understood with the same model[61.
Physically, the increasing laser intensity corresponds to a larger avoided-crossing gap
resulting in a decrease in the 3-photon diabatic transition rate while favoring 2-photon
adiabatic passage (3-photon absorption, 1-photon emission). Since H+ and D' have a
relatively large difference in vibrational frequencies due to their different masses, there-
fore at low intensities where the gap is not large enough to completely shut off the
3-photon channel, D' molecules branch more efficiently through the 2-photon adiabatic
path as compared to H+ due to the fact that a smaller vibrational frequency implies
more adiabatic motion. Specifically, R 32 (H) > R 3 2 (D) at low intensity. As the gap
continues to widen, one should also observe the ratio R 32 to decrease for both H+ and
D + molecules. Such behavior is clearly demonstrated in our experiments. Figure 2(a)
also shows for comparison the results of the calculated fragment L4? ratios predicted
by a simple Landau-Zener (LZ) theory[5]. The theory predicts well the general behavior
of the ratios as the light intensity changes. However, the calculated ratios are approxi-
mately three times larger than the experimental values which could imply that the degree
of deformation of the calculated potential curves is beyond the limits of applicability of
simple LZ theory.

Speculations on the intermediate states involved in the 532 nm ionization of 112 have
been previously made by Verschuur et al.[4] and Zavriyev et al.[5]. In Verschuur's[4]
experiment, the ionization through the B 1 E+ (v'=3) with five photon resonance and G K
'E+ (v'=2) with six photons were considered to be the major processes. Unfortunately,

the photoelectron spectra in either experiment could not be resolved. Figure 4 shows
the 7-photon 532 nm photoelectron spectra of H2, D2 , and HD taken at an intensity
of I x 1012 W/cm 2. Each spectrum differs in the amount of contributions from higher
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vibrations (v+=1-3) but all share the v+=0 peak as the dominant feature. In fact,
the HD spectrum is predominantly v+=O and indicative of a diagonal 6v=0 transition
from a Rydberg state to the ionic ground state. However, for 527 nm excitation of H2
(Fig. 3) at low intensity, the lowest four vibrations have comparable amplitude but the
distribution becomes similar to 532 nm PES at high intensity. For 532 nm radiation, the
energy difference (Eth,'Ejeeg) between 6 photons and unperturbed G 1E+ (v'=0), I 'l I
(v=0), and J 'A, (v'-0) states of H2 is only 121.9, 89.6, and 33.5 meV, respectively[9].
Ionization from these intermediate Rydberg states to the ionic ground states are diagonal
transitions, i.e. 6v = 0. Consequently, there will be a wide range of laser intensities for
which one can expect a resonant enhancement via dynamical shifts to occur for the
v'=0 level, explaining its dominant population in our 532 nm PES. Moreover, for 527
nm excitation this difference is 271.9, 239.6, and 183.4 meV, respectively. This larger
detuning implies that for low intensities the 527 nm process will be virtually nonresonant
[see Fig. 3(c)]. However, for moderately high intensities a Ponderomotive shift >0.18
eV (7 x 1012 W/cm2) will bring the various v'=0 states into resonance resulting in a
PES spectrum similar to the 532 nm excitation. Thus, we propose that the transition
dynamics leading to the final state vibrational distribution via 532 nm excitation in the
low intensity regime is dominated by the J 'A. (v'=0) intermediate level but at higher
intensities may be influenced by the G and I states.

In conclusion, the results presented in this paper support the qualitative predictions
of a bond-softening model. Our well resolved electron and mass spectra also provide
quantitative data which will facilitate some important tests of numerical methods. Ev-
ident in our studies is that the isotopic fragment branching ratios are predominantly a
vibronic effect due to changing mass, whereas the bond-softening is electronic in nature.
However, this could change in the short pulse (< I ps) regime due to rotational aligment
effects.
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Abstract

Resonant multiphoton ionization (MPI) of nitrogen has been studied using photoelectron
spectroscopy in the short-pulse regime. Both Rydberg and valence states are identified
as intermediate resonances in the photoionization process, although the valence states are
seen only at low intensity. It is shown that the vibrational structure of the Rydberg states
acting as intermediate resonances cancels out in the photoelectron spectrum, leading to
sharp atomic-like spectra, even at high intensities. Finally, the ionization of the 3a.,
litu, and 2au electrons are clearly distiguished.

Introduction

Over the past few years a good understanding of the basic aspects of the multiphoton
ionization (MPI) of rare gas atoms has emerged. 1 The MPI of molecules has recently
attracted interest because the extra molecular degrees of freedom have led to new
expected and unexpected phenomena. The expected fragmentation of an ionized
molecule can be analysed in terms of the fragment distribution and fragment kinetic
energies to learn about the time scale of the MPI process. 2

.
3
.
4 Careful control of a

spectral chirp can lead to efficient multiphoton dissociation.5 The unexpected results
include a strong wavelength dependence in molecular MPI, 3 ATI absorption in the
fragments, 6 molecular bond softening, 6 and the observation of inner-orbital ionization.7

In this article we present high resolution photoelectron spectra produced by nitrogen
in a strong laser field. The analysis relies on the spectroscopic techinque of using
linearly polarized light in the short-pulse regime to reveal the resonant structure of the
molecule in the presence of a strong field.8

The ATI electron energy spectra of atoms in the short pulse regime up to intensities
of l015 W/cm 2 are now well understood.' Applying this understanding of atoms to
molecules would lead one to expect molecules to yield a very complex electron energy
spectrum due to the multitude of potential curves and vibrational and rotational structure
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in the molecule. On the contrary, recently obtained ATI electron spectra of nitrogen
show relatively simple features, some of which are surprisingly similar to the spectra of
atoms, and are straightforward to interpret. The simplification from what one might
expect occurs because of the cancellation of the vibrational structure of the Rydberg
resonances and the fact that the valence states play a rather small, though observable
role. Besides identifying the intermediate resonances in the MPI process we can clearly
distinguish the MPI of the 3a,, 17,, and 2au electrons. This compliments a previous
demonstration of the MPI of the more deeply bound 2og electron in N2 using
fluorescence spectroscopy.

7

Experimental Apparatus

The experiments discussed here were performed with both 616 nm and 308 nm radition
produced as follows: a CPM dye laser running at 616 nm was amplified to I mJ, 150 fs
pulses at 10 hz. These pulses were either sent to the experimental chamber or doubled to
308 nm and again amplified to 1 mJ in an XeCI excimer laser. The electron time-of-
flight (TOF) spectrometer 9 consists of a 1 m drift tube and a parabolic electron mirror
biased at -5 V or -10 V allowing greater than 21t collection solid angle and an energy
resolution of 30 meV at an electron energy of 2 eV. Spectra were binned according to
laser enery in a bin width of ± 10% in energy. Sample pressures ranged from 5 x 10- 7

to 7 x 10- torr to aviod the effects of space charge.' The spectra are all normalized to
electrons/ev/shot/mtorr.

Atomic Short-Pulse ATI

As with any photoelectron spectroscopy, the ionized electrons have a kinetic energy of
Eeec = mE t - Elp, where Ey is the photon energy, m is greater than or equal to the
minimum number of photons required to ionize, and Elp is the ionization potential of the
atom in the laser field. This is simply given by the ionization potential at zero field plus
the ponderomotive potential, Up = e2E2 i4mw02 . The difference in a.c. Stark shift between
the ground states of the atom and the ion is neglected. In the short-pulse regime the
electron is not accelerated as it leaves the laser focus. As a result, the detected electrons
will have an energy

Eelec = mF% - Eip(zerofield)-Up(I) (1)

where I is the laser intensity. Since Up is a linear function of I, the electron energy gives
a direct measurement of the absolute intensity when the electron was ionized.

Although, in general, the atom has no resonances with the laser field, energy levels
can be tuned into resonance with the a.c. Stark shift. A particular level will be in
resonance at a well defined intensity and consequently will show up in the electron
spectrum as a narrow feature at an energy given by Eq.(I).

In a molecule, there are two types of states, Rydberg and valence, and they will
behave rather differently in a strong field. The Rydberg states have large orbits and, thus.
tend to be relatively uncoupled from the ion core. As a consequence, the ac Stark shift is
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very well approximated by the ponderomotive energy, Up, and the different angular
momentum sublevels of a Rydberg state are nearly degenerate. All the levels in a
Rydberg state will stay together as they are shifted in energy by the laser field. In this
special case, where the a.c. Stark shift is equal to the ponderomotive potential, the
condition necessary for resonance is that Up = m' E - E, where E is the zero field energy
of the state above the ground state. Eq.(I) then becomes, for Rydberg states in
particular:

Eelle(Rydberg) = (m-m')Ey-Eb .(2)

where Eb = EWp - E is the binding energy of the state.
Unlike atoms, molecules have vibrational structure which would appear to

complicate the ATI spectrum because of the many different ionization pathways. Fig. 1
shows a diagram of several potential curves of N2 , 1 although the following discussion is
perfectly general. Consider two vibrational levels v' and v of the N' B final state and a
Rydberg state built on the same B state, respectively. Let a' and cc be the vibrational

30 constants of these states and 03' and
the energy difference between the v
= 0 levels of these states and integral

25 N2
4  numbers of the photon energy. To

B 5 bring the v level into resonance
- - requires an a.c. Stark shift of 13 cv;

2 / O y drg if the molecule is left in the v" level,
I the electron will have an energy of

mF (3 - +') +(av -a'v'). There
15 x 2 + 1 are two simplifications which result

- c i in a single value for this energy:
Cfirst, for Rydberg states, a converges

1 C) 2 to the ionic limit a' and typically
differs by only a few tens of
wavenumbersj and, second, the

5 \ Z'3+ Frank-Condon overlap integral
ensures that the will be a vibrational
selection rule of Av = 0 as the shape

0 . ... .... 0.. 5 .0 2 5 .0 of the potential curves are nearlyR (Angstroms) identical. 2  The only possibleelectron energy is mEt - (13 - [3),
exactly as is the atomic case.

Figure 1. Various potential curves of N2  The behavior of the valence
from Ref.ll. The arrows show the photon states in the strong field will be
energy at 308 nm. rather more complicated.

The a.c. Stark shift will not have any simple relationship to the ponderomotive potential.
Furthermore, the different angular momentum sublevels may not even shift together.
Similarly, the Frank-Condon overlap between the valence state and the final ionic state
will not lead to the simple selection rule Av = 0, and, thus, a valence resonance may show
vibrational structure. Finally, the a.c. Stark shift of a valence state may depend on the
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molecules spatial orientation. This would lead to an additional broadening of the valence
state resonances.

Analysis of the Data

Fig. 2 shows electron spectra of nitrogen using the 308 nm beam at four different laser
energies. In the low intensity limit Up in Eq.(I) will be small and so the electrons will
come out with energies slightly less than mEy - Elp. In nitrogen there are three low lying
ionization potentials corresponding to the removal of the 3ar lru, and 2o. electrons
(see Fig.1), resulting in the ionic states X2y. A2 IU. and B21:, respectively. The value
of mEy - Ew is marked in Fig.2 by the vertical line at the base of the arrows for each of
these electrons. It is evident, in Fig.2a, that the three peaks in the spectrum are the result
of ionizing to the three final states X, A, and B of the ion. This, in itself, demonstrates
the removal of any of the outer electrons of nitrogen with a strong field.

20 1200I ' ' , ' I . . . T . .

g 9
O 1 

x T g+
1000 -, X-4+tB

o f 800-

10-- 600

a) 400 C) 2
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o , ,200 -
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60 3000
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Figure 2. Photoelectron spectrum of N2 using 308 nm radiation with a) 23 P.L, b) 67 Pi,
c) 106 gJ, and d) 160 WJ corresponding to ponderomotive shifts of 0.46 eV, 1.34 eV, 2.12
eV, 3.20 eV, respectively.

This spectrum (Fig.2a) also shows two types of resonances: Rydberg and valence.
The peak at 3.18 eV is due to the n-4 Rydberg state built on the N2 A state. This
resonance will be with four photons (Ey = 4.03 eV) and, thus, the allowed states will have
either np or nf character. The np states have a know quantum defect1 2 of about 0.7 and
would occur in the spectrum at 2.78 eV. The nf electrons will have essentially zero
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quantum defect, placing the n-4 peak at 3.18 eV. The n=5 peak of the np series can be
seen, however, at 3.79 eV. The strength of the nf series relative to the np series supports
the propensity rule for high angular momentum states previously observed in atomic ATI.
The a.c. Stark shift required to bring this state into resonance is,
4Ey - (Ejp(ltu) - Eb(4f)) = 0.27 eV where Eip(lx,) is the ionization potential of the
In, electron and Eb(4f) is-the binding energy of the 4f state. The laser energy required
to just see this peak was determined to be 13 PxJ. This gives an absolute measurement of
the ponderomotive potential vs. laser energy for our focusing conditions: 20 meW W.
(The arrows on the figures show the calculated value of the peak ponderomotive shift for
the specified laser energy. Resonant features arising from a given threshold must occur
within the the electron energy space delineated by the arrow.)

The other two peaks in Fig.2a are not in the correct position to be Rydberg
resonances, and, thus must be due to valence states. Although the two peaks indicate
ionization to different final states, they may be due to the same intermediate resonance
state. There is also no indication of a similar broad peak associated with the A state,
implying that the intermediate state preferentially ionizes to the X or B state. This could
be due to its electronic configuration or a preferential Frank-Condon overlap with the X
and B state, especially as the internuclear separation in the A state is somewhat larger
than the X or B state.

While most of the conclusions of this paper can be drawn from Fig.2a alone, the
spectra taken at higher laser energies support the analysis and show some additional
interesting behavior. As the intensity is increased the Rydberg series based on the
N+ X27.+ state will be brought into resonance. The binding energy of the 5d state is 0.57
and will appear in the data at E, - 0.57 = 3.46 eV. The a.c. Stark shift required to bring
this into resonance is 1. 11 eV. Using the relationship between laser energy and a.c. Stark
shift determined above the 5d peak should come in at 55 4J. Indeed, it is seen in Fig.2b
taken at 67 9.1

As the laser energy is-further increased the next resonance to come in will be the
Rydberg series built on the N+ B2

1u with five photons at roughly 100 W. and Fig.2c
shows the fully developed Rydberg series, although the intensity in Fig.2c was not quite
high enough to reach the 4d resonance.

An important observation from a more complete model of electron spectra in the
short-pulse regime l° is that when a Rydberg series is brought through resonance with a
given number of photons the relative height of the different members of the series will
decrease rapidly with principle quantum number, n. In argon it was predicted that the
peak heights would decrease almost an order of magnitude between successive states. In
Fig.2c it is seen that this is not the case for the B series. This implies that the laser
intensity is sufficiently high to saturate those resonances.

At the highest intensity, Fig.2d, the 3d peak of the B Rydberg series has come in at
around 2.45 eV. Finally, we note that at this intensity the A state has still not had a
chance to go through the full Rydberg series of resonances, and, thus, the spectrum is
dominated by resonant MPI to the N+ B2y+ final state.

Electron spectra were also taken with 616 nm radiation, shown in Fig.3. and make an
interesting comparison with the UV data. Two aspects are immediately apparent. First,
the count rates in Fig.3 are much lower than in Fig.2. Second, they are rather more
complex. However, these spectra can be analysed in the same way as the UV spectra.
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All of the structure in Fig.3 can be attributed to Rydberg resonances. In Fig.3a the
series' built on the N* A and B states have partially come in on top of the X Rydberg
series. In Fig.3b all the Rydberg states associated with the X, A, and B states have gone
through resonance, and, indeed, three overlapping series are evident.

Discussion

The differences in the spectra taken at 616 nm and 308 nm can be explained by the
dependence of the ponderomotive potential and a.c. Stark shift on the wavelength
(Up[eV] = 9.33x10- 41[W/cm2]L.a[gtm 2]). In trying to identify different resonant
pathways, it is clear from Fig.3 that once the ponderomotive potential exceeds the photon
energy the identification becomes difficult. This condition occurs when Up >e- F and the
intensity at this point scales as X- 3. For example, in Fig.2a the different pathways

1. 0 leading to different final states are
X g j clearly distiguished. Furthermore,

S0.8 K A2n - the sequence in which different
resonances come in can be easily

06 traced through Figs.2a-d. In

0 contrast, a similar spectrum to
0) Fig.2a, where Up << E, using

616nm radiation would have a count
c 0.2 rate far below the instrument

0.0 . sensitivity. Note that the signal in
0*1 2 3 4Fig.3a is already almost a factor of

3.5.
35- + 1 20 smaller than Fig.2a.
3- 0 X2 Besides the practical

E 2z + consideration of identifying
0 rI resonances, this scaling will alsoz 2.0 - affect the selectivity in which

"> 1.5 [ j\ different pathways contribute to the
b) MPI process. At longer wavelengths

1 1 many states are shifted into
0 --W resonance at relatively low intensity.

0.0 o- .k IIIIAt shorter wavelengths the opposite
1 2 _ is true. For example, in Fig.2c and

Electron Energy (eV) 2d the spectra are dominated by the
Figure 3. Photoelectron spectra of N2  B Rydberg series, which, in fact.
using 616 nm radiation with a) 50 0iJ and appears to be saturated. The X state
b) 67 W~l corresponding to ponderomotive went through resonance at much
potentials of 1.8 eV and 2.4 eV, lower intensity and the full A
respectively. Rydberg series has not yet come into

resonance. This implies that the N'B state will be preferentially populated while at 616
nm all the resonances will be competing before any one of them saturates. At either
wavelength, however, at the higher intensities, the electron spectra end up dominated by
Rydberg series' and look remarkably similar to atomic ATI spectra.
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Conclusion

Using linearly polarized light in the short-pulse regime we have identified intermediate
resonances in the MPI of nitrogen due to both valence and Rydberg states. The influence
of valence states is only seen at low intensity and with 308 nm radiation. The vibrational
structure of the Rydberg states is shown to cancel out in the photoelectron spectrum. The
ionization of any of the outer three electrons was directly observed. Finally, a strong
wavelength dependence was seen.
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Abstract

We report the production of highly charged, unstable molecules
which remain held together by their own inertia until after
the termination of the excitation pulse. The subsequent
molecular explosion occurs under field free conditions.
Unambiguous explosions are observed from charged states as
high as I25'

1. Introduction

Ultrashort pulse multiphoton ionization of atomic gas has
been proposed as an important new approach to generating and
controlling underdense plasmas"2 . In these plasmas the
parameters are determined by laser and atomic considerations
rather than, as is usual in plasma physics, the electron mean-
free-path .
Studies of the plasma implications of multiphoton ionization

need not be confined to atomic precursors. Inertially
confined molecules will add a new variable since the most
important parameter for multiphoton ionization, the ionization
potential, can have a substantial (even dominant) contribution
from the interaction energy. Thus, if a molecule can be
ionized faster than it can disassemble, and if the field free
ionization potential can be used to describe multiphoton
ionization of the molecule, then the charge state of the ions
that result from a molecular precursor will be very different
from the charge state of ions formed from an atomic precursor
which yields the same ions.
In this paper we demonstrate the first of these conditions.

That is, the existence of inertially confined molecular ions.
We also observe their decay channels. In addition to the
plasma implications mentioned above, it will be possible to
study the electronic structure of these highly unstable
molecules.

A .11 , o t- wawmq, coher ,.t ,aimR&* u. 216
VoL II. PhH w H. Bckmm md Natak M. CeSli (e&)
0 1991 OgMicWSodvy afAmorkv



Short- Wavelength Coherent Radiation 217

We have chosen 12 to observe inertially confined highly
charged molecular ions because of its large mass and therefore
relatively slow explosion. When ionized by thirty femtosecond
pulses, there should be almost no motion until after the
termination of the excitation pulse. The resultant Coulomb
explosion occurs under field free conditions. Ions are
observed which derive from Coulomb explosions with energies
characteristic of the charge states as high as 12'*

In the dissociation products we observe both symmetric and
asymmetric decay channels, as well as evidence of the creation
of unstable molecular ions corresponding to dissociation in
excited electronic states.

2. The Experiment

The experiment was performed on I2, a weakly bound, heavy
molecule with a rotational period of 10-9 J sec where J is the
rotational quantum number. The ground state vibrational
period is 155 fsec.
Since high power pulses as short as 20 fsec have been

produced, and high power 10 fsec pulses appear technically
feasible, the approach can be generalized to a wide variety of
other diatomic or polyatomic molecules.
Iodine was leaked into the time-of-flight vacuum chamber

which could be pumped to a background pressure of 5x10-9 Torr.
The molecular explosions were diagnosed in a time-of-flight
mass spectrometer.
The pump beam was produced by amplifying the output of a CPM

dye laser in a Nd:Yag pumped dye amplifier chain which
produced pulses of about 80 fsec duration. After spatial
filtering, the pulse was compressed to 30 fsec using large
aperture compression as described in Ref. 3.
The diffraction-limited pulses were focused into the target

chamber with a F/5 on axis parabola. The focus was in the mid
point between accelerating electrodes separated by 17 mm and
maintained at a potential difference of 200 V. A field free
drift region of 49 mm was terminated by an electrode
containing a 2 mm diameter hole to select only those ions with
no more than a small velocity component transverse to the
drift axis of the tube. The ion current was registered on a
microchannel plate.

3. Results

Figure 1 shows the full time-of-flight mass spectrum produced
with the laser electric field pointing along the flight path.
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Water vapour in the
Tner chamber produced

0.10 both hydrogen and
water-vapour ions.

H2O* These were used for

r- 0.08 c a 1 i b r a t i o n
purposes.
The different

1-0.06 charge states of
Iodine are

1+ identified on- the
O0.04 figure. Although

2+ N~ 1 + I,* has a stable
o N2 12+ 2 ground state and

0.02 k + should be very
H e f fe t ive 1 y

collected in the
0.00 mass spectrometer,

0 2 4 6 8 10 it is not the
Time (us) dominant species

measured. This is
FigUre 1 Time-of-flight mass spectrum. one indication that
The charge states of I and 12 are shown. 12is created in an

unstable (excited)
60 electronic state.

1+0 Figure 2. shows
the I* component of

0the time-of-flight
spectrum obtained

440 in the photon
counting mode by

1+30 + analysis o f
1+1 approximately 50

r shots. A number ofS20
o 1+2 features can beQ identified. At low

10 1+ energies we see a
complex time-of-

0 ,flight spectrum.These features
0.0 0.2 0.4 0.6 0.8 1.0 appear to come from

ATime (gs) the dissociation of
12 into a charged

Figure 2 Time-of-flight mass spectrum of and a neutral ion
I+. The characteristic feature in the although the
figure are described in the text. dipolar excitation

of 12 is also
possible. We have

not as yet looked for the negatively charged ion of iodine.
In either case, low energy ions of such a broad energy spread
are only possible if the molecule is left in unstable states
at the end of the pulse.
There are three other distinct features of the time-of-flight

spectrum. These have energies characteristic of the explosion
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of I2*+, I2* and 12 . In all cases the spectra have a peak
shift given by the explosive energy and are somewhat broadened
on the low energy side. This broadening is not the result of
nuclear motion on the timescale of the pulse. Even with the
nuclear force expected for 12*... decaying into I- + V we
expect ion motion of only 0.2 angstroms in 30 fsec,
corresponding to a potential difference of about 1 ev. Since
the highest charge state is produced near the peak of the
pulse by a highly nonlinear process, the above conclusion
probably over-estimates the effects of ion motion. We
confirmed this conclusion experimentally by investigating
multiphoton ionization with a 80 fsec pulse. As expected, we
observed no significant broadening.
The asymmetric nature of the decay is a significant

observation. The decay is occurring under field free
conditions, as is indicated by the occurrence of such low
ionization potential atoms as V (ionization potential of 19
ev) as a product of a much higher ionization potential
precursor. Asymmetric decay has been suggested previously for
relatively long pulses4 (laser pulse longer than the explosion
time). Our experiment unambiguously shows that these charge
asymmetric molecular states are produced in significant
quantities by the excitation process and are not associated
with the dissociation dynamics in the strong laser field even
though there is a field-free ionization potential penalty of
approximately 6 ev for the asymmetric channel.
When consideration is given to the relative collection

efficiency of the different components, it appears that
asymmetric decay is at least as likely as symmetric decay. We
can not as yet be more quantitative.

Figure 3 shows
80 the 12- decay

channel. Again
2+0 we see strongevidence of

60 asymmetric
2+0 decay. The

central
component shows

M~4 ions with energy
2+2 2+1 much less than
2+22++1 the Coulomb

20 2+3 decay energy of
any molecular

o ion of charge
0 greater than 2.
0 We conclude it
0.0 0.2 0.4 0.6 0.8 1.0 to be the decay

ATime (4s) of 12- into I- +I. All other
Figure 3 Time-of-flight mass spectrum of decay channels

12t. The various features of the spectrum containing I ,
are identified in the text. up to I,'+ are

observed at
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their characteristic Coulomb explosion energy, slightly
broadened to the low energy side.
In figures 1-3
we have 30- 2+0
presented data
obtained from
m o 1 e c u 1 a r-
explosions where
the plane of 20
polarization is
parallel to the
applied electric
field. Thus, we 10. 2+1
observe 
explosions from Q
those atoms
aligned with
both fields. 0,
When the laser 0.0 0.2 0.4 0.6 0.8 1.0
f i e 1 d
polarization is ATime
rotated by 90
degrees, a very Figure 4 Time-of-flight mass spectrum
different time- obtained with light polarized perpendicular
o f - f 1 i g h t to the drift axis of the spectrometer but
spectrum is otherwise similar to figure 3.
obtained.
Figure 4 illustrates the difference for I'*. The laser pulse
duration was 80 fsec when the data in figure 4 was obtained.
However, figure 4 would not be significantly different if a 30
fsec pulse had been used. The spectrum in figure 4 is much
less rich than that in figure 3 and it is dominated by very
low energy ions.
It is clear from these experiments that it is possible to

control the explosion energy in multiple pulse experiments and
that the explosion occurs primarily along the laser electric
field direction. We can now begin to explore the nature of
the asymmetric decay channels. These appear to be highly
charged analogues to the dipolar states of the neutral atom.
Perhaps it is not surprising that they are preferentially
excited in strong laser fields, for these states will have the
strongest dipole moments.
In conclusion, the existence of clear molecular explosions

indicates that the spectroscopy of highly unstable inertially
confined molecules can now be studied. The presence of
asymmetric decay channels suggests that the potential surface
of the ion is modified by the strong laser field.
Understanding the field dependent surface will be an important
challenge for future work.
In the plasma context, inertially confined molecules of

increasing complexity will allow us to investigate the role of
molecular precursors in ultrashort pulse multiphoton
ionization produced plasmas.
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ABSTRACT

We have observed above-threshold dissociation of H and D+ on time scales
comparable to molecular rotation, by photoionizing the neutral molecules in 160 fs
pulses of intense 769 nm light. We also see a new dissociation process at high
intensities.

Much research has been done lately to investigate the interaction of intense
coherent light with molecules. Even simple homonuclear diatomic molccules exhibit
very complicated behavior in an intense light field, including multiphoton ionization
and dissociation, multiple ionization, above-threshold ionization (ATI), and bond-
softening, which has also been called above-threshold dissociation (ATD). ' 2

In recent experiments at the Center for Ultrafast Optical Science at the University
of Michigan, we subjected H2 and D2 molecules to radiation by ultrashort (160 fs)
pulses of 769 nm (1.612 eV) light. Our aim was to observe ATD and All in a regime
where the laser pulse length is comparable to the rotational period of the molecule.
The pulse energy in these experiments ranged up to 0.8 mJ. The light was focused
inside an ultrahigh vacuum chamber (base pressure 5x10"1' tort), backfilled with H2,
D2 or Xe gas. The density of the gas was kept low to minimize space charge effects.
The peak intensity of the light varied up to 2x 1015W/cm 2 (see comments on
calibration below). We employed field-free time-of-flight spectroscopy to obtain the
photoelectron kinetic energy spectra and angle-resolved ion energy spectra. We also
had a charge-to-mass ratio spectrometer, providing us with information about relative
abundance of different ionic species following the laser interaction.

Xenon was used to calibrate the electron spectrometer, and to measure the peak
intensity in the laser focus. Since our experiments were performed in the "short pulse
regime" (negligible ponderomotive acceleration of photoelectrons), the spectrometer
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could be calibrated by observing xenon ATI fine structure, as well as spacing between
different order ATI peaks. To measure the maximum light intensity in the focus, we
detected multiple ionization of xenon in our charge/mass spectrometer. Then, usin*
the simple "suppressed barrier ionization" model, we estimated the peak intensity.
We should emphasize that the validity of the suppressed barrier model for 160 fsec
pulses has not been tested; however, even if the intensity for the onset of high stages of
ionization is not accurately given by this model, at least multiple ionization is an easy
standard of comparison between different experiments.

Previous experiments performed at AT&T Bell Laboratories, using 50-100 psec
pulses at 532 nm and 355 nm, showed repetitive clusters of ATI peaks in- the
photoelectron spectrum of H2, similar to the peaks seen in ATI spectra in atoms. In
the same experiments performed at 1064 nm, however, a broad and relatively
featureless continuum spectrum of photoelectrons extended nearly to 100 eV.4 The
new sub-picosecond experiments produce a continuous photoelectron spectrum more
like the 1064 nm light. In this case, the broad intensity independent distribution is
maximum around 5 eV, and continues to 25 eV. However, unlike the 1064 rum results,
a distinct ATI-like structure appears superimposed on this distribution (Fig.1).

Dissociation energies are measured by time-of-flight ion spectroscopy. A typical
fragment kinetic energy spectrum consists of a series of broad "above-threshold
dissociation" peaks extending to 2 eV. These peaks were also observed with much
longer laser pulses.1 The new short pulse spectra reveal an additional feature as well:
a broad distribution of fast fragments with energies ranging up to 6 eV. Unlike
photoelectron spectra, the ion kinetic energy spectrum changes dramatically with the
laser intensity. When the peak intensity is below 1OsW/cM2, the low energy ATl

H
2

'E

0
C

0 5 10 15 20 25
Electron energy (eV)

FIGURE 1: The kinetic energy spectra of photoeletrons detected during irradiation of H2 and D2
by 769 nm linearly polarized light. The spectra shown were obtained for electrons emitted along
the laser polarization. Each run contains = 10000 laser shots. Laser peak intensity was estimated at
2x0 15W/cm2 .
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peaks contain the most signal (Fig.2a). As the light intensity increases, the high
energy signal climbs much faster than these low ATD peaks. At 2xl0 1SW/cm2 the
high energy fragments dominate the spectrum (Fig.2b).

Up to 55% (depending on light intensity) of the dissociation fragments have kinetic
energies below 2 eV. These ions emerge primarily along the light polarization, as
predicted by the mechanism of bond softening (ATD). The laser-dressed internuclear
potential curves undergo ac Stark shifts, particularly near positions where different
electronic states of the molecule are separated by an integer number of photons. For
the ground lso, states and excited 2pM states of H2 and D ", one- and three-photon
couplings are particularly strong for light parallel to the molecular axis. At the
experimental light intensity they deform the shape of the potential. The deformation
becomes greater as the light intensity goes up.

Fig.3 shows a "dressed state" energy level diagram illustrating bond-softening. The
passage of an ion through an odd-photon crossing can result in an adiabatic transition
to the other potential, corresponding to absorption or emission of additional photons;
or diabatic passage to the original potential, with no net photon exchange. The
probability for making these adiabatic and diabatic crossings can be estimated by
Landau - Zener theory, which states that the ion must follow the adiabatic curve so
long as its rate of passage through the gap is slow compared to the Rabi rate V12 /fk
for transitions between the interacting statess . V12 is equal to a half of the separation
between !he perturbed curves.

In our previous experiments with molecular hydrogen we employed 80-100 psec
light pulses, which are far longer than molecules' vibrational periods (=20 fs for H2
and 30 fs for D") or rotational periods (=500 fs for H' and 1 ps for D"). As a
result, the initial orientation of an H * molecular ion was not as important -- the laser

1,,= 1x1O'sW/cm2  
1.5 = 2x1O'%/cm2

H2: H2: <=>=> H2
096eV 204eV 3.60ev -- 0.96eV 2 04eV 3 60eV

- 2: <: -=>= <=:

1. Dissociation0.60 froction 
: 1.0

H' * 2  $.0
I...'''D,  H,,+

"0.5 035 3oO.
C: ly 3y 2 C o

.21 1( 015W/CM 2) T

0. 00
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FJGURE 2: The kinetic energy spectrum and angular distribution of dissociation fragments
detected during irradiation of H2 and D2 by 769 nm linearly polarized light. The spectra shown
were obtained for ions emitted along the laser polarization 0. Each run contains =6000 laser shots.
Additional spectra were observed for the laser polarization rotated in 0' increments from 0* to 60*.
There is practically no signal between 60* and 90". The insert shows the dissociation fraction as
function of the peak laser intensity.
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FIGURE 3: Dressed state (Floquet) energy level diagram for D* in the presence of a 769 nm laser
field polarized along the molecular axis.

had enough time for the ion to rotate into alignment with the field and dissociate.
Likewise, the laser field in these experiments was changing very slowly compared to
the internuclear motion; H molecular ions were effectively seeing a steady AC field.
This slow intensity change enhances the probability of one-photon dissociation early in
the pulse, when the intensity is low and the three-photon gap is still closed.

H" and D' ions vibrate rapidly, even compared to the 160 fsec laser pulse.
However, our experimental results show that the laser intensity change is nonetheless
fast enough to affect the dissociation process, as shown in Fig.2. Comparing the
distribution of the signal in different ATE) peaks to the results that we observed with
100 ps pulses, we see that the one-photon absorption is not the preferred dissociation
path any more. In the case of short laser pulse more molecular ions dissociate via
three-photon gap than via simple one-photon absorption (see Fig.2).

In order to explain this phenomenon, we have to refer to the potential curves in
Fig3 (note that both isotopes have similar curves). As an example we consider an D2
ion, initially in 6h vibrational level of isog ground state. We assume that the ion was
produced as a result of ionization of a deuterium molecule near its inner turning point
(point A on Fig.3). Let us also assume that the ionization occurs on the rising edge of
the laser pulse. We can think of the ion as a vibrational wave packet moving in the
slightly perturbed Isug potential well. By the time the vibrational packet reaches the
outer turning point (about 15 fs after it was born) the one-photon gap is still closed, so
the packet just turns around (point B on Fig.3) and heads toward the inner turning
point where it starts a new vibrational cycle. The ion reaches the three-photon
crossing (point C on Fig.3) about 40 fs after it was born; the curves are much more
distorted and a three-photon gap in the dressed potential is now open. As a result, the
wave packet adiabatically switches to the dissociating state at this three photon
crossing, i.e. it absorbs three additional photons. As the nuclei fly apart, they pass
through the one-photon crossing, which is now wide open. An adiabatic passage here
corresponds to the emission of a photon, so that the resulting dissociation fragments
emerge with energies characteristic of net two-photon absorption (the 2-y peak on
Fig.2).
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The dynamics of molecules in ultrashort light pulses can be explored further by
comparing angular distributions of dissociating protons and deuterons, and by looking
at the dissociation fraction for both isotopes (Fig.2). The lsqg and 2 pou states couple
to fields polarized along the nuclear axis. Therefore, ions aligned with the field see the
most perturbed potential curves and have greater dissociation probability. The
angular distributions of fragments are strongly peaked along the laser polarization for
both isotopes. However, the laser pulses employed in these experiments are short
enough to probe the difference in the rotational frequency of hydrogen and deuterium
molecular ions. The rotational period of an H' ion in the lowest rotational state is
approximately 500 fsec, about three times longer than the duration of the light pulses.
The deuterium molecular ion rotates at half this rate Therefore, only the molecules
that are initially close to alignment, or can move into alignment during the pulse, have
a good chance to dissociate. Since hydrogen rotates faster, there is more dissociation
of H2 than D2 . In addition, if we compare the angular distribution for the two
isotopes, we see that the deuterons on average come out closer to the laser
polarization. Since the ions rotate as they dissociate, more rapidly rotating ions are
detected at wider angles.

These rotational effects deplete the D' signal with respect to H+ signal between 0
and 2 eV. However, as is seen from spectra on Fig.2, the 2-t peak is depleted less then
3,y. Since H' ions move faster than D" through one-photon gap, there is a better
chance for diabatic passage.

In addition to ATD, the 160 fsec pulses also produce a broad distribution of faster
protons, with kinetic energies up to 6 eV. The intensity dependence of these fast
protons differs markedly from the ATD ions. We have considered several
explanations for this new feature in the proton kinetic energy spectrum. Additional
experiments are required to sort out these possibilities. It may be significant that the
high energy part of the dissociation spectra for the two isotopes are identical. This
suggests that the new dissociation mechanism is not sensitive to the different
vibrational and rotational levels of the two isotopes, but rather is due to an electronic
process, where vibration and rotation are unimportant.

"Also at: Applied Physics Department, Columbia University, N.Y., N.Y.
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Absact

A tunable, high-intensity picosecond dye laser system has been employed with electron
energy analysis to investigate the dynamics of (3+1) resonance-enhanced multiphoton
ionization of H2 via different vibrational levels of its B I, and C 'I-u electronic states.
We observe production of molecular ions in varioys vibrational levels, with a shift to
increased population of lower vibrational states of H2 consistent with the a. c. Stark shift
of the correspondingly lower vibrational levels of the C state into resonance with the three-
photon energy of the laser. Clear evidence of direct dissociation of H2 followed by single-
photon ionization of the excited H atom is observed as well. Above threshold ionization of
these two processes occurs readily. We also find that dissociative ionization is an
increasingly important ionization pathway as the wavelength is increased. Finally, we see
evidence of a new ionization pathway, which we assign to photoionization into a transient
bound state created by the avoided crossing of the first repul§ive electr nic state of -l,
12pau,n), with the single-photon-dressed ground state of -1 , |lsag,n + 1)

Introduction

As theory and experiment converge on an understanding of intense-field photoionization of
atoms,' the interest of the multiphoton community has turned to molecules. Specifically,
the role of internal degrees of freedom in above-threshold ionization (ATI) has been
examined, leading to discussions of above-threshold dissociation (ATD) of the H+,
molecular ion.2.3 Most of the ATI experiments in H2 have employed limited laser
wavelengths, specifically Nd:YAG harmonics or excimer frequencies. For our study of the
effects of resonances on the ATI of H2, we employ a tunable dye laser system. This
allows us to examine specific intermediate state resonances in the multiphoton ionization
scheme, and trace their behavior in the presence of the intense laser field.

In this paper we discuss the results of our tunable ultraviolet H2 photoionization
dynamics study.4 We excite rovibronic levels of the B 1E and C 'lu electronic states at
the three-photon level, and ionize with a fourth photon. We use photoelectron energy
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analysis to probe the details of the photoionization process. Our experimental apparatus
was described elsewhere; 4 briefly, we focus the frequency-doubled output of a pulse-
amplified picosecond dye laser between the pole pieces of a "magnetic bottle" photoelectron
spectrometer. We record the photoelectron time-of-flight distributions for a number of
different excitation wavelengths (288.5 nm 5X<304 nm) and peak laser intensities 10,
adjusting the H2 pressure as 1o is increased in order to keep the number of electrons
produced each laser shot constant. The spectra presented here have all been converted to
photoelectron energy and normalized to 1 x 10-8 torr pressure of H2.

Moleclar Photoionization

Typical photoelectron energy spectra recorded at 288.5 nm are presented in Fig. 1 for
electron energies from 0.6 to 2.0 eV. Each spectrum was recorded at a different Io (left
vertical axis), and has been divided by the indicated scale factor (right vertical axis) then
offset from the horizontal axis for display. At 288.5 nm the energy of three photons is just
above the field-free energy of the C 'lu (v'=2) vibrational state. The peaks in Fig. I are
assigned to molecular photoionization of H2, producing H2 in several vibrational levels
(v+). At the lowest 1o, most of the ions are produced with two quanta of vibrational
energy, with some population of v+=1 and v+=3. This predominantly Av=0 ionization is
consistent with the Franck-4ondon (FC) overlap of the vibrational manifolds of the neutral
C il u and the ionic X 2Y electronic states. As 1o increases, the relative production of
v+=l increases until the v;=l peak equals the v+=2 peak. This happens because the C
v'=2 state is a.c. Stark shifted up and out of three-photon resonance by the electric field of
the laser. Likewise, the C v'=l state is shifted into three-photon resonance, then Av=0)
ionization produces H+ ions in the v+=l vibrational level. The energy of the v+=l peak
initially decreases as I increases, due to the increased Ponderomotive energy Up in the
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Figure 1. Photoelectron energy spectra recorded at 288.5 nm. Peak laser intensity for each
spectrum is indicated on the left axis, and the amount by which each spectrum was divided
for presentation purposes is indicated on the right axis.
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portion of the laser focus where C v'=l is in resonance. Further increases in L0 do not shift
this peak further. it arises predominantly from Av=0 resonant photoionization of the C v'=l
state, and at higher 1o this state is no longer in resonance. Similarly, the v+=2 peak is
initially shifted 20 meV (consistent with a small Up at lo - 5 x 1012 W/cm2 ) but does not
move further as I increases. This v+=2 peaks arises from the ever-expanding volume of
the laser focus where the laser intensity is less than 1013 W/cm 2 , and C v'=2 is in three-
photon resonance. This behavior is the hallmark of resonances in ATI, as has been
discussed in great detail by others.' Finally, we assign a broad photoelectron peak at 5.4
eV (not seen in Fig. 1) to ATI of this molecular photoionization. We lack sufficient energy
resolution to resolve the vibrational levels in this above-threshold electron peak.

Dissociation followed by atomic ionization

Electron energy spectra between 1.5 and 6.0 eV are presented in Fig.2 for X= 297.5 nm.
As the laser wavelength is tuned, the positions of the peaks shifts in a manner attributable
to the change in total energy available. At 297.5 nm, the energy of three photons is just
below the field-free energy of the C IHu (v'=1) vibrational state. At the lower laser
intensities this energy region of the photoelectron spectra is dominated by a peak at 2.63 eV
which is very sharp at most laser intensities, occurs at the energy expected for single-
photon ionization of H(31), and does not shift in position as l increases (the large
shoulder toward lower photoelectron energy observed in Fig. 2 is assigned to a different
ionization mechanism because of its wavelength dependence). We assign this peak to
photoionization of H(31), resulting from direct dissociation of neutral H2 followed by
ionization. Photoionization occurs readily of H(31) since only one photon is required;
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Figure 2. Photoelectron energy spectra recorded at 297.5 nm, all else the same as Fig. 1.
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however, we see no evidence for ionization of any other states of atomic H. At 297.5 nm,
absorption of four photons is above the dissociation limit to produce H(31) but below the
energy required to produce H(2t). The absence of any H(21) suggest this dissociation
occurs at internuclear distances R too large to curve-cross to potentials which correlate to
H(21)+H(is) dissociation products. This is consistent with the population at the three-
photon level of high vibrational levels in the B 12- state which have rather large (R > 5
bohr) outer turning points. Absorption of a fourth photon at this R will have a favorable+ 12par,>
FC overlap for transition into a neutral, doubly excited state similar to the H2
repulsive state, converging to the dissociation limit of H(ls) + H(31). The narrowness of
the peak is understood in the context of the relative a.c. Stark shift of the excited (n=3) state
and the ionization potential. Recent calculations 5 have shown that our use of >4 eV
photons permits us to use the "high frequency approximation", because this excited state
has an a.c. Stark shift nearly equal to that of the ionization potential. Therefore, no matter
what intensity the ionization occurs at, the excess energy available for the photoelectron is
always the same for our 1.5 ps laser pulses.

Dissociative Ionization

For 297.5 nm, the energy of the final peaks observed in these experiments are 2.4 eV and
3.75 eV. These high-energy peaks do not correspond to any low field processes. We
traced the energy of these peaks as a function of laser wavelength to determine the
responsible mechanisms. For the 2.4 eV peak, we observe a marked decrease in
photoelectron energy as the photon energy decreases, but the decrease is not a simple
function of the photon energy. We assign the 2.4 eV peak to dissociative ionization
occurring after a two-photon absorption from the outer turning point of a vibrational level
in the B state. This process can be resonantly enhanced by any of a number of doubly-
excited states at the four-photon level (the same states which dissociate to produce excited
H atoms). If we estimate R=5.5 bohr, the energy of the H2 12Pa7> state at that R is 18.45
eV. Five photons at X=297.5 nm add to 20.84 eV. The excess energy available for
partitioning between the electron nd the dissociating H(ls) + H+ is 20.84 - 18.08 = 2.76
eV; the excess energy above the H2 12pO'u> state is 2.39 eV. The observed electron energy
of 2.4 eV falls neatly between these two bounds. This behavior occurs at each wavelength
studied, with the exception of the last wavelength (304 nm), where the observed electron
energy is less than 5% larger than the upper bound calculated using our simple delta-
function model for this absorption followed by dissociative ionization model. Dissociative
ionization has been observed at other laser wavelengths by others, most notably by Rhodes
and coworkers.6

Ionization into a transient laser-induced bound state

The evidence for a fourth photoionization mechanism in our study is as follows. With the
possible exception X= 288.5 nm, the electron spectra display a prominent electron peak
near the photon energy. Although the peaks are broad, they are fairly symmetric and we
find a decrease in peak energy that is nearly 1:1 with decreasing photon energy. This rules
out a conventional, multiple-photon ATI explanation for these high-energy electrons. We
assign these electrons to ionization into the adiabatic state formed by the avoided crossing
of the n+l-photon dressed ionic bound state potential Ilsag,n + 1) and the n-photon
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dressed ionic repulsive I2pa.,n) potential. This crossing creates two adiabatic states
(upper and lower adiabatic potentials, UAP and LAP) from the diabatic states; it is the LAP
that is responsible for the "bond softening" observed by others.2.3 We are concerned with
the UAP. Three-photon excitation of the B state prepares an H2 molecule with large R.
Two further photons are absorbed, and photoionization occurs into the UAP formed by the
avoided crossing. We estimated the depth of the UAP by a simple two-state avoided
crossing calculation involving only the jlsag,n + 1) and I2pau,n) diabatic potentials. We
diagonalized our adiabatic potentials to obtain their eigenvalues and eigenfunctions. For
example, at X=304 nm and Io=1 x 1013 W/cm 2, the UAP is bound by 1 eV, and supports
14 vibrational states. Finally, we calculated the FC overlap between vibrations in the B
state and vibrations in the UAP. We found that the electron energies predicted by the best
FC overlap with the B state agree qualitatively with the observed electron energies, but are
approximately 0.4 eV lower than those observed. We are satisfied with this agreement,
given the simple nature of our computation. Further computations await a better under-
standing of the effect of the strong laser field on the valence B state: our computation used
the field-ftee potential which is almost certainly invalid at the laser intensities employed.
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Abstract

Multiphoton ionization (MPI) spectroscopy of several iodine- bearing molecules has
shown that molecular dissociation and subsequent ionization of the atomic fragment is
the channel preferred to direct ionization of the molecule. ATI has also been observed.

I. Introduction
While a number of elegant experiments over the past several years have explored the
photoionization of atoms (and Xe, in particular) at high field intensities, considerably
less has been reported for molecules. Our interest lies in the fragmentation of diatomic
and polyatomic molecules at optical field intensities > 10l W/cm2 and this paper
describes the results of experiments in which the photoionization of small iodine-
bearing molecules has been studied by time-of-flight photoelectron spectroscopy.

H. Experimental
These experiments utilized a magnetic bottle, electron energy spectrometer operated in
tandem with a time-of-flight mass spectrometer. Initial calibration of the electron
spectrometer was accomplished by photoionizing Xe at 532 nm and recording its
electron kinetic energy spectrum. This and subsequent tests showed the spectrometer
resolution to be < 15 meV. The heavy-particle spectrometer was also calibrated with
Xe. One set of experiments were conducted at a fixed wavelength (532 nm) and used a
frequency-doubled, injection-seeded Nd:YAG laser having a pulse width of 10 ns,
while a second set of dye laser experiments involved a Littman type oscillator which
was amplified in a two stage, longitudinally-pumped dye amplifier chain. The upper
limit on the linewidth of the dye laser after amplification is estimated to be - 3 GHz.
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Photoelectron energy spectra were acquired in 100 ns segments with a Tektronix
7912AD transient digitizer which provided an effective sampling resolution of 200 ps
per channel, several times greater than the detector response time. Electron density at
the laser focus was maintained below 1010 cm 3 to avoid space charge distortion effects
in the photoelectron spectra.

]II. Results
Photoionization of I2, HI and CF 3I at 532 nm reproducibly demonstrated that, at the
optical intensities examined, the scission of the R-I bond (R=I, H or CF 3) is favored
over direct photoionization of the molecule. Only weak features attributable to
photoelectrons of molecular origin were observed and, as illustrated in Fig. 1, the
dominant features arise from the five photon ionization of the 2P3,2 and 2P,,2 spin-orbit
terms of the atomic iodine ground state. This result differs from those of previous
studies carried out at shorter wavelengths" .2 in which the 12 ionization process was
demonstrated to be dominated by three photon ionization of the parent molecule,
followed by the absorption of a fourth photon, and the subsequent dissociation of the
molecular ion. The similarity of the three photoelectron spectra in Fig. 1 and the
absence of any peaks attributable to 12 suggest that the direct production of 12' by MPI
under the present experimental conditions is negligible.

Branching ratios associated with the production of V+ ions in the 3p,, 3P2 and 3Po
states were also examined for 12 photoionized at 532 nm and the results are given in
Table 1. Similar results were obtained for CF 3I and HI despite the fact that the
photodissociation of CF 3I at 532nm is characterized by a larger fractional yield of
I (2P,,2) than that for 12 at the same wavelength. Another interesting feature of these
spectra is the strength of the IV (3Pl) _ I (2P,1 2) + 5hy process as compared to the

Table I
Electron Yields for Atomic Iodine Produced by Photodissociation/lonization of

Molecular Iodine at 532 nm.

Ionization AE,, nh,-iE O Order Avg. Abs.
Channel (cm- 1) (eV) n Yield

l1+ [3P 21-I 12P312] 84295.1 1.20 5 80%
I+ [3Po].-I [2P3,2J 90743.0 0.40 5 1.0%
I+ [3P,]4-I [2P312] 91382.1 0.32 5 11%
IV [ID 2].-I [2P312] 98022.3 1.83 6 Not Obs.
I+ lis._ I [2pn,] 113796.4 2.21 7 Not Obs.

I+ [3 P 2]*'I (2 Pl, 2] 76,692.0 2.14 5 Weak
I+ [3P0]_l [2P1 2]  83,139.9 1.35 5 0.6%
i" [3P,]_I [2p,,j 83,779.0 1.27 5 5.8%
"+ [1D 21-I [2P,,2]  90,419.2 0.44 5 1.9%
I+ [ISn]-I [2P1 ,,] 106,193.3 0.82 6 Not Obs.
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Figure 2. Photoelectron spectrum of 1 acquired with a scanning Littman-type dye laser
(AV < 0. 1 cm-').

I+ (3P2) - I (IPII) + 5hV transition, especially when one considers the near resonances
that occur in the latter case with the 12p and 7p terms of Rydberg series that converge
to the 3P2 ion limit3 . ATI of iodine also was reproducibly observed for intensities on
the order of 1012 W/cm 2.

Prelimitiary results have been obtained using the Littman dye laser-amplifier system
which indicate that the overall 5 photon ionization cross section in the wavelength
range 575-585 nm is considerably larger than that at 532 nm. Multiphoton ionization
of molecular iodine has also been observed in the yellow. As the dye laser wavelength
was scanned, resonant enhancements due to the intermediate B 3110 ' state were clearly
noticeable when monitoring the atomic and molecular iodine photoelectron peaks.
Measurements of the electron yield as a function of laser wavelength in the 566 - 599
nm region revealed considerable structure and a portion of the spectrum observed by
monitoring the 12 photoelectron peak is illustrated in Fig. 2. At least two clear
Rydberg series are observed and details regarding the characteristics of these series will
be discussed elsewhere4 .
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IV. Summary
Multiphoton ionization of 12, HI and CF 3I at 532nm has vividly illustrated that the
dissociation of the parent molecule and subsequent ionization of the atomic fragment is
the preferred ionization channel. Atomic and molecular ATI has also been observed in
the halogen-bearing molecules and at least two strong Rydberg series have been
observed in 12 by photoelectron spectroscopy.
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Resistance of Short Pulses to Self-Focusing
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Self-focusing arises in all materials, gases, liquids, solids or plasmas. Yet, it has

been investigated only in the limit where the beam diameter is significantly less than the

pulse length ( c, where r is the pulse duration). In this case, the beam is predicted to self-

focus to moving singularities in the absence of other nonlinear effects. However, there is

another extreme which is rarely, if ever, noted where the beam diameter is much larger than

the pulse length and the pulse will disperse before any self-focusing can occur. Short pulse

self-focusing is more related to the second extreme than the first.

We introduce a model for intermediate pulse durations that shows how a short pulse

evolves through self-focusing, growing transient temporal microstructures. These very

short structures then disperse and stop the self-focusing process, stabilizing the beam. We

will also show that it is these very short temporal structures that lead to the phenomena of

continuum generation. The model explains three experimental features of continuum

generation that were previously poorly understood, namely (1) the spectral modulation of

the continuum, (2) the spatial structure of the continuum, and (3) the insensitivity of

continuum generation to the duration of the input pulse. Predictions of the model are

confirmed experimentally with detailed studies of femtosecond continua.

The model differs from previous models of continuum generation in that self-

focusing plays a central role. As a consequence, continuum radiation is produced by the

transient substructure throughout the portion of the pulse that is above the self-focusing

threshold. Therefore the frequency does not continuously vary throughout the pulse as
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would be the case for SPM alone, but rather the entire continuum spectrum is produced at

each point in the pulse with a definite phase relationship between each point determined by

the original phase of the pulse. The continuum radiation produced by the transient

substructures can therefore be modeled as emanating from a line array of phased sources.

Both spectral modulation and conical emission occur as a result of interference of the

radiatiation emanating from a line array of sources.

An experiment was performed to investigate the above predictions. Pulses of 50 fs

duration and energies of -500 pzJ were generated by amplifying the output of the CPM dye

laser in a Nd:YAG pumped prism dye amplifier. The beam was focused by f/150 optics

into a 75 cm long gas cell which could be filled to a pressure of up to 40 atmospheres. We

show that the modulation period decreases with increasing pressure as expected, since the

critical power decreases and so more of the pulse has the required power to self-focus. We

also show qualitative agreement between the modeled and experimental spatial profile of the

transmitted radiation.

We conclude by emphasising that concepts, well established in long pulse self-

focusing, do not always scale to the short pulse regime. In particular, short pulses resist

nonlinear changes to their geometrically determined focal spot size.



Reversible Multiphoton Ionization of Gases
Observed by a Femtosecond Pump/jProbe

Schieren Imaging Technique

J. P. Geindre, P. Audebert, and J. C. Gauthier

Laboratoire de Physique des Milieux ionisils, Ecole Polytechnique,
91128 Palaiseau, France

K. Benattar

Laboratoire LULl, Ecole Polytechnique, 91128 Palaiseau, France

A. Mysyrowicz, J. P. Chambaret, and A. Antonetti

Laboratoire d'Optique Appliquee, ENSTA-X, Batterie de l'Yvette,
91120 Palaiseau, France

ABSTRACTr

Using femtosecond time-resolved Schlieren imaging, we
observe a light-induced reversible plasma-like change of the
refractive index of a gas during optical irradiation by 80 fs laser
pulses.

The development of lasers delivering ultra-short pulses at the multigigawatt power level

opens new perspectives for the study of laser-matter interaction at very high intensities.
Extensive studies of multiphoton ionization, continuum and harmonic generation in
gases have been reported during the last few years1 . These experiments detected mainly

the photodetached electron spectrum or the self-emission from the interacting area. We
report here an experiment using a probe beam which allows to analyze the time- and
space-resolved change of the refractive index of a gas perturbed by a short intense optical

pulse.
We have used a CPM dye laser delivering optical pulse of 80 fs duration at 620 nm with

a maximum energy per pulse of 1.5 mJ. The repetition rate of the laser was 20 Hz. The
laser was focussed with a f/8 lens inside a chamber filled with gases at 1 atmosphere
pressure. The focal spot size was determined by an image plane technique to be 10 Jim in
diameter. The energy per pulse was measured with a calibrated calorimeter.

A weak part of the laser beam was used as a probe beam crossing the interaction

area at an angle of 900 from the main pulse. When a light beam propagates through a

region of varying refractive index, it becomes deflected. When projected with a lens on
an image plane, the refracted beam directly yield informations on the time and spatial
profile of the variation of the refractive index in the interaction area. A schematic view of
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the principle of the experiment is shown in Fig. 1. The rays of the probe beam which are

not ( or only weakly ) deflected are stopped by a knife edge placed at the focal plane of

the imaging lens. The more strongly deflected rays are imaged with a lens (magnification
ratio x170) on the detection plane of a CCD camera. The image was stored and

processed by a minicomputer.

We observed the image of the refracted probe light beam as a function of pump
intensity and time delay between the probe and the pump beams. The signal due to the
refracted light appeared abruptly at a threshold pump intensity 10= 2. I014 W/cm 2. The

sign of the variation of the refraction index was determined to be negative. Near

threshold, a gas length of only 30 ]Lm in the beam waist induced a deviation of the probe

beam. This corresponds to the spatial extent of an optical pulse of 100 fs duration When
we changed the time delay between the probe pulse and the pump pulse, we observed the

refraction signal moving without any change in its length as shown in Fig.2a. This

indicates that the gas undergoes a strong modification of its polarizability during the

irradiation and recovers very rapidly when the pump pulse has left. When the intensity of
the pump pulse was increased, the recovery was no more complete and a long-lived

signal became observable. This trailing signal of refracted light lasted for a long time
(i> 100 ps) as expected for a plasma created by multiphotoionization followed by
recombination. For a pump intensity I > 2 101s W/cm 2, beam filamentation became

ii: diameter 10 pm
sIt

pump beam and the Interaction region
diameter 1 m t-

probe beam ,. '-.. imaging lens

CCD array

&ll; -n:; ,
knife

observed Schlleren image

Figure 1: Schematic diagram showing the interaction region and the principle of the
Schlieren imaging technique
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apparent in the image, as shown in Fig.2b. At these intensities, continuum generation

along the pump axis was also clearly observable. All the above results were essentially

the same when the pressure in the chamber was decreased by a factor of three or when

argon was replaced by air.

Both the the magnitude and the sign of change of the refractive index at or above

threshold are characteristic of a singly-ionized plasma. By contrast, the usual non-linear

response of a neutral gas would lead to a much smaller change in the refractive index

and, moreover, with opposite sign. Simulations show that a cylindrical plasma of 3 1019

cm-3 electron density with a 6 g.m FWHM gaussian radial profile is required to

reproduce the observed signal.
The effect of the relative polarization and wavelength of the probe and the pump

beam has been investigated. With crossed polarizations, the prompt signal shown in

Fig.2a at "low" intensities vanishes completely. By detuning the probe wavelength with

respect to the pump wavelength (with parallel polarizations) the intensity of the refracted

signal was greatly reduced.

The surprizing new result here is the reversibility of this light-induced, plasma-
like, response suggesting that even after the interaction with many photons, the system

a -b Y.. . ,

~i?"."7:T-..,. -,-- , • t.'. .• " "

250 Is between frames

Intensity: 3.6 1014 WIcm 2  Intensity: 2.2 1015 W/cm 2

Figure 2: Schlieren images of the plasma-refracted probe as a function of
the time delay between the pump and probe beams for two laser intensities.
Each frame corresponds to a different location in the pump beam waist.
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can be coherently driven back to the initial state. Similar observations of rapid variations

of the refractive index in a plasma2 -3 have been observed through time-resolved spectral

shifts. Blue shifts during the rising edge of the pulse were observed, followed by a rapid

red shift attributed to the collisional dynamics of the plasma.

The behavior of the time-resolved refraction signal when the polarization or the
wavelength of the probe beam are varied cannot be explained merely by plasma

dynamics effects. Our 900 angle pump/probe technique can lead to wave mixing

phenomena in the interaction region. Due to the nonlinear behavior of the plasma

refractive index as a function of laser intensity, an index grating is created at the beam

crossing which diffracts the pump beam towards the detector. Parallel orientation of the

refracted pump wave vector and the probe wave vector is ensured by conservation laws

of the four-wave mixing process. This may explain the polarization and wavelength

dependence of our signal.
In conclusion, the existence of a transient plasma state with a nonlinear refractive

index n<1 may have relevance to the understanding of continuum and harmonic

generation in gases irradiated with laser light at intensities below the multiphoton
ionization saturation limit.
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Collisionless multiphoton ionization of atmospheric density gases with intense
femtosecond pulses can produce a cold, dense plasma of highly stripped ions, thus
providing a promising medium for XUV recombination lasersil]. We have shown in
several recent papers [2-4] that rapid ionization and the subsequent development of of
plasma temperature in atmospheric density plasmas cause macroscopic refractive index
changes which in turn induce characteristic spectral shifts on the ionizing pulse, or a time
delayed probing pulse. Theoretical analysis of detailed features of these shifis hii the
lighter rare gases (He, Ne, Ar) has revealed several key aspects of femtosecond
ionization: 1) an ab initio model of spectral shifts based on fundamental strong field
ionization theory (e.g. Keldysh, Arnmosov 15,61); 2) the occurence of anomalously large
blue shifts at higher pressures and intensities, when the ionization rate is significantly
enhanced by impact-ionizing collisions of the quivering electrons (41; and 3) evidence for
low plasma temperatures, based on red shifts induced on a time-delayed probe [4]. In
this paper we present new results with Kr and Xe gases, which reveal a distinct "double-
humped" feature in the blue shifted single pulse spectra not seen in the lighter noble
gases. A quantitative model is presented that attributes this effect to two characteristic
rates at which multiple stepwise ionization occurs: a "fast" rate corresponding to each
ionization stage during the early part of the pulse (e.g. Krn+ -> gr(n+ l )+) that produces
the more shifted peak; and a "slow" rate which corresponds to the primarily impact
ionization during the peak and latter parts of the pulse. The dwell time following the
saturation of each ionization level in the early part of the pulse also contributes to a
significant broadening of the bluer shifted part of the spectrum. This two-humped effect
is more pronounced in Kr and Xe because of the lower ionization potentials, and
therefore greater ionization rates; in addition, the larger number of levels ionized in these
heavier noble gases cause a greater broadening of the further-shifted peak. Details of the
double-humped blue shifted spectra depend on the role of impact ionizing collisions in
the strong field, and also on the presence of chirp on the incident pulse.

Spectra of pulses after high intensity breakdown in Xe and Kr gases typically display a
tall, narrow peak that is blue-shifted by about 5-6 rim. from the original pulse spectrum,
and a short, broad "shoulder" towards the blue. This shoulder separates into a clearly
discernible peak as either the intensity or the pressure is increased. This feature can be
seen in the top figure, where we present the spectrum of a 100 fs. pulse with peak
intensity 5 x 1015 W/cm 2 shifted by ionizing breakdown in 3 atm. pressure of Krypton
gas. The spectrum can be fitted quite well with a sum of two gaussians, accentuating the
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FIGURES: The top figure shows observed spectra shift of breakdown in 3 atm. pressure Krypton gas
with peak intensity 5 X 1015 W/CM2. iInclde is the unsifted spectrum. and a pair of gaussian functions
that add to approximate the shifted spectrum. The bottom figure shows calculated free electro density
as a function of time for aS5 x 1015 W/cm2, 100 fs pulse incident on Krypton gas at 3 atm. pressure. The
pulse profle is shown for reference. Inset is a time histogram of the corresponding do/di.
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twin-peaked behaviour of the shifted spectrum, as indicated in the figure. It is seen that
the narrow gaussian is shifted by about 5 nm. and the low. broad gaussian is shifted by
about I I nm. Since the magnitude of the blue shift is proportional to the derivative of
the refractive index, we expect that a histogram describing the relative amount of time
that the derivative spends at any given value should reveal two strong, distinct peaks. In
the lower figure we have plotted the degree of ionization of Krypton atoms at 3 atm.

pressure when illuminated by a 100 fs. with peak intensity of 5 x 1015 W/cm 2 . aZs

predicted by our ab initio model. Note the stepwise structure of the ionization caused by
one level saturating, and a short "wait" before the intensity increases enough for-the next
level to begin ionizing. We have inset in the lower figure a histogram of dn/dt from the
resulting index caused by the pictured ionization. As expected, there are two very

distinct peaks in the distribution of values for the derivative, which result in the type ot
"twin-peaked" behaviour that is observed in the shifted spectra. The values of the

derivative where these peaks occur correspond to the shifts of the two peaks in the shifted

spectra. The significant narrowing with respect to the original pulse spectrum of the tall
peak can be seen in the top figure. This feature results from the ionization-induced phase
modulation actually negating the chirp on the laser pulse being shifted. Such a chirp on
the incident pulse is expected, since the observed pulse spectrum from the amplifier will
support a pulse of less than 50 fs, while the measured pulsewidth is 100 fs. It is possible
to include the effects of the chirp on the laser pulse in modelling the spectral shifts by
simply measuring the interferometric autocorrelation of the incident pulse.

In conclusion, we see two important features in the shifted spectra from high intensity
breakdown of the heavier noble gases at higher pressures: a double-humped appearance.
awd a significant narrowing of the taller peak. The double-humped feature comes
directly from the primarily double-valued derivative of the refractive index, as we cau
see from our ab initio model. The narrowing of the taller peak results from the chirp that
exists on the amplifiedlaser pulses, and can also be included in our model.
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Abstract

Recent theoretical work on the relativistic dynamics of electrons in plasmas produced by
short laser pulses is reviewed. The effect of the electron motion upon the laser propagation
is discussed, and brief comments are made about the feasibility of laser-induced nuclear
reactions and laser wakefield accelerators.

I. Introduction

The importance of relativistic effects in laser-produced plasmas can be judged from the
parameter

q = eApp = eE p

MC2  mcw
where Ap and Ep are the peak magnitudes of the vector potential A and electric field
strength E, respectively, and c is the laser frequency. The effects are significant when q >
1. This is achieved when the intensity I reaches a critical value Io(co) which has the values
1.2x101 6, l.2x101 8 and 2.1x10 19 W/cm2 for C02, neodynium and KrF lasers,
respectively. These values seem well within the capability of current technology.

In Sec. II, we will review the dynamics of electrons in intense fields, showing how
the magnetic fields add a longitudinal component to the basic transverse oscillations.
Gradients in laser intensity lead to "ponderomotive forces" which push electrons away
from the regions of highest intensity. In dense plasmas all displacements of electrons away
from their parent ions are resisted by the space charge forces. The competition between the
ponderomotive and space charge forces leads to a wide range of interesting phenomena.

The effects of the electron dynamics on the laser propagation are discussed in Sec.
III and IV. The non-linearities in the relativistic quiver motion lead to the presence of high
harmonics in the reradiated light. Changes in the refractive index caused by changes in the
electron mass, and by induced gradients in the electron density, can lead to convergence or
divergence of the transmitted beam.

Some preliminary conclusions will be given in Sec. V.
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II. Relativistic Electron Dynamics

The relativistic dynamics of single electrons in plane-wave electromagnetic fields can be
solved exactly, for arbitrary pulse shapes, in both classical and quantum mechanics.
Sarachik and Schappert have provided a particularly lucid account of the classical theory,
assuming that the electron is at rest before the pulse arrives. A solution with more general
boundary conditions was given by Kruger and Brown 2 and analysed by Bardsley,
Penetrante and Mittleman.3 We believe that quantum effects are not important in the context
of this review.

Since the transverse component of the canonical momentum (p - cA/c) remains a
constant of the motion, the transverse velocity is determined by the instantaneous local
value of the vector potential. Magnetic fields drive the electrons forward with a longitudinal
velocity component that is proportional to A2, and so oscillates at twice the frequency of
the laser radiation. For large values of q, most of the energy is in the longitudinal motion.
The maximum energy is given by mc2 (1+q 2/2). The relativistic electron mass thus
increases as q2, and since the transverse momentum is proportional to q, the maximum
transverse velocity decreases as q rises. However, because of time dilation, the amplitude
of the transverse quiver motion approaches a constant limit of )/4.

In this ideal solution, ambient electrons which are at rest before the arrival of the
pulse always return to rest after the passage of the pulse. Thus all the energy that was
transferred from the laser to the electron as the intensity rises is fed back into the laser as
the intensity wanes. This is also true for electrons which are released with zero velocity
during the pulse at a time and place where the vector potential is zero. This is
approximately the situation for photoelectrons produced by linearly polarized light, since
the electrons are ejected from their parent atom with a low velocity when the electric field
strength is close to its maximum value, and thus A is small. For circular polarization the
amplitude of A does not vary rapidly and there no points in the optical cycle at which A is
close to zero. Thus the residual energy of photoelectrons produced by intense circularly-
polarized light is usually high, as has been observed by Corkum, Burnett and Brunel. 4

Electrons that are created by electron impact ionization in a high field region will also have
a large residual energy at the end of the pulse. Furthermore, the change in the trajectory of
the primary electron will usually increase its own residual energy. Electron impact
ionization near the laser focus will thus result in the extraction of a large amount of energy
from the laser.

We have pointed out that most of the energy gained by relativistic electrons in intense

plane-wave fields is associated with forward motion. At high plasma densities, such
displacements will be restrained by the space charge forces, and the maximum energy that
is attained may be reduced. One dimensional simulations 3 have confirmed this effect for
electrons that are created early in the pulse. However, electrons that are born in intense
fields may follow chaotic orbits, leading to even higher maximum energies. The onset of
chaos due to the non-linearities associated with the relativistic mass increase and with time
dilation effects has been partially analyzed 3 but further study would be worthwhile.

Since very intense fields can only be achieved at present by strong focusing, the

study of plane wave fields is only of theoretical interest. Given transverse variations in
intensity, electrons tend to move away from the high field regions where greater energy is
needed to maintain the quiver motion. In most situations they move as though they are
being propelled by a "ponderomotive" force equal to the gradient of the quiver energy.



Short- Wavelength Coherent Radiation 249

Electrons that are created in the early portion of a pulse are pushed away from the focal
region5, and thus may not reach the energies that they would in plane waves of the same
intensity. Once again, electrons that are born in high-intensity regions can reach very high
energies.

II. Harmonic Production

Sarachik and Schappert' have analyzed the radiation emitted by individual electrons in
plane-wave pulses. They show that at high intensities the radiation peaks along the surface
of a cone making an angle fg/q with the direction of propagation. The radiation contains
strong contributions from all orders, both even and odd, up to 3(q 2/2) 3/2. Along the
preferred directions, the intensity rises as q7 .

Mohideen et al.6 have pointed out that for strongly focused lasers in low density gas
targets, the number of electrons remaining near the focal point at the peak of the pulse may
be very small. One might then be able to do realistic 3-D calculations by following the
motion of each electron individually. As a first step in this direction, they have computed
the radiation emitted by 100 electrons, initially placed at random in a sphere of radius 80
nm, when irradiated by a focused short pulse with a peak intensity in excess of 1019
W/cm 2. They find that in the lower order harmonics, the contributions from each electron
add coherently and the power rises as the density squared. For the higher harmonics,
incoherent superposition occurs and the power rises only linearly with the number of
electrons.

At higher plasma densities, space charge forces may have significant effects on the
harmonic production. A courageous attempt to study the harmonics for plane wave incident
radiation has been made by Sprangle, Esarey and Ting7 , using a quasistatic approximation.
They show that it is helpful to distinguish between two regimes, depending on whether the
pulse length L is smaller or greater than the plasma period Xp. We prefer to think of these
two regimes as low and high density regimes, since the pulse length is usually constrained
by the laser technology, whereas the plasma period can be varied over a wide range by
changing the plasma density. At low densities, they find that the power radiated in the third
harmonic is proportional to the square of both the laser intensity I and the electron density
ne. At high densities, this power is also proportional to n, 2, but it decreases as I increases.
This latter result is very surprising, and should be checked by numerical computation.

Umstadter et al.8 have reported observations of harmonic generation at high
intensities in light gases that show some of the scaling characteristics predicted by Sprangle
et al.7 Further experiments of this kind would be very useful.

IV. Focusing and Defocusing

A second important feature arises from variations in the refractive index

n. )112

where ne is the electron density, y is the usual relativistic mass factor, and nc is the non-
relativistic critical density. The first consequence is that penetration into super-critical
plasmas becomes easier as y increases and as the electron density is reduced by
ponderomotive expulsion. Radial variations in the refractive index lead to focusing or



250 Short- Wavelength Coherent Radiation

defocusing of the beam. Usually y decreases as one moves away from the focal axis in a
transverse direction, so that the refractive index decreases and the beam may converge. On
the other hand, if the electron density also peaks on axis, the refractive index may have a
positive radial derivative and the beam may diverge. But if the ponderomotive forces push
out the electrons enough to produce a positive gradient in the electron density, both effects
lead to convergence of the beam. Indeed, it may be possible to produce a wall of electrons
with super-critical density. Rhodes and his collaborators 9 °10 have developed a theory,
assuming a quasistatic electron distribution in which the ponderomotive and space charge
forces are balanced. They conclude that such channeling may well be feasible over many
Rayleigh lengths. Unpublished experimental observations at the University of Illinois"
and Lawrence Livermore National Laboratory12 of extended propagation may be due to
these effects. However, the time-dependent evolution of the electron density and relativistic
mass factor must be studied before this conjecture can be confirmed theoretically.

V. Conclusions

Boyer et al. 13 have pointed out that some of the most dramatic signatures of the formation
of relativistic plasmas should come through electron-induced nuclear reactions. Pair
production should be seen at electron energies above 1 MeV and laser induced fission
should be observable at about 10 MeV. Single electrons reach these energies with q = 1.5
and 4.5, respectively. In developing more detailed solutions, one should examine whether
the maximum electron velocity is significantly changed. For example, electrons freed early
in the pulse may be pushed out of the most intense fields and not attain the expected quiver
velocity. Strong space charge forces may also restrain the electrons. Nevertheless, we
believe that these two processes will be observable, using 1 g±m radiation, at intensities of
10t9 and 1020 W/cm 2, respectively.

There has been much speculation about the use of intense lasers to drive wakefield
accelerators. In a recent analysis of this phenomenon, Bulanov et al.14 conclude that a laser
pulse of length 0.3 ps, at a wavelength of I .tm and an intensity of 1019 W/cm 2 ,
propagating through a plasma of density 1015 cm-3, will produce a longitudinal electric
field of order 2 GV/m. This would permit the acceleration of an electron from 0.5 GeV to
0.3 TeV in a length of 150 m. The maintenance of a high laser intensity over such a length
scale provides a grand challenge for those who believe they understand relativistic
channeling!

Acknowledgment

This work was performed under the auspices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract Number W-7405-ENG-48.

References

1. E. S. Sarachik and G. T. Schappert, "Classical theory of scattering of intense radiation
by free electrons," Phys. Rev. D 1, 2738-2753 (1970).

2. J. Kruger and M. Bovyn, "Relativistic motion of a charged particle in a plane
electromagnetic wave with arbitrary amplitude," J. Phys. A 2, 1841-1846 (1976).



Short- Wavelength Coherent Radiation 251

3. J. N. Bardsley, B. M. Penetrante, and M.H. Mittleman, "Relativistic dynamics of
electrons in intense laser fields," Phys. Rev. A 4Q, 3823-3835 (1989).

4. P. B. Corkum, N. H. Burnett, and F. Brunel, "Above-threshold ionization in the long
wavelength limit," Phys. Rev. Lett. 62, 1259-1262 (1989).

5. B. M. Penetrante and J. N. Bardsley, "Residual energy in plasmas produced by intense
subpicosecond lasers," Phys. Rev. A 41, 3100-3113 (1991).

6. U. Mohideen, H. W. K. Tom, R. R. Freeman, J. Bokor, and P. H. Bucksbaum,
"Nonlinear Compton scattering in a pulsed focused laser beam," in this volume (1991).

7. P. Sprangle, E. Esaray, and A. Ting, "Nonlinear interaction of intense laser pulses in
plasmas," Phys. Rev. A 4L 4463-4469 (1990).

8. D. Umstadter, X. Liu, J. S. Coe, C. Y. Chien, E. Esarey, and P. Sprangle, "Harmonic
generation by an intense picosecond laser in an underdense plasma," in this volume
(1991).

9. J. S. Solem, T. S. Luk, K Boyer, and C. K. Rhodes, "Prospects for X-ray
amplification with charge-displacement self-channeling," IEEE J. Quant. Elec. 2.
2423-2430 (1989).

10. A. B. Borisov, A. V. Borovskiy, V. V. Korobkin, A. M. Prokhorov, C. V. Rhodes,
and 0. B. Shiryaev, "Stabilization of relativistic self-focusing of intense subpicosecond
ultraviolet pulses in plasmas," Phys. Rev. Lett. k., 1753-1756 (1990).

11. C. K. Rhodes, University of Illinois at Chicago, (personal communication).
12 M. D. Perry, Lawrence Livermore National Laboratory, (personal communication).
13. K. Boyer, T. S. Luk, and C. K. Rhodes, "Possibility of optically induced nuclear

fission," Phys. Rev. Lctt. 60, 557-560 (1988).
14. S. V. Bulanov, V. I. Kirsanov, and A. S. Sakharov, "Ultr'.elauvistic theory of a laser

plasma wake accelerator," Fiz. Plazmy .1, 935-944 (1990) [Soy. J. Plasma Phys. 16,
543-548 (1990)].



Nonlinear Compton Scattering in a Pulsed
Focused Laser Beam

U. Mohideen a H. W. K. Torn, R. R. Freeman, and J. Bokor

A T& T Bell Laboratories, Holmdel, New Jersey 07733

P. H. Bucksbaun

Department of Physics, University of Michigan,
Ann Arbor, Michigan 48109-1120

ABSTRACT

The relativistic motion and radiation spectrum of free electrons in the focus of an ultrashort
high intensity laser pulse is solved. Motion and radiation of electrons in a novel axicon focus is
also analyzed.

We have calculated the radiation emitted from free electrons in an ultrashort pulsed laser
focus. For low electron densities, where space charge is negligible, we find that ponderomotive
forces limit the effective volume where the radiation is emitted to a region much smaller than the
waist at the focus. For typical focal parameters. the emitting region is significantly smaller than
the fundamental wavelength. Nonetheless, constructive inteference plays a significant role in the
collective radiation spectrum. Phase mismatch becomes important only for the higher harmonics.
These studies are intended as a prelude to experiments with high intensity ultrashort laser pulses.

To investigate the motion of individual free electrons, we solve the relativistic Lorentz force'
equation

d2 x g e 1 dx(

for an electron placed in the gaussian focus of a pulsed laser. The electric fields at the focus is
given by:

= Eexp.(x 2+y2) U1 __

-,= E .p e x 2+ 2 expi(kz-owt) exp- (k-T~
(o+i4) (0 (+i4) i T

E= io 2 I exp- ,x+2 expi(kz-ofl)r exp- If--~) 2

_ 2 (2)
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These calculations neglected the space charge effects of ions on the electrons. If the electrons are
made by completely ionization of 1 Tort of H2 the space charge fields arc only l0-4 of the
applied field. Also hard collisions (collisions with low impact parameters between the electrons,
and electrons and protons) can be neglected as the collision frequency is only about l0-9 per laser
pulse 4. Also, radiation damping is not important as the ratio of the total radiated energy per
cycle to the average kinetic energy is about l0-6.

The electrons are strongly influenced by ponderomotive forces, proportional to the gradient of
the laser intensity2,3 . Figure 1 shows the maximum intensity seen by electrons at different radial
positions before the arrival of the pulse. We see that electrons only a tenth of the waist away see
only half the peak intensity of the pulse. If the focusing is too strong the electron is driven
radially out of the focus long before the peak of the pulse arrives. For example an electron
located one wavelength (800 nm) away from the center of an f/5, 100 mJ. 100 fs focus is forced
out with a kinetic energy of 60 keV after a few optical cycles.

Next we investigated the radiation spectrum from electrons in the focus. The radiated electric
field from a moving electron is given by the Lienard-Wiechen formula1 :

E~~)= (l_.n)3R  (3)

The spectrum of the radiation is found by a Fourier transform of the radiated electric field. In the
non-relativistic regime (3 << I) of Thomson scattering, the electron emits radiation at the incident
frequency, in a dipole pattern peaked perpendicular to . At higher intensities, relativistic motion
leads to radiation at harmonic frequencies as well 5. The often-cited rule that only odd harmonics
can be radiated by a centrosymmetric medium, does not hold for free electrons in a laser field.
The presence of the magnetic field breaks inversion symmetry in a travelling wave; in general.
even harmonics are as strong as odd, but propagate in a different direction. The second harmonic
is due to the "figure-8" motion (in the average rest frame - trajectory in the lab frame is nearly saw
toothed ) of the electron responding to the electromagnetic wave.
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Figure 1: Maximum intesity seen by electrons with
different inual mdal postions ( fracuons of waist)
for a 100 mJ, 100 fs pulse focussed using f/5 optics.



254 Short- Wavelength Coherent Radiation

For very high intensities, there are two important additional effects. First, the electrons, if
initially at rest before the laser pulse, are set into motion in the k direction as the laser turns on
(ExB drift). We see from Eq.(3) that the maximum in the radiation occurs when the velocity is
highly relativistic and the direction of observation makes a very small angle (0=- ) away from

2'y
the direction of the electron velocity . Under these conditions the denominator goes to zero
leading to a huge radiatedelectric field. The points of maximum radiation on the trajectory occur
close and are symmetric to the oscillation axis. At these points the electron is travelling at an
angle to the incident k direction. The other arm of the trajectory leads to radiation on the other
side of the oscillation axis. So, the angular distribution of radiation looks like that from two
flashlights at acute angles to the k (intensity dependent angle) direction in the plane of
polarization. Figure 2 shows the radiated spectrum from the plane wave of the same peak
intensity as in a 4, 100fs pulse of wavelength 800 nm focussed with f/l0 optics (peak intensity is
3.6xl0' 9 W/cm 2 ) observed at an angle of 300 to the k direction in the plane of polarization. The
harmonics are not integral multiples of the incident frequency; but are integral multiples of

I where, AT' is the time interval for two consecutive identical events to occur (eg.(ATr-Azcos0)
the time elapsed for the electron to go from one peak to the next in its trajectory in the lab frame)
and Az is the distance travelled in the beam direction during that time and 0 is the angle made by
the observer to the k. (AT'-Azcos0) is the time interval seen by a far away observer making an
angle '6' to the k for the same two identical events. This is seen in Figure 2 where there are three
radiated frequencies for an interval of 2om c . The harmonic frequencies are therefore angle-
and intensity-dependent. The radiated harmonics peak at some high frequency because the
electric field comes from a very small high velocity region of the trajectory. This high frequency
electric field is made by a superposition of the this peak frequency component plus a component
at three times this peak frequency and another component at five times the peak frequency and so
on. This leads to radiated components which have peaks also at three times the peak frequency,
five times the peak frequency as seen in the Figure 2.

Figure 3 shows the radiated spectrum of 10 electrons, observed at an angle of 300 away from
the incident direction in the plane of polarization. The electrons are located in random positions
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Figure 3: Radiation spectrum of 10 electins.
Figure 2: Radiatioe spectrum of single electron. observed at an angle of 301 away from the k
observed at an angle of 300 away from the k d , in ite plane of polarization for a f110
direction, in the plane of polarization for a plane focused 4, 100 fs pulse of 800 im wavelength.
wave of the same inmsity as the peak intensity of the
f/10 focussed 4. 100 fs pulse of 800 nm wavelength.
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within a sphere of radius 80 rm of the f/10 focus of a 4 J, 100 fs pulse of wavelength 800 ram
(peak intensity is 3.6xl019W/cm 2 ). The wide peaks at the lower harmonics are due to various
intensities that are present in the exponential pulse. Figure 4 is the radiated spectrum, at the same
angle, from 100 randomly placed electrons in the same focus. There is considerable constructive
inteference for the lower harmonics. The power increases roughly as the square of the density of
electrons. However, at the higher harmonics the random spacing between the electrons becomes
comparable to the wavelength, and the constructive inteference is lost. For these higher
harmonics, viewed off the axis of the laser beam, the power radiated increases only linearly with
the number of electrons. The spectrum from the electrons placed it' the pulsed laser focus have
naturally a large low harmonics component due the lower intensity at the rising edge of the pulse.

AXICON FOCUS

We have used the same equation of motion to study the behaviour of electrons in the focus of
a conical axicon6 which has been suggested as a means of accelerating electrons. Fontana, et al.
have suggested that electrons can be continually accelerated if their initial energy is very high
(few GeV). However, when lower energy electrons are injected into the same laser beam they
tend to lose phase matching7 due to their relatively large increase in velocity during acceleration.
We have found that there exists a range of initial velocities for a given laser intensity, where the
electron becomes trapped between opposing phases of the axial electric field, first accelerating,
slipping out of phase by it, and then decelerating back to its original position in phase with
respect to beam. Figure 5 is a plot of the trapped region for 100 fs pulses of different energies
with a waist of 2.5 cm. The electrons were all launched at the phase for maximum acceleration
It'. The refractive index corresponds to about 4 atmospheres of Nitrogen. The Cerenkov angle
was 17.5 mrad. The region of allowed initial gamma for trapping is larger for larger pulse
energies as any deficit in the initial velocity for phase matching can be made up by the
acceleration from the field. Similarly, any excess in the velocity can be reduced in the regions of
the field where retardation occurs, again leading to trapping.
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Figure 4: Radiation specman of 100 electrom. Figure 5: Initial values of Gamma for the electrols
observed at an angle of 30" away from the k for g i a axcon focus as a funcuon of the
direction, in the plane of po zatio for a f/10 input laser power.
focussed 4, 100 fs pulse of 800 nm wavelength.
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Figure 6: Radiation siecmum from a electron with a
initial gamma of 25 trapped in a axicon focus made
with a 10 J. 100 fs pulse of waist 2.5 cm.

Next we tried to study the radiation spectrum from one such trapped electron. The radiation
could be used as diagnostic to monitor the phase slippage suffered by the electrons. Figure 6 is a
plot of the radiation spectrum from an electron with an initial gamma of 25 in the axicon focus
formed by a 10 J. 100 fs pulse with a waist of 2.5 cm. Following the earlier discussion the
radiation peaks at angle (0 = -) of 10 mrad to the beam axis and has an angular width of 20

2y
mrad. consistent with a = 50. As expected the radiation has azimuthal symmetry.

(a) Physics Deparnent Columbia University. New York City.N.Y. 10027.
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Abstract

We report the first observation of electromagnetically induced transparency in optically
thick medium. The transparency results from a destructive interference of two dressed
states which are created by applying a temporally smooth coupling laser between a bound
state of an atom and the upper state of the transition which is to be made transparent. The
transmittance of an autoionizing transition in Sr is changed from exp(-20) to exp(- 1).

Introduction

This paper reports the results of an experiment showing how an opaque transition may be
rendered transparent to radiation at its resonance frequency. This is accomplished by
applying an electromagnetic coupling field between the upper state 13> of the transition
and another state 12> of the atom (Fig. 1). In this work, the transmittance of an ultraviolet
transition to an autoionizing state of neutral Sr is changed from exp(-20) to exp(- 1) using
a coupling laser field with a Rabi frequency of 1.5 cm " [1].

This transparency is best understood in the dressed state picture [Fig. 1 (inset)]. The
two upper dressed states created by the coupling laser experience a Fano-type interference
that cancels the absorption completely [2]. This viewpoint emphasizes two important
features of this process: The transparency does not require coherence of the probe laser
and may be observed with white light and a monochrometer; even though bare state 13>
decays to many different channels, to the extent that bare state 12> is metastable, the
dressed states have the same weighted per channel decay and therefore the same
interference profile for each channel.
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Figure 1. Energy level diagram of Sr. Inset: Dressed state picture

Strontium system

Fig. 1 shows a partial energy level diagram of neutral Strontium. The probe transition
which is to be rendered transparent is 5s5p IP1 - 4d5d ID2 with a transition wavelength
of 337.1 nm. The absorption oscillator strength of this transition is gf = 0.15. The upper
level 4d5d ID 2 decays by autoionization [31 and has a measured width of 1.2 cm-1,
corresponding to an autoionizing time of 4.4 psec. The lower level 5s5p 1P, is populated
from ground by a resonant 460.7 nm pulsed dye (pumping) laser. We use a ground state
(5s 2 IS0 ) Sr density of 5x 10 15 atoms/cm 3 and a pumping laser energy density of about

10 mJ/cm2 in a pulse width of 4 nsec, and obtain a population density in 5sSp Ip, of
Ix 1014 atoms/cm 3. This population is radiatively trapped for about 50 nsec.
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The laser which is used to create the transparency is termed as the coupling laser and
is tuned to the line center (570.3 nm) of the 4d5p ID2 - 4d5d ID2 transition, which has an
experimentally determined oscillator strength of gf = 0.25. Both the coupling and probe
lasers are e + polarized and are co-propagating.

A fundamental requirement on the observability of an electromagnetically induced
transparency is to have-a coupling laser that is free of amplitude fluctuations and mode
beating effects. To eliminate these effects, we built a single mode Littman dye laser [4]
which is pumped by a frequency doubled injection seeded (Quanta Ray) Nd:YAG laser.
Although each pulse is near transform limited, changes in the refractive index of the dye
cause a pulse-to-pulse frequency jitter corresponding to a time averaged linewidth of 0.03
cm "1. The output of the oscillator is amplified by a three stage dye amplifier to an energy
of 20 mJ in a pulse length of 3 nsec with a pulse-to-pulse peak intensity fluctuation of
10%. The probe laser is a commercial PDL Quanta Ray dye laser with an intracavity
etalon. The linewidth at 337.1 nm is 0.15 cm 1.

Experimental results

Fig. 2a shows the transmission profile of the probe laser when the delay between the
pump and probe lasers is 110 nsec. The medium is almost optically thin with a minimum
transmission on line center of exp(-l.7 ± 0.1). By curve fitting (theory dashed) with a
Voigt profile convolved with the probe laser linewidth, we determine a linewidth of 1.2
cm"1 for the transition. Fig. 2b shows the transmission vs. probe laser frequency at a
coupling laser Rabi frequency of 1.3 cm "1. This Rabi frequency is estimated by
measuring the frequency spacing between the two transmission minima (dressed state
frequencies).

k -

\/

j I

Figure 2. Transmission vs. probe laser detuning for (a) f123 = 0, (b) K223 = 1.3 cm-1.
Minimum transmission is exp(- 1.7).
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Fig. 3a shows the transmission when the delay is only 20 nsec. In this case, the
medium is optically thick with a minimum tansmission on line center of exp(-20 ± 1). As
we can only measure down to exp(-7) transmission, this value is determined by curve
fitting with a Voigt profile. Fig. 3b shows the transmission when the coupling laser Rabi
frequency is 1.5 cm"1.We observe a change in transmitted intensity from exp(-20±I) to
exp(- 1±0. 1) on line center.

We see that especially in the optically thick case, there is a consistent asymmetry in
the tails of the transmission profile. In searching for the possible causes for this, we
measured a background absorption cross-section of 2xlO" 16 cm 2 , constant over a
frequency range of ±40 cm-1 (the peak absorption cross-section of the 4d5p ID2-4d5d
1D2 transition is 2x10 "14 cm 2 ). By assuming that there is a Fano-type interference
between 4d5d ID2 level and this background in our theoretical calculations, we can
account for the asymmetry, as shown in Figs. 2 and 3.

-4 -2 0 2 4
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Figure 3. Transmission vs. probe laser detuning for (a) 02 3 = 0, (b) 0 23 = 1.5 cm-.
Minimum transmission is exp(-20).
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Conclusion

The transparency in this experiment results from a combination of ac-Stark splitting of
two dressed states and the destructive interference in absorption, in between these states.
The interference in emission or in X(3) profile (obtained when state 12> is coupled to state
I 1> by two coherent photons) is constructive and allows for lasing without inversion and
resonant nonlinear devices that generate into a transparency window 12]. This work is an
essential step in the implementation of these devices. Although the transparency here has
been shown in a lifetime broadened system, theoretical results predict that
electromagnetically induced transparency is observable in collisionally broadened systems
as well, provided that the dephasing rate of the 13>-Il> coherence exceed that of 12>- 1>
coherence.
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ABSTRACT

We report on a time-resolved investigation of the hydrodynamics of a laser-produced
plasma. A 100 ps pulse is focused into a chamber filled with xenon for various pulse energies
and pressures. This pulse (the pump pulse) forms a plasma, which is probed by a second pulse
(the probe pulse) with a variable delay of up to 2.5 ns. The gradients in the plasma density
profile produce a lensing effect on the probe pulse. The beam transmitted through the plasma
is viewed with a CCD camera. The diffraction pattern of the probe pulse can be seen by
subtracting the image of the first pulse beam from the image produced by the two-pulse beam.

EXPERIMENT

The laser system consists of a Nd:YAG mode-locked oscillator providing the seed pulses
for a flashlamp-pumped regenerative amplifier which is followed by a two-pass power amplifier.
A Pockels-cell pulse selector lets through a 100 ps seed pulse into the amplifier at 10 Hz. At
the input of the regenerative amplifier, the seed beam is split into two paths. The ratio of the
pulse energies in the two paths is adjustable. Using a motor-driven translation stage the path
length of one of the inputs can be changed to provide a delay from -0.5 to 2.5 ns. The
calibration of the zero point of the delay line was done using a streak camera. The delay line
uses a corner cube to ensure the coupling into the regenerative amplifier is not changed as the
stage moves.

The regenerative amplifier is a self-filtering unstable resonator' with a single intra-cavity
Pockels-cell to switch the pulses in and out. The spatial filtering in this cavity design eliminates
the need to use mode-matching on the input and gives a good output beam profile. The pulses
are amplified to a few mJ, then are double-passed through a power amplifier. Streak camera
measurements of frequency-doubled pulses were used to check the pulse duration. The amplified
beam focused at f/50 onto a CCD camera gave a waist diameter of 126 microns.

The beam from the amplifier is focused by an f/10 lens in a chamber filled with a
background pressure of xenon. A collection lens recollimates the beam which is viewed by a
CCD camera. The images from the camera are digitized, averaged and stored in a computer.
First the image resulting from a single reference pulse is collected, then it is subtracted from the
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image produced when two pulses are sent through the chamber.
Due to the non-linearity of the plasma formation and evolution, it is important to be sure

the energy of the reference pulse matches the first of the two pulses. Since the amplifiers are
run to saturation, simply blocking the delay line input will leave more energy in the rods for the
single pulse. A fast diode is used to measure the relative intensity of the two pulses. An energy
meter is then used to match the-energy of the reference pulse with that of the first pulse of the
two-pulse train.

Measurements have been taken for gas pressures of Xe, Ar, and He in the range 3 to 10
Torr, with a 5:1 ratio of the pump pulse to the probe pulse energy. For a pump pulse of 8.4 mJ
in Xe, although there is a spark at 3.3 Torr, there is little effect on either the pump or probe
pulse. At 10 Toff in Xe, the plasma density disturbances are great enough to produce diffraction
rings on the probe pulse. When the intensity of the pump pulse is increased to 39 mJ, these
diffraction rings can be seen even at the lower density.

The plasma is clearly undergoing rapid change within the first hundreds of picoseconds.
The diffraction rings move rapidly as the plasma expands. Two such images are shown below
(see figs. i and 2) for a pressure of 6.6 Ton with the 39 mJ pump pulse. The first image is
taken at a delay of 134 ps, the second is at a delay of 274 ps. If the plasma formed at the focus
is hot enough, it will undergo a shock expansion, leaving a channel in the focal region.

Figure 1: Probe pulse pattern for a delay of Figure 2: Probe pulse pattern for a delay of
134 ps. The pressure of Xe is 6.6 torr and 274 ps and the same experimental conditions
the energy of the pump pulse is 39 mi. as Fig. 1.
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An estimate of the expansion time scale can be made by measuring the time taken for the
diffraction pattern to reverse. This indicates that the plasma channel has expanded on the order
of a half a wavelength. The pattern shown below has undergone a reversal in 140 ps, giving a
disturbance "speed" of approximately 1.9 x 10' cm/s. The measured speed is very close to this
at the 10 Torr pressure for the same pump pulse. For the lower energy pump pulse (8.9 mJ),
although there is clearly diffraction of the probe beam, there is not a complete reversal of the
pattern by the maximum delay time of 2.5 ns. This plasma disturbance likely has a much lower
rate of change.

We have described the preliminary results of a time-resolved measurement of the
influence of a rapidly evolving short-pulse heated plasma on a probe pulse. Current work
includes using much shorter pulses to improve the temporal resolution and a gas jet to control
the interaction length.
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ABSTRACT

Recent experimental results obtained with the picosecond laser system of the Ultrafast
Science Laboratory (University of Michigan) are reported. In particular, laser absorption,
keV X-ray spectroscopy and transport studies are presented. The measurements have
been performed at both 1.06 pm and 0.53 pm laser wavelengths for intensities ranging
from 1014 Wcm 2 to 2x10 5 Wcm "2.

1. INTRODUCTION

The recent development of picosecond and subpicosecond laser technology has made
possible the production of extremely bright laser sources. This progress enables the study
of a new regime of plasma physics with high density, high temperature and short-lived
plasmas produced by the interaction with solid-matter of the very short and intense laser
pulses [1-4]. Short X-ray pulses in both sub-keV and keV range [2,5-8] can then be
generated, opening to way to use these unique X-ray sources for time-resolved X-ray
scattering studies or for table-top X-ray laser developments. In order to optimize such
X-ray sources, it is crucial to study the laser light absorption and the energy penetration
processes together with the X-ray emission characteristics. In this paper, we examine
these different aspects. The emphasis is put on the comparison of the experimental results
obtained at 1.06 pm and 0.53 pm laser wavelengths. We expect that, when the frequency
is doubled, at 0.53 pm, the laser intensity contrast ratio C between the prepulse and the
main pulse is better than at 1.06 pm (C=7x104:1) by at least one order of magnitude.

The experiments were carried out at the Ultrafast Science Laboratory (University of
Michigan) using the Table Top Terawatt laser. The laser (=1.06 pm) delivers up to 300
mJ in a I ps laser. The laser beam is focused by an f/7 lens. At the best focus, the focal
spot diameter is found to be 100 pm as obtained from X-ray pinhole camera and from the
first-order transmission grating results. The peak laser intensity achievable on target is
estimated to be 3x10" Wcm2 . Finally, for the experiments at 0.53 pm, the laser beam
is frequency doubled using a KDP crystal of mm thickness which provides a 30% laser
energy conversion.
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2. ABSORPTION MEASUREMENTS

Recently, there have been several measurements of reflectivity and absorption obtained
with very short laser pulses (1-4, 8-101. We have previously shown that the variation of
absorption with incidence angle and polarization could be used to infer submicron plasma
density scale lengths LA [101 (where L is the density scale length and X the laser
wavelength). In this paper, the same analysis is uqed to study and to compare the
absorption with Al at 1.06 pm and 0.53 pm.

The absorption measurements have been performed using an integrating Ulbricht
sphere [3]. The variations of the measured absorption with laser intensity I at normal
incidence show that the absorption rapidly increases as the laser intensity varies between
10l Wcm 2 and 5x1012 Wcm 2 and then remains fairly constant (30% at =l.06 pm and
50% at X--0.53 pm) for 5x10' 2 Wcm "2 < I <5x 1014 Wcm 2 . At the highest intensities (I >
5x10'4 Wcm'), the absorption decreases but remains relatively high (20%). Figure 1
shows the variation of the measured absorption at X=1.06 pm and X=0.53 pm as a
function of the incidence angle 0 for s- and p-polarizations, the laser intensity being
constant (I=101' Wcm 2). As expected, the absorption decreases as the incidence angle
increases for s-polarized light at both laser wavelengths. On the opposite, for p-polarized
light, a maximum absorption is observed at 0 = 450 for .= 1.06 i and at 0. > 60 for
X=0.53 pm (note that the value of 0 depends on the plasma density gradient). Applying
the model described in Ref. [10] to our experimental data, we find that, at the same laser
intensity (I=1014 Wcm 2), the density gradient is steeper for X-0.53 pm (L/X=0.05) than
for X=1.06 pm (LA-0.13). This could result from the better laser intensity contrast
expected at X-0.53 pm.

100 100
. 1. 1.06 pJm . X: 0.53 Irn

7- 80- AJ 80- Ai
. 1. 1 lO14W~j- I Zt I 1 04WCM -2 r

.2

Angle of Incidence I dog ] Angle of Incidence [ deg I

Fig. 1. Variation of the absorption with aluminium as a function of the incidence angle
at I=1014 Wcm "2 for s- and p-polarized light and for 1.06 pm and 0.53 pm laser
wavelengths.

3. KEV X-RAY SPECTROSCOPY

High resolution keV X-ray spectroscopy is very useful to analyze the density of the most
emitting region of the plasma during the interaction. For this purpose, we have performed
at both X=1.06 pm and X=0.53 pm experimental measurements of the dielectronic
satellites of the ls 2-ls2p resonance lines of the He-like aluminium. The X-ray emission
from the plasma in the range (7.6-8 A) was monitored by two crystal spectrometers. The
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first one is a Johann-type RAP (2d=26.12A) crystal spectrometer which provides a high
resolving power (X/AX = 5000). In this case, each spectrum is recorded on SB392 Kodak
film under 100 and 200 laser shots at X=1.06 pm and XW0.53 pm, respectively. We have
also used a high efficiency Von Hamos crystal spectrograph. Its design allows a larger
detection sensitivity since X-ray are focused by means of a 30x50 mm X-ray diffracting
PET crystal (2d=8.735 A) bent to a 100-mm radius of curvature. In these conditions, the
X-ray spectrum can be recorded in only one laser shot at X=1.06 pm using SB392 as a
film.

Figure 2 presents the Lyman He-like line 1s -ls2p accompanied by its Li-like
satellites. We can identify the intercombination line and the various dielectronic satellites
q, r, a-d and j,k,l, labelled according to Gabriel [11]. The analysis of the two spectra
(X=1.06 pm and X--0.53 pm) shows a decrease of the intercombination lines together with
an enhancement of the a-d satellite group at X=0.53 pm as compared to 1.06 pm. This
result indicates that the electron density is much higher at X=0.53 pm than at 1.06 pr.
The density can be inferred from both the ratio of the intercombination line to the
resonance line [121 and from the intensity ratios of the a-d+qr to j,k,l satellite lines ( 13].
Using these tabulations, we find that the electron density is close to 1021 cm-3 at X=1.06
pm and 8xl0 cm3 at X=0.53 pm.

These values of the density associated with the maximum of emission are only
approximate since a transient plasma such as the one we consider necessitates a time-
dependent modelling. Nevertheless, it seems reasonable to assume that the maximum
emission takes place very close to the critical density (n=n,) at X=1.06 pm and at much
higher electron density (n=20 n,) at X--0.53 pm. These results indicate that a significant
energy transport to densities close to that of solid occurs for the 0.53 Pm laser pulse.

10 Aluminium 1.6 A .uminium
1.6 X0.53 
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Wavelength [A I Wavelength [ A I

Fig. 2. Lyman (x He-like line I s2-I s2p of aluminium with Li-like satellites at I=2x 1013
Wcm 2 for X=1.06 Pm and at I=lxl0 Wcm2 for X=0.53 pm.

4. ENERGY PENETRATION DEPTH MEASUREMENTS

A complete analysis of the laser plasma interaction in this short pulse regime requires at
least to understand the electron heat transport under these new conditions whL.z- the
hydrodynamic expansion is small or negligible. For this purpose, targets composed of
very flat silicon wafers coated with aluminium layers of different thicknesses (100, 300,
500, 1000, 3000 and 5000 A) have been irradiated by the I ps laser pulse at both 1.06
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pm and 0.53 pm laser wavelengths. The emission of the Si XIII resonance line at 6.65
A and of the aluminium He 13 line at 6.635 A were monitored as a function of the
aluminium thickness using the Von Hamos spectrograph. Typical spectra were obtained
by the accumulation of 1 to 6 laser shots.

0.3

0.2 1=5 WOW en Fig. 3. Variation of the SiXiII
resonance line at 6.65 A and of the

aluminium Hell line at 6.635 A as a

01m sixli reonance ine (&~65 A) function of the aluminium thickness
r o A. . He Ine (6.63 A) for 1=5x10 4 Wcm-2 and X=0.53 pm.

0.0
0 1000 2000 3000

Aluminium thickness [A ]

As the aluminium thickness increases, we observe a decrease of the silicon line
intensity accompanied by an enhancement of the Al line intensity as shown in Fig. 3. For
Al thicknesses larger than a given value which depends on the laser parameters, the Al
line intensity saturates and the Si line disappears. This value is close to 1200 A for
X--0.53 pm and I=5x10'" Wcm*2 . We define the energy penetration depth A as the
aluminium thickness for which the Si line intensity has decreased by a factor of e. We
find that for X=1.06 pm, A is close to 700 A at I=1.8x1015 Wcm2 and 300 A at -4x10 4

Wcm z . Shorter energy penetration depths are obtained at X--0.53 pm, namely A=300 A
at I=5x 104 Wcm "2 and A-.0 A at I=l.5xl0 t' Wcm z . Preliminary analysis of these data
show that energy penetration depths are consistent with a simple model based on the
assumption of a classical thermal conduction in a solid dense plasma. Further details will
be reported elsewhere.

5. CONCLUSION

Laser absorption, keV X-ray spectroscopy and energy penetration depths results obtained
with a 1 ps pulse incident on solid targets with an intensity between 10' Wcm2 to 2x10"5

Wcm "2 have been presented. The measurements have been performed at both X=1.06 pm
and 0.53 pm laser wavelengths. Regarding both the absorption and the keV X-ray
spectroscopy, we find that the interaction at X=0.53 pm, as compared to the results
obtained at X=1.06 pm, is characterized by a steeper density gradient (L/X--0.05) and by
a maximum X-ray emission which takes place well above the critical density (n-20 n.).
This can be due to the better laser intensity contrast of the 0.53 Pm pulse. Finally, it is
found that, at both laser wavelengths, the energy penetration depths are consistent with
a simple model based on the assumption of a classical thermal conduction.
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Abstract

A model has been developed for the propagation of a femtosecond laser pulse
through an ionizing medium, which predicts the spectral shift and broadening in
the transmitted pulse, and the electron energy distribution within the plasma. For
gaseous targets at laser intensities of 105-1016 W/cm2 . the calculated blue-shifts
do not agree with predictions from a homogeneous Drude model. The importance
of the electron energy distribution for cold-plasma production in solid-target ex-
periments is discussed.

Introduction

The propagation of an ultrashort laser pulse through a gaseous. liquid or solid
medium has been the subject of extensive study. At relatively low intensities,
nonlinearities in the neutral medium can lead to spectral broadening of the laser
pulse; above the threshold for self-focusing, a near-universal 'super-broadening' is
observed.' These mechanisms do not require ionization of the medium, but at higher
intensities, direct field-induced ionization (MPI, tunneling or over-the-barrier) plays
an important role. Rapid plasma production causes a spectral blue-shift and broad-
ening of the incident laser pulse.2 Field-induced ionization also results in a much
colder plasma than would be expected if collisions were dominant, and such highly-
stripped, cold plasmas are of potential interest for recombination x-ray lasers.'

We have developed a model to describe the propagation of a femtosecond laser
pulse through a slab of ionizing material, concentrating particularly on the spectrum
of the transmitted pulse, and the electron energy distribution within the plasma.
By solving Maxwell's equations coupled with a tunneling ionization expression and
a dynamical evolution of the electron population, we obtain the complete time
and space dependence of the electron distribution function for the plasma. By
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performing a Fourier transform on the reflected and transmitted pulses we also
obtain their spectral shifts and broadening.

In the following sections we first outline our model, and go on to present sim-
ulation results for the spectral shifts obtained with gaseous targets. We compare
our results with those from a commonly-used Drude model. We conclude with a
discussion of the solid-target case, with reference to possible x-ray laser schemes.

Outline of the Propagation Model

We assume a plane wave laser pulse propagating through an initially neutral slab.
consisting of a single atomic element (typically a rare gas). For linearly-polarised
light propagating in the x-direction, the wave equation in 1-D is

a 2E, 1 a
2
E, OJ,

Or-2  0tJ 2  - Po-5-

where J, is the total plasma current. Rather than using the refractive index, the
plasma current is calculated directly from the electron distribution function.

J.(Xt = -e f (x,v,t) v dv + J,(z,t) . (2)

In order to conserve energy, an ionization current, J,, is introduced, which produces
a dissipation equal to the rate of ionization energy loss. Ionization is calculated from
a tunneling expression,'

W=1 C2 £E (21+1)(1+1m1)!
2 Ch'£, 211( j2J )!(l - lm)!

Here, wo is the atomic unit of frequency, E is the electric field, E0 is the atomic
unit, Eh is the ionization potential of hydrogen, E, is that of the given atom or ion. I
and m are the initial state quantum numbers, n* is the effective principle quantum
number, and C,,., is a constant of order unity.5

This is not cycle-averaged: ionization is calculated using the instantaneous elec-
tric field. Most ionization will occur near the laser cycle peaks, where the quiver
velocity of the bulk free electrons is instantaneously zero. For electrons freed at this
point in the cycle, the phase shift and hence the energy absorption is also zero. A
small fraction of the ionized electrons, however, will appear slightly displaced from
the zero-phase-shift point, and these electrons acquire a dephasing energy, which
remains as kinetic energy after the pulse has passed. In the limit where the quiver
energy is much greater than the ionization potential. this is the classical equivalent
of ATI energy. 3
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Spectral Shifts from Gaseous Targets

Experiments 2 with a 100 fs, 620 nm pulse at 1016 W/cm2 have, by focusing the
pulse into a cell containing near-atmospheric-density rare gas, demonstrated blue-
shifts of order 10 nm. Here we present simulation results based on a wavelength of
250 nm, which corresponds to the output from KrF-amplified systems. Computer
time limitations restrict the pulse lengths to less than 100 fs and plasma dimensions
to less than 100 laser wavelengths. For these short plasma lengths we observe
virtually no blue-shift at atmospheric density, so we have used a higher pressure to
allow comparisons to be made. Figure 1 shows the transmitted pulse spectra for
a 20 cycle pulse and 20 A0, 40 atm argon plasma, for a range of peak intensities.
A number of points should be noted: the blue-shift is a maximum for an intensity
of 5 x 10"5 W/cm2 ; there is almost no discernable blue-shift for intensities above
10"7 W/cm2 ; there is more than one shifted peak in several cases; and there are
indications of small red-shifted features at the lowest intensities.

The blue-shift disappears at the highest intensities due to extremely rapid ion-
ization on the leading edge of the pulse; a slower change in electron density creates
a larger mean shift, hence the greater structure observed at more moderate in-
tensity. The multiple smaller peaks seen roughly correspond to the appearance of
successive ionization stages, but this is considerably distorted by the propagation
(for instance, it cannot explain the small red-shifted peak at 10' s W/cm2 ).

1210," W/ M Figure 1: Transmitted pulse
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Experiments have shown that the blue-shift in argon is greater than that in neon;
this can be explained by the higher ionization potentials in neon, compared with
the corresponding levels in argon. At present there is no collisional ionization in
our model; we estimate its effect to be small compared to the field-induced process.
We shall, however, be giving a more careful analysis of their contribution in future
work.

Comparison with Drude Model

A Drude model has been commonly used to analyse blue-shifts in gases. This
assumes that the entire plasma can be described by a single value of the refractive
index, which (neglecting collisions) is given by

2 e2 N,
W o = 2 (4)

For an incident wavelength A0 , and an interaction length z, the shift is given by

S AOz dn _ e 2zA o  dN, (5)

c dt 87r2 emec 3 dt

The time-dependent electron density can be obtaine d by solving a set of coupled
rate equations, using the cycle-averaged form of the tunneling ionization expression
Eq. (3). Knowing the incident pulse spectrum. and dNe/dt as a function of time.
the transmitted pulse spectrum is easily obtained.

As a comparison of the two methods, we have calculated the transmitted spec-
trum for a 1016 W/cm2 , 20 cycle pulse in a 20 A0 , 40 atm argon plasma. Figure 2
shows dN/dt (normalized to the neutral density), as determined from the coupled
rate equations; a final degree of ionization of 4.6 is reached. Figure 3 shows the
transmitted pulse spectrum. compared to both the incident spectrum and the spec-
trum determined from the propagation model. Neither the shifts nor the relative
peak heights agree for the two models. In the Drude model, the two peaks clearly
correspond with the two stationary regions in Fig. 2, but in the propagation model.
such a simple correspondence cannot be made. In neglecting propagation effects,
the Drude model fails to address a key aspect of the problem: the spatial-variation
within the plasma.
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Figure 2: Rate of change of electron Figure 3: Comparison of incident
density for Drude model (see text pulse spectra with propagation
for parameters). model and Drude model results.
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Relevance to High-Density Targets

It is possible to perform simulations with our propagation model at near-solid-
density, where only a small fraction of the incident pulse is transmitted, and the
total energy is split between reflection, ionization and ATI absorption. Typically.
we observe the formation of a narrow layer (on the order of a few AO) with a very
high degree of ionization, and following this, a large fraction of the remainder of
the pulse is reflected. During the pulse risetime, there is a certain amount of out-
of-phase ionization, and once the pulse has passed the remaining ATI energy in the
plasma corresponds to a kinetic temperature of 1-10 eV.

In order to assess the viability of an MPI-initiated plasma as a x-ray recombi-
nation laser, several other effects would need to be considered. Primary amongst
these is electron-ion collisions, which will lead to additional heating, transferring
some of the coherent quiver energy of the electrons into out-of-phase kinetic energy.
There are also questions relating to plasma motion and instabilities, and 2-D effects
such as self-focusing. Much remains to be done before accurate predictions can be
made.
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1 Abstract

We report theoretical and experimental results indicating that the ponderomotive force
of a high-intensity laser significantly modifies the thermal expansion of a laser-plasma in
the regime where the density scale length is much less than the laser wavelength. Our
theoretical calculations predict that the effect should become important when the average
electron quiver energy (mv./2) becomes comparable to the electron thermal energy (kT,).
Doppler measurements of 0.53 um light reflected from a solid target of aluminum agree with
this prediction. After a time equal to a laser pulsewidth (1 ps), at an incident laser intensity
of 2 x 101s W/cm2 , and a peak electron temperature of 200 eV, the critical surface expands
at only approximately 30% of the velocity it would if it were driven by free expansion due
to thermal pressure alone. Agreement is found with a hydrodynamic numerical code using
similar input parameters.

2 Introduction

The high-density plasmas produced by the interaction of short-pulse lasers with solid targets
have been proposed as candidate coherent x-ray sources [1]. Large absorption of laser light
and rapid cooling of the plasma-both of which are required for this scheme to work-
depend strongly on the evolution of the electron-density profile during the laser pulse.
We report experiment~d and theoretical results indicating that when the quiver energy of
the electrons approaches their thermal energy, the ponderomotive pressure of the laser
significantly modifies the density profile.

When a laser pulse interacts with a plasma. the pump laser light is absorbed and reflected
near x,, the critical surface-the point of the profile where the electron density, ne, equals
the critical density, n., i.e., nc/ne a (o/wp) 2 = I, where w0 is the incident laser frequency
and wp is the plasma frequency. For densities greater than ni, the light wave is evanescent
and is attenuated exponentially in a skin depth. This has two consequences: one, local
heating and ionization creates a sharp electron pressure gradient. driving expansion of the
plasma into the vacuum; and two, the sharp laser intensity gradient creates a ponderomotive
force oppositely directed to the expansion, steepening the profile.

Since x, is moving relative to the laboratory frame, the reflected pump light is Doppler-
shifted by an amount proportional to the velocity of expansion v,,,,, equal to A,A/A
2(Vexp/C)coS9, where 0 is the angle of incidence of the laser. This Doppler shift may thus
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be used to determine the motion of the plasma. A simple model, assuming the motion
is governed only by thermal pressure, has previously been used to determine the plasma
temperature from measurements of the Doppler shift (2]. However, at high laser intensities
the motion of the plasma is more accurately determined by a balance between both the
thermal pressure of the plasma and the ponderomotive pressure of the laser [3] [4]. Our
study of ponderomotive steepening is the first in the regime in which the density scale length
(d) is much less than the laser wavelength (A). The effect was first observed in a regime in
which A < d, in long pulse CO2 laser experiments [5].

3 Theory

The laser-plasma interaction is described by the one-dimensional two-fluid conservation
equations of mass density, momentum and energy. These equations are coupled to a col-
lisional radiative model for the ionization stages, a modified Spitzer-Harm model for heat
conductivity, and the Helmholtz wave equation for the electric field [6]. This model will be
discussed in greater detail in a future publication. The momentum equation describing the
motion of the ions to first order is given by [3]

0v
p-+p(v.-V)v = -VP, - nVp (1)

The ion mass density is p = n,A1, and the ion flow velocity is v. Assuming an isothermal
equation of state, then the thermal pressure is the kinetic energy density, P, = nkTc, where
kT, is the electron temperature. The laser pressure on a single electron is the time-averaged
quiver energy density, pt = (l/2)m(v2o), which, by using vo, "" eE/mcwo, may be written
as pt = (1/16ir)(1/nc)E2, where E is the electric field of the laser in the plasma.

Equation 1 may be solved analytically for the free isothermal expansion of the plasma
into the vacuum-neglecting for the moment the last term, the ponderomotive force-
yielding a density profile given by n, = noc- /d, where d = vt, and v, = (ZkT,/.f)'/ 2 is
the acoustic velocity [3].

The electric field E at normal incidence can only be determined by solving the Helmholtz
equation [3],

02 E E-'

0zX2 + ( c

where n is the complex index of refraction of the plasma, since the WKB approximation
is invalid whenever the density scale length is less than the laser wavelength. Fig. 1 shows
the normalized amplitude of the electric field E and the ponderomotive force VE 2 on a
single particle for an exponential density profile. with d = .00 A, corresponding to the peak
of the pulse, ZkT, -. 2000 eV, and no equal to a few times solid density. It can be seen
that, like the density, the ponderomotive force on a single particle VE 2 near x, also has an
exponential dependence on distance, VE 2 (z) x e-" / .

Figure 1 shows that lid -, 1, i.e., the scale length of p, c E 2 is approximately equal to
the scale length of P, o n,. The peak value of E2 near x, is swelled in the plasma by a
factor of about 3.6 over the incident electromagnetic field E',. Thus, the ponderomotive
force nVpt equals the thermal force VP, at zx, if the quiver energy of the electrons equals
their thermal energy, or, since Iin, = (c/Srr)Ein,.,

m(v-) - :1.2 x 10- 13 /'nc 
, - 1, (3)

2kT,

(linc is in W/Cm 2 , Ao is in um. and T is in eV).
In order to model the dynamics of the density profile self-consistently, the full set of

equations described in the first paragraph of Sec. 3 must be solved with the ponderomotive
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rigure 1: Solution of the Helmholtz wave equation. Eq. 3 for an exponential density profile.
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Figure 2: Numerical solution of the dynamics of the critical surface with and without
including the ponderomotive force of the laser. Oie last term in Eq. 1. .Notice that the
expansion velocity (:30 % of the free-expansioii velocitvj is miiinium at t= 0. corresponding
to the peak of the laser pulse. when the pondcromotive force is miaximum.

force included in the momentum equiatioin. Eq. 1. A*s showcn iii Fig. *2. the results of such a
simulation predict that, withl the ponileroinotive force included in Eqj. 1 t~e critical surface
expands at a volocity that at the peak of thle pume (t = 0) is onlY 30'7( or what it is without
the ponderomotive force included in Eq. I (for a Gaussian laser pulse with 1-ps FWHM
centered at t = 0. 1 = Ix 10'5 \\'/crn " and A = 053 pin). T'original vacuum plasma
interface is at x = 0 with the vacuumi in tHie iiegative 1r dirt N ote that as expected
Eqn. 3 is satisfied for these parameters using the itaxjititii value of F, predicted by the
simulation, T, - 200 eV.
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4 Experiment

We recently performed an experiment that may be explained by the effects discussed in
Sec 3. Frequency-doubled i-ps pulses with I - .5 x 1014 - 2 x 105 V/cm 2 (A = 0.53 um)
were focused at normal incidence (0 = 00) onto a solid target of aluminum. By frequency
doubling the light, the intensity contrast ratio was increased to _ 105 from a value of 103
for the fundamental, which was measured using a third-order autocorrelator. The absence
of intercombination lines in the X-ray spectrum confirmed that no long-scale-length plasma
was created by a prepulse [7].

The back-reflected light was sampled with a beam splitter that was placed before the
target in the path of the laser. The light was frequency analyzed with a multichannel
analyzer, which had a dispersion of -0.5 A/pixel. A Doppler shift to the blue and a
broadening-characteristics of an expanding plasma-were observed and are shown in Fig. 3
for Ic - 2 x 10"5 W/cm2 .

If we assume either isothermal, or adiabatic free expansion, as is done in [2], an estimate
of ZkT < 150 eV is obtained from AA/A. In the isothermal case, the expansion velocity
of n, is given by v'exp = vln(no/n,). In the adiabatic case, exp = [2/(7 - 1)]v1 , where -y,
the ratio of the specific heats, is chosen to be 1.7 [2]. In either case, however, this result
for ZkT is inconsistent with the full simulation results, which indicate that ZkT was in
excess of 2000 eV. The expansion was apparently slowed by the ponderomotive force of the
laser as we would expect from Eqn. 3, assuming T, -, 200 eV. The measured expansion was
30% of what it would have been assuming free expansion and ZkT,, 2000 eV, and was
thus consistent with the simulation results discussed in Sec. 3.

As the laser intensity was decreased to I n- 5 x 10"' W/cm2 , the Doppler shift did not
change significantly. As is seen in the simulation, the decreased ponderomotive pressure
was balanced by the decreased thermal pressure that is expected from decreased absorbed
laser energy.

1.0 ........., . . . . ., - ' x . . . . . .

0.- . . Renected
-Incident

c6 0.6

*" 0.4 
£

0.2 - .

0.0 ....
5240 5250 5260 5270 5280

Wavelength (Angstroms)

Figure 3: Blue shift of the pump light reflected from a moving critical surface. The motion
driven by thermal pressure is reduced by the laser light pressure.
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Clearly, if Eq. 3 is satisfied, the effects of ponderomotive steepening on the density
evolution must be considered, whether when determining the electron temperature from
Doppler shift data, or, perhaps more importantly, whenever studying processes that depend
strongly on the density scale length, such as resonance absorption of high intenstiy laser
light.
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Abstract

We have demonstrated that high-intensity sub-picosecond laser pulses can be
efficiently absorbed by a dilute solid material. We have measured laser reflectivities as
low as 10% from certain targets, in contrast to the 90% reflectivity observed from flat
solid surfaces. The hot plasmas generated on dilute solids exhibit greatly increased x-ray
emission due to the enhanced laser absorption. Laser-to-x-ray conversion efficiency
greater than 1% have been observed for x-ray energies above lkeV.

Introduction

Sub-picosecond laser-produced plasmas have been demonstrated 1. 2 to be good
sources of ultrashort x-ray pulses in the soft x-ray region. However, the measured laser-
to-x-ray energy conversion efficiency has remained low (- 0.3%), due to relatively low
plasma temperatures (- 400 eV) and inefficient laser solid coupling (< 10%). When a flat
solid is illuminated with a high-intensity sub-picosecond laser pulse, thc solid rapidly
evolves into a highly reflective hot metal. There is negligible expansion of the hot material
during a 100 fs excitation pulse - the expansion scale length is only - 0.01 . Therefore,
typically only 10% of the laser energy is absorbed in an optical skin depth of the hot
solid.

Figure 1 shows the measured reflectivity of a flat silicon wafer, when the wafer is
irradiated with 150 fs laser pulses, 3 extending from low fluences (below damage
threshold) up to incident intensities exceeding 1016 W cm-2. At the highest fluences,
corresponding to the production of a 400 eV plasma on the silicon surface, the average
reflectivity measured was 86%. The peak reflectivity at the center of the focal spot and
peak of the laser pulse was therefore > 90%.

The high rcflectivity observed can be explained by using a Drude model to calculate
the refractive index of the hot solid-density plasma.2 For silicon at 400 eV, N = n + ik
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4 + i 10, where n is the real part and k the imaginary part of the complex refractive index
N. The reflectivity R is given by -

R (n-1)
2 + k2

(n+1) 2 + k2

Therefore, for the high values of n and k characteristic of a hot, dense plasma, the
reflectivity is predicted to be large. These predictions are not changed by the presence of a
layer of low density material (<< X) in front of the target, due to plasma expansion.
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Figure 1: Reflectivity of a flat Si target, as the laser intensity is increased.

Results

In contrast, for low values of n and k, the reflectivity of a target surface will be low.
Therefore, if the solid is "dilute" i.e. of low density, and the scale length of interaction is
sufficiently long, the laser light will be absorbed. However, merely reducing the material
density alone and increasing the interaction length will result in a hot, low-density
plasma. Such plasmas have been shown to exhibit slow cooling4 , resulting in relatively
long (> 100 ps) x-ray pulse durations. On the other hand, materials such as gold smoke
or blackS, consisting of chains of clusters of - 100 A particles, have a low average
density but high cluster density. This material is typically between 0.1% and 1% of solid
density, and has large voids which are not filled in as a result of plasma expansion during
the laser light absorption. The refractive index in the visible region can be approximated
using a Drude model and an average material electron density. For a laser of frequency (o,
collision time %, and plasma frequency op, the refractive index N is given by -

N 2 =(n+ik) 2 - 9
c -+ i .
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where me E
The reduced average density implies that OP << co, and because of the increased surface
area and small particle size, T is also lower than in a solid. Therefore, for gold black in
the visible region, n - 1, k = 0 and therefore R = 0. The imaginary part of the
refractive index scales as k - ks nb / ns, where ks is the solid value, ns is the density of
solid gold and nb is the density of the black. The optical absorption depth 8 is therefore
given by -

=c = cnl -103x100A=10im
cok oI k, nb

Experimentally, gold black exhibited low diffuse reflectivity, which was not measured.
A second type of dilute target, consisting of gratings of periodicity less than the laser

wavelength of 6160 A, was also studied6 . The gratings were chosen such that 1) their
periodicities were less than the laser wavelength, to avoid energy loss as a result of
diffraction, and 2) the groove width was sufficiendy wide (> 1000 A) so that the groove
structure did not fill with low density blow-off vapor during the laser pulse.

For the grating targets, the reflected beam was specular, and the reflectivity could be
measured accurately. Figure 2 shows the incident laser reflectivity as a function of grating
depth, at an incident power density of 1016 W cm-2 , and for incident laser polarization
perpendicular to the grooves.
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0 1000 2000 3000
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Figure 2: Measured reflectivity of grating targets as a function of groove depth, at
an incident laser intensity of 1016 W cm- 2.

The increased absorption is not merely due to the increased surface area presented to
the incident laser by the grating surface - the absorption per unit area actually increases by
> 3. Since the periodicities of the grating structures were between W and A/3, a long
wavelength approximation, which simply averages the material density, cannot be used to
calculate the refractive index. A different average index model is more appropriate in this
case. 7, 8 Preliminary calculations show that the grating targets behave like a lossy
waveguide structure, and that the laser penetrates to depths of - 1500A. The walls of the
groove structure absorb the laser energy, and the laser does not penetrate to the substrate
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below the grating. The laser penetration into the grooves leads to an enhanced electric
field within the grating grooves, which leads to an effective increased incident laser
intensity on target, and therefore increased absorption. Rigorous calculations are in
progress to exactly model the experimental results.

The absolute x-ray yields from both types of targets were measured using a United
Detector XUVO05HS x-ray diode. For gold black, we measured a total laser-to-x-ray
conversion efficiency of- 20%, and a conversion efficiency of > 1% into x-rays with
energies above 1 keV. For sufficiently deep gratings, we observed total laser-to-x-ray
conversion efficiencies of > 12%, with > 0.6% of the x-rays at energies above 1 keV.
These high conversion efficiencies were obtained using gold-coated gratings. (The
measured reflectivities on the other hand, were insensitive to the material of the grating.)

The x-ray pulsewidths from both the gold black and grating targets, were measured
using a fast x-ray streak camera. 9 Data for different energy regions were taken by
inserting different x-ray filters between the plasma and the streak camera. We measured
instrument-limited x-ray pulsewidths of 2 ps for the high-energy photons above 1 keV
from both targets. The true pulsewidth is sub-picosecond 9 when the instrument response
is deconvolved. For x-rays below 1 keV, the measured pulsewidth was somewhat
longer. Gold black emissions in the soft x-ray region were approximately a factor of 2
longer than those of grating targets, possibly due to slower cooling at lower material
density. We have not determined to date if this increase in x-ray pulsewidth has
contributions from space-charge effects in the streak camera, which can be severe for
short pulses.

In conclusion, we have succeeded in coupling most of the energy of high-power
short laser pulses into solids. The solids used were structured, with dense solid-like
portions and large voids. This simultaneously lowered the incident laser reflectivity,
while maintaining fast cooling in the plasma when the solid portions expanded. We have
measured conversion efficiencies of laser light to sub-picosecond x-rays above 1 keV of

1%. This corresponds to a peak x-ray flux of 20 MW, at a repetition rate of 10 Hz.
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Electron heating in metals by ultrashort laser pulses has been under

intensive investigations in recent years" ,2 . It is generally believed that in

a very short time (< 1-2 fsec) after the optical excitation, the electrons

equilibrate among themselves via the electron-electron interaction, and

establish a thermal Fermi-Dirac distribution at an elevated temperature.

The electron-phonon interaction operates on a longer timescale of several

psec to equilibrate the electrons with the lattice phonons. 1 ,2 During those

several psec, the electrons are decoupled from lattice and it is possible to

heat the electrons alone up to several thousand K. However no direct

measurements of the electron energy distribution function in laser-heated

metals have been reported so far. We have used ultraviolet photoemission

spectroscopy to directly obtain the energy distribution function with 500

fsec time resolution. We confirm that on this time scale, the distribution

is well described by a Fermi-Dirac function and we thus directly measure

the time-dependence of the electron temperature.

In this experiment a 674 nm wavelength (1.84 eV photon energy) pump

laser pulse of 500-fs duration is used to heat a 300 A gold film. The

285
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incident fluence is around 1 mJ/cm 2 and 15 % of light is absorbed. The

photoelectron spectrum is measured in the normal direction by the

time-of-flight technique using a 500-fs probe pulse of 225 nm

wavelength ( 5.52 eV photon energy) light. The work function of gold is 4.3

eV and thus single-photon photoemission by the probe beam extends to 1.22

eV below the Fermi-level. Extreme care is exercised to eliminate

space-charge effects on the photoemission spectrum. However, at the

pump fluences required to produce substantial electron heating,

multiphoton photoemission from the pump alone could not be completely

avoided. The single-photon probe spectrum is recovered by subtracting

the spectrum taken with the pump alone from the raw spectrum taken with

both the pump and probe. A companion "pump only" spectrum was taken

immediately after each pump/probe spectrum in order to insure the

integrity of this procedure. Fig.1(a) is the photoelectron spectrum

processed in this way at +13 picoseconds time delay between the pump and

probe. The smooth curve is the best fit of a Fermi-Dirac function to the

edge region. The electron temperature is determinated as 360 K. Fig.l(b) is

the spectrum taken with the pump and probe overlapped in time. Here, as

well, the distribution is well fit by the Fermi-Dirac function and the

electron temperature is determinated as 1200 K. By using the electronic

heat capacity2 of Au it is estimated the temperature rise should be 1000 K

which is consistent with our measurement. Fig.2 is a plot of the fitted

electron temperature versus time delay when 0.12 mJ/ cm 2 of pump is

absorbed. With our present signal/noise ratio, the measured temperatures

are accurate to £ 50 K. The electron-phonon coupling constant,

G= 4*10 1 6 W/m 3 K, is determinated by fitting the data with coupled
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Fig. 1

, a) t= +13 psec

Fig.1 (a) The photoemission spectrum at +13 PS delay with 0.18 mJ/CM 2

absorbed. The smooth curve is a best fit Fermi-Dirac function with
an electron temperature of 360K. (b) The photoemission spectrum at

0 Ps delay. The best fit electron temperature is 1200K.

differential equations between the electron and lattice described in Ref.1.
The result is consistent with the measurement in Ref. 2.

In summary, we have demonstrated that ultraviolet photoemissinn

spectroscopy can be used as a tool to measure the energy distribution of
nonequilibrium electrons in sub-picosecond laser-heated materials. With

further improvement in time resolution4 , it may be possible to directly

observe the initial thermalization within the electron system itself.
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Fig. 2
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Fig. 2 Electron temperature measurements vs time delay with 0. 12

mJ/cm2 absorbed . The solid line is the fit with G- 4*10 16W/m3K.
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Ahstract

A pulse train laser with low peak power can heat a dense plasma
offectivel~t and promote ionizat ion of atoms up to higher at ages sUch
is Li-l ike Al. This fact was proved by soft x-rayv spect ra.

Introductijon

'--cay emission from laser produced plasma has been est ensixply s tudied
ct! manN years and not, has found new prom is ing applicat ion in xartNty of

e-ld, including, f(or example, 'arious forms of x-iraN sped ro copy *

ia! laser, a- well as microscnp and lithlographt . \mong thIem,
o-irsiderable 1)rof rps has been made in the du~elopmerit uf' soft x-raN.
laser since 1985 , Itttil now a powerful laser of a single polse has

Often been used to product, high densi t plasma. Rcenti V~ e obserxed AbSE
K.-nmplified Spontaneous Emission) in some lines of Al \ and Al \1 in a
recombining plasma pr'oduced bN a vecry low power laser of only 2 .1 which
w.as composed of a train of many pulses separated by about 350 ps.

To study in detail thle effect of mult i-pulse irradiat ion onl the
production of laser plasma and ott x-ray emissions including ASE, weV
onstructed a pulse train f-arming system and invest igatedc tilie emitted
!;(,ft x-ray spectra for %arious pulse trains. As is showni later, a pulse
train laser can effect ixel' produce thle higher stages of ions such as

.- like ions from which some of ASE lines ha~ e teen reportedi. Our final
goal is to develop a table top x-ray'% laser in) the water window
wacelength by using the pulse train laser.
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Experiment

Laser plasma was
produced by focusing
a pulse train -

Nd;glass laser on an
Al slab target: a -
Various kind of (a) _

pulse trains was 1 pulse
generated by an
opt ical pulse
stacker4 which is
consisted of three
optical delay loops
ccnnected in series
b., four half mirrors
(50 % reflector).
Each pulse has
almost the same peak
power(l ) and the (b)
same interpulse time 2 pulsesi
T). The pulse width I

of each pulse was
about 100 ps. B.I
blocking more than
one loop, the number

train can be changed.
In order to vary ,
time interval(T)
between pulses, the
optical delay was (C)
changed by moving 4 pulses
prisms parallel to
the optical paths.

The pulse train
was amplified by

line-focused on an
Al target with a (d)
7.5mm length by a 8 pulses
cylindrical lens
(focal length is
450mm). Focal line
width was about 50
U'm. Soft x-ray
spectra were
observed along the
axial direction of a Fig. I Microdensitometer traces of time
line plasma at a integrated XVV spectra obtained from (a) A
distance of 300 u'm single, (b) two, (c) four and (d) eight
from the Al pulses train laser. Exposures are 8, 1, 2 and

g s c i. I, respectively. Peak power is 4xl011h/cm2
using a XUI
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spectrograph. Pulse encrgy irradiated onto the target was estilated o

be 0.15 J/pulse which corresponded to the power density of 4x1O W/cmK .

Result 4OOpS V

rypical examples of Al " ,
snectra in the range >

>
of 100-185 A are shown VV

in Fig. 1(a), (b), (c) >
;11nd (d) for trains of
ona, two, four and

oilght pulses, respec--i
tihely. Note that each 'j.
spectrum has different

exposures, that is, ii
di~fferent number of
laser shots in order

o get almost equal 800ps
line intensities on
a F.WR plate. There wasL
a large difference
mong these spectra.
,h't of liriis cb-
t.aned by a single
pulse irradiation [Fig.
z(a)] were emitted
!' r110m relatively low

.onization stages (Al k

-V, V, VI etc. ). Iith 110 120 130 140 ,s 160 170 ISO

ricreasing the number wav.e..gtri Al

0i pulses, many

spectral lines appear Fig. 2 Dependence of X-ray spectrum on

n spectrum. Lines of interpulse time. The number of pulses is four.

highly ionized Exposures are twice.

aluminum atoms such as

Al X1 grew dramatical-
/y with increasing the number of pulses (4 or 8), while lines of lower

io:,ized atoms were also present. Lines of higer ionized atoms also

appeared in a spectrup wi p eight pulses train, even if the peak power
uas reduced below 10, W/cm

It is important to study variation of plasma for time interval
between pulses while keeping the peak power and number of pulses

(!onstant. Figure 2(a) and (b) shows spectra of 400 ps and 800 ps

intervals, respectively. Surprisingly, in a spectrum of 800 ps time
interval, Li-like four lines disappeared and only AI X 3d-If (Be-like)

iine are hardly alive. Spectral behavior of other lines were almost

independent to time intervals. The spectrum of 600 ps interval, which
is not shown here, was very similar to that of 800 ps.

hen interpuls, time is decreased to zero, pulses are irradiated at
lh same time on tne target and hence pulse train become a single pulse.

" :pectr ffj obtained from a single pulse irradiation whose peak power
(Li x 10 W/cm )is four times higher than that of a pulse train used in

Fi,. 1. Emis . ; f):!;; Li- and Be-like ions also appeared. It is
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interesting that spectral 2
characteristics was very similar
to that which was obtained from 0 AIVI113-4A
four pulses train [see fig. AAIX 1778A
1(c)], although production AlXI1546A
mechanism of Li- and Be-like
ions may be quite different in . -...
both temporally and spatially.
%hen peak power of a single pulse
13ser was increased by twice, an "
X-ray spectrum was also similar .
t3 that of eight pulses train
shown in Fig. 1(d).

Line intensities of three
different kind of ionization A

stages (Al VI, Al X and Al XI)
are plotted as a function of
interpulse time for a train of 0
fe)ur pulses in Fig. 3. Line 0 200 400 600 800 000
intensities are normalized at 100
ps. From this figure, optimum InterpulseTime(ps)
time interval for efficient Fig. 3 Line intensity as a function
hiting of plasma is estimated to of interpulse time T for three
bc' about 200 V~. different kind of ion spices (Al

VI, X, XI). Intensities are normaliz-

Discussion ed at 100 psec.

Tho above results has shown very clearly the effect of pulse train laser
on the soft X-ray spectra and give understanding of the production
mechanism of highly ionized atoms in a high density laser plasma.
E:.ctron temperature plays an important role to produce high
ionization stages in plasma. Our experimental results show that
multi-pulse irradiation creates hotter plasma than single-pulse
irradiation and therefore higher ionization stages such as a Li-like
ion can be attained. Each pulse may act as a pre-pulse for next
incoming pulses, part of which is absorbed by the pre-formed
plasma, and therefore raises the electron temperature of plasma
more effectively. As a result, efficient and successive heating near
the target surface may occur with increasing the number of pulses.
l this consideration, interpulse time (T) is an important factor
i;; order to attain the higher electron temperature of plasma,
because such a plasma heating must be done successively before
electron temperature decreases due to adiabatic expansion. Our
experimental result shows that efficient heating must be achieved
within the 400 ps.

In this way, irradiation of a multiple pulses significantly
promotes ionization of atoms as a result of successive heating of
a plasma. Production of Li- or Be-like ion is very important to get ASE
i., the recombination mode of Al plasma, because recombination
processes of such ions in plasma can produce population inversion.
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Conclusion

In conclusion, ionization to highly charged stages in laser produced
plasma is enhanced by using a pulse train laser. The advantage of this
novel method is that peak power needed for prcducing a Li-like ions
can be reduced greatly to less than 10 W/cm , &hancement of the X-
ray conversion efficiency might also be expected . The invention of
pulse train laser will further accelerate the development of a table
top X-ray source including X-ray laser.

* Shimadzu Corporation, Nakagyo-ku, Kyoto 604, Japan.
** Faculty of Engineering, Saitama Univ., Urawa, Saitama 338, Japan.
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Solid Density Plasma
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ABSTRACT

We present results from a 1-D plasma dynamics calculation, describing the evolution of strongly
heated material in the vicinity of a solid-vacuum interface. We find that the radiation emitted
by the hot material in the range hv > kT, where T, is the initial peak plasma temperature, comes
primarily from the region of the original step function interface. This emission is dominated by
recombination radiation. The emitted radiation pulse is extremely short; the cooling at the
interface is dominated by expansion.

1. INTRODUCTION

The interaction of energetic subpicosecond laser pulses with solid matter is of great current
interest because of the possibility of producing ultrashort x-ray pulses from the resulting
plasmas,' or for the study of the properties of the novel, highly excited material. 2

Here we describe a simple model of the evolution of a solid target given a specified temperature
profile behind a step function interface at t=0. The laser beam energy deposition process is not
modelled; we are interested in the impulse response of the system, which would indicate a
minimum for the x-ray pulsewidth produced by the plasma. A somewhat low Z material, carbon,
is the material modelled, mainly for the purpose of reducing the calculation time.

2. MODEL

We use the "one-fluid" model3 (equations for density, momentum, and energy balance) for the
macroscopic plasma variables c, p, v, where these variables refer, consecutively, to internal
energy, mass density, and velocity. Internal energy includes electron thermal energy and energy
stored in ionization states of carbon. It is assumed that the ion kinetic temperature is zero; on
the timescales considered here, electron-ion energy transfer is mainly through ionization,
excitation, and recombination of the ions. Pressure and temperature are related by the ideal gas
equation of state, while electron and ion densities are determined by a collisional radiative4
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model, which was run either in steady-state or in transient mode.' A gradient heat conduction
term with Spitzer thermal conductivity9 was used in the energy balance equation. The thermal
conduction may actually be considerably less than this, either through large plasma resistivity2

or flux-limited heat flow,' but the effect of thermal conduction will, in any case. be seen as less
important than expansion to the generation of ultrashort x-ray pulses in the range of frequencies
hv > kT,. The bulk material temperature (to the left of the initial temperature profile) is taken
to be 5 eV, in order to provide non-zero thermal conduction there. The electrons are assumed
to be thermally equilibrated among themselves (Maxwellian at high T,), with collisional mean
free paths smaller than any density scale lengths; a space dependent temperature can be defined.

Expressions for recombination and bremsstrahlung radiation have been obtained from ref. 6,
which assumes Maxwellian electrons and well defined bound states. Line radiation was calculated
by assuming that the populations of the two lowest excited states of each ion are in local thermal
equilibrium with their corresponding ground state populations, a reasonable approximation at
near-solid density. Opacity effects are ignored: the mean free path for continuum absorption is
thicker than the heated layer, and collisional deexcitation at solid density strongly competes
against repopulation through reabsorption of line radiation. We take high density plasma effects
such as continuum lowering into account by considering recombination into and line radiation
from only the two most strongly bound states of each ion.

3. RESULTS

As an initial condition at t=O, the peak temperature at the interface is taken as 200 eV, and
decays in a half-Gaussian profile with a FWHM of 500 A. This corresponds roughly to the depth
that the heat front would penetrate in 100 fs. The results of three runs are shown: (a) Time-
dependent collisional-radiative model, conduction "on" (heat conduction included in energy
balance equation); (b) steady state collisional-radiative model (time derivatives in atomic rate
equations set to zero), conduction "on"; and (c) time dependent collisional-radiative model,
conduction "off".
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Figure 1: Time evolution of space-integrated recombination, hrenstrahlung, and line radiation
in the energy intervals (i) 200-1000 eV (left panel) and (ii) 10-100 eV (right panel) for a carbon
plasma under conditions (a), (b), and (c) (see text).
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Figure 1 shows the space integrated recombination, line, and bremsstrahlung radiation emitted
from the plasma under conditions (a), (b) and (c). Recombination radiation clearly dominates line
and bremsstrahlung radiation in interval (i), while recombination and bremsstrahlung emission
are comparable in region (ii), dominating line radiation. It is seen that for the higher energy
radiation (i), the puisewidths are all less than 200 fs, for (a), (b), and (c).

These results can be explained by examination of Fig. 2, which shows the spatial dependence of
the recombination emission at various times, for conditions (a), (b) and (c) in spectral regions (i)
and (ii). The emission clearly comes from the interfacial region, which is rapidly cooled by
expansion and is rapidly decreasing in density. In the bulk, high ion stages are suppressed (see
Fig. 3), even at the high temperatures conducted into the target, because of the high degree of
three-body recombination.7 Since the high ionization stages have relatively low densities in the
bulk, recombination radiation from the bulk is relatively weak. Long before the eroding interface
moves appreciably to the left, the electron temperature has decreased substantially.
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Figure 2: Spatial distribution of recombination radiation emission at various times for energy
intervals 200-1000 eV (top panel, for conditions (a), (b), and (c) (see text) ) and 10-100 eV
(bottom panel, for condition (a)).
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Figure 3: N, is the density of i times ionized carbon. Both plots under condition (a) (see text)
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