Naval Research Laboratory
Washington, DC 20375-5000

NRL Memorandum Report 6278

'\.1.’» 4 (- ) 3- {\ ¢ <
Clldabdistemict i,

Applications of Layered Synthetic Microstructures
in Vacuum Ultraviolet and Soft X-Ray
Grating Spectrometers

J. C. RIFE

Synchrotron Radiation Research Group
Condensed Master and Radiation Sciences Division

AD-A1389 539

September 14, 1988

DTIC

ELECTE
OCTi 4 1988

X

E

Approved for public release; distribution unlimited.

....................
------

P LY
-----------------------------
..........................



-

LLLN
.akfdtfi

e @,
LI N R A “1%

‘

SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

Form Approved
OMB No 0704-0188

Ta REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

1b RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

3 DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution
uhlimited.

NRL Memorandum Report 6278

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

S MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION

Naval Research Laboratory

6b. OFFICE SYMBOL
(If applicable)

Code 4600

7a. NAME OF MONITORING ORGANIZATION

6c. ADDRESS (City, State, and ZIP Code)

Washington, DC 20375-5000

7b AODRESS (City, State, and ZIP Code)

8a. NAME OF FUNDING / SPONSORING
QRGANIZATION

Office of Naval Research

8b. OFFICE SYMBOL
(If applicable)

Code 01111

9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8¢. ADCRESS (Gity, State, ana 2IP Code)

Arlington, VA 22217

10 SOURCE OF FUNDING NUMBERS

PROGRAM
ELEMENT NO

63221C

PROJECT
NO

TASK
NO

WORK JNIT
ACCESSION NO

11. TITLE (Include Security Classification)

X-Ray Grating Spectrometers

Applications of Layered Synthetic Microstructures in Vacuum Ultraviolet and Soft

12. PERSONAL AUTHOR(S)
Rife, J.C.

13a. TYPE OF REPORT

13b TIME COVERED
Interim rrOM 3/88 107/88

14 DATE OF REPORT (Year, Month Day)
1988 September 14

15 PAGE COUNT

49

16 SUPPLEMENTARY NOTATION

17 \ COSATI CODES 18 SUBJECT TERMS (Lontinue on reverse (f necessary and identity by block numper)
FIELD GROUP 5UB-GROUP

19 ABSW (Continue on reverse if necessary and identify by block number)

\

Potential multilayer grating applications for the wavelength region from 6 to 3504 are discussed. Mul-
tilayer bandwidth and efficiency as affected by stack construction as well as the effects of roughness and
corrections to Bragg’s law are considered. Grating performance is reviewed with attention to the limitations
to high resolving powers and specal purity in fabrication and instrument design. Combined multilayer grat-
ing performance is discussed for both broad and narrow band coatings. Designs for; (a) 1040 ((g"
ing power spectrograph, (b) 6-60A scanning monochromator, and (c) a 170X or 45A region, medium reso-
lution, broad-band spectrograph/monochromator are explored. /

. resoiv-

, 00!

20 OISTRIBUTION / AVAILABILITY OF ABSTRACT

R UNCLASSIFIEDAUNLIMITED (T SAME AS RPT (J oTic 1JSERS

21 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED

223 NAME OF RESPONS!BLE INDIVIDUAL

J.C. Rife

22b TELEPHONE (Include Area Code) | .00
(202) 767-4654

ORRICE L HO

DD Form 1473, JUN 86

Previous editions are obsolete

S/N 0102-LF-014-6603

1

Code 4606

O RITY D LASSE CAT Y e T oy




-----

...........................................................................................

.......................................................................

........................................................

MULTILAYER-GRATING PERFORMANCE AND INSTRUMENT DESIGNS ..............

5. CONCLUSIONS ..ot ettt e e e e e ennees 40

REFERENCES ... ettt et e e e e 41

Aoce.srsion For
FTIS GRARI W
DTIC TaB
Unannounced

Justification _ - )

By.
Distribution/

Avanal?i lity Codes

Avafl and/op

Dist Special

Al |




¢
b
e
o
s
I APPLICATIONS OF LAYERED SYNTHETIC MICROSTRUCTURES
A IN YACUUM ULTRAVIOLET AND SOFT X-RAY
D
;- GRATING SPECTROMETERS
e
o 1. Introduction
e
A
Ao
.;f‘ In the past 10 years, mnew capabilities in thin film
t ) * . . . . .
AT deposition and lithography have ©brought fresh 1ideas into
'l
o
W : ultraviolet and soft x-ray instrumentation. Layered synthetic
iy :
Dn sl
e . . . : .
: & microstructures or multilayers, transmission gratings, and zone
(..; plates have found applications in a wide wvariety of fields
iy
5
N including astronomy, microscopy, plasma diagnostics, and
4 »
»
g synchrotron radiation. Interest in multilayers, in parcicular,
..‘!5
..., has grown phenomenally since the first materials combinations
N
) ] were developed that formed smooth, durable interfaces. Clearly,
.»;,
y the extension of normal incidence optics designs to the spectral
!
4
‘.. - domain of grazing incidence optics as well as the ability to
. L
"'\F: engineer synthetic crystals to serve in the crystal range were
« %y
," strong inducements. Spillerl and Barbee? have reviewed the
<8
~’ techniques of multilayer fabrication as well as calculations and
A2
p-:: measurements of multilayer performance. A forthcoming conference
-‘:‘_4
C:"_' will concentrate on various x-ray multilayer applications in
Iy
_._, diffractometers, monochromators, and spect:romet:ers‘3
-
::: This paper will focus on the promise of multilaver-coated
o . . . .
> grating instrumentation where the multilayer enhances the
!ﬁ reflectivity and the grating provides the resolution. There are
e
o a number of prtential advantages of multilayer-coated gratings
:-:':-, First, as noted above, multilayers permit new wavelengrh-anrle
e
regions to be exploited. Fig. 1 shows critical anuz!» behavior
L :'.;
"o
LW« Manuscript approved July 14, 1988.
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where cosfd.=ny(A) and reflectance falls rapidly to less grazing
angles or shorter wavelength for the low Z and high Z coatings of
aluminum and gold; n,; is the index of refraction and 4., is the

critical grazing angle. Also shown is Bragg’'s law

nA = 2Dsind (L

for a number of crystals typically used in spectrometers, where
n is the order, A is the wavelength, D is the spacing between
crystal planes, and ¢ is the grazing angle. The crystal region
is limited to shorter wavelengths by the availability of large 2D
spacing materials. In fact, the largest 2D spacing materials
such as Langmuir-Blodgett films, mica, or even KAP are not robust
enough for high heat 1load applications such as synchrotron
radiation. The cross-hatched area shows the large region where
multilayers, which also obey Bragg’'s law, can permit new types of
designs. In particular, normal 1incidence designs with more
intense, stigmatic images and normal incidence on plate or
detector can be brought to the wavelength range from 30 to 350 A.
Access to larger grazing angles of incidence and reflection also
means that higher grating orders and <consequencly higher
resolving powers can be obtained. Multilayer gratings can also
serve as synthetic crystals of medium resolving power, spanning
the difficult spectral range between grating and crystal
instruments, and even bringing higher resolving powers to the

long waveliength end of the crystal region where resolving powers
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:’. are limited by absorption. There are a number of problems for
‘.
{ the application of multilayer coated gratings. These include:
'l.‘l‘l .
,!'@.‘. corrections to Bragg’'s law which are stronger at long
:0:.::. wavelengths; reduced efficiency due te substrate and interfacial
4
)
'.‘.%‘ roughness particularly at shorter wavelengths; <coherence of
-.
\_A}: grating and multilayer diffraction; and multiple Jdiffractiou
v,l
:;\:: 1
__:‘, planes.
i"‘ This paper 1is directed to monochromator and spectrograph
RN design, but will point to what design and fabrication limits
~
‘u\ exist for multilayers. Part 2 will discuss multilayer
L
AN performance., Part 3 will cover 1issues of grating instrument
L
iiﬂ design. And Part 4 will consider the constraints of combined
"(‘Q multilayer-grating performance and examine three ©potential
)
(’JJ classes of vacuum ultraviolet and soft x-ray multilayer grating
N instruments: a) narrow band high resolving power (10%)
<
- o
N spectrographs using blazed gratings in high order; b) wide-
L}
W
WS range, narrow-band, medium resolving power (103%) scanning
)
_, monochromators wusing blazed gratings; and <c¢) simple, broad-
A
'::‘." band, normal-incidence, medium resolving power spectrographs or
s monochromators.
°
"f:
BT,
i
v
h':l'
'i:; 2. Multilayer performance
L d
b
::. To first order, multilayers act as Bragg reflectors
[0
-::*-: following Equa. 1 with typical 4-26 behavior. The standard VUV
v
)
W b
o 3
n o,
R
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multilayer is constructed of absorptive layers of thickness T,
having optical coanstants n, and k, alternating with relatively
transparent spacer layers of thickness Tg and optical constants
ng and kg. Each bilayer forms a period, D = T, + Tg, and a total
of N periods forms cthe stack. Selection of materials for the
absorber and spacer layers depends on the spectral behavior of
the optical constants desired and practical considerations of
fabrication and material compatibi}icy. Absorption edges,
particularly in the spacer layer, dramatically reduce the optical
constant contrast necessary for 'high reflectance. For
wavelengths as long as 100-600A, 1large absorption for all
materials limits useful stack thickness. Minimum practical 72D
spacings are on the order of 30A4; so higher multilayer orders
must be used to attain normal incidence at shorter wavelengths.
Layer materials must form smooth, stable interfaces. They must
not interdiffuse or roughen, during or after deposition. These
constraints have led to a few standard coatings such as ReW-C, W-
C, or Mo-Sia; with others less frequently used; and still more
possibilities not yet explored. Two techniques predominate the

fabrication of multilayers; thermal or, more specifically, e-beam

evaporation 5,6 and sputteringz. Both techniques have ctheir
advantages, but higher reflectivity has been obtained with
sputtered coatings.6 A recent conference has dealt with che

synthesis of multilayers, especially in the area of thin film
growth.7

Ideal multilayer performance is well understood. A number of




G
(0
y
¢¢ papers specific. 'y address the calculation of properties.gvg'lo
[y
M
t' In general, those papers focus on calculation techniques derived
"Gy from the dynamical theory of x-ray diffraction or Fresnel's laws.
>
N With the optical constants fully taken into account, the methods
§
! are, in fact, equivalent. Care must be taken, however, in
. .
- adapting some of the formulae, which were developed under the
+ Tl
hﬁ approximation of nz,ng = 1 and ky,kg = 0. Such assumptions are
<

reasonable for the x-ray region, but are not good at longer

N R

B wavelengths. The potential for long wavelength VUV multilayers
b

;} has been addressed recently by Hunter. !l Multilayers are
J‘ characterized by: a maximum reflectance , Rp;, a bandwidth,
‘ﬁ angular acceptance, or resolving power (all equivalent) of &N,
:g Ad, or X/AA; or a total integrated reflectance, Ry (in radians).
o

These features are affected by: the spectral behavior of the

. optical constants; polarization of the radiation; stack
- :

3:- construction; and non-ideal performance due to nonuniformities
1

I and roughness.

~

" Peak reflectance values for multilayers typically range up
)

o to 10-20% in normal incidence, rising to higher wvalues at more
e

ol

- grazing angles. Reflectance, of course, varies with
;

?g polarization, 1leading to a very strong rejection of the p-
o polarized component at what 1is essentially Brewster’'s angle.
.- Efficient x-ray polarizers based on this behavior have been
."

.‘ designed and construcced.12 For an ideal multilayer at fixed 4,
- peak reflectance depends on the effective number of periods
. contributing, Ngfgf. When the multilayer is absorption limited or
L]
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N
b
UK the total number of periods in the stack, N, is less than the
RS .
o penetration depth of the radiation, the kinematic cheory of
o diffraction is appropriate; and Ry a N2, For a small nunber of
\i
!,‘ layers, Ry is maximized by making the absorber layers as thick as
o0,
4.".:- possible or y = T;/D = 0.5. For a larger number of layers, R, is
oW
,_ increased by reducing 7y, and thus increasing the transmission of
DA
'_": each individual absorber layer, so that there is a larger number
)
™y
L »
1 of periods contributing. Eventually, of course, absorption in
4%
('? the spacer 1limits Rp. A multilayer is extincticn limited in
v‘ T
~:‘ short wavelength regions where absorption is very small and the
1
L}
:" radiation is mostly reflected. In this regime, the dynamical
!_ theory is more appropriate; and Ry falls below N2, In eitHer
L~
%)
[, regime, Ry can be optimized for a stack of identical periods by
J;\. finding the best v, Allowing vy to wvary within the stack can
{ yield an improved Rp for a small number of layers, as shown by
<.
) the reflectance optimized deposition of Spillerl‘; but for a large
number of layers the approaches converge to a fixed 7.13
‘s.
:, The bandwidth, resolving power, or angular acceptance of
i
N- r s 2
L multilayers is equivalently affected by stack <construction.
s
o 2 .
\:. Multilayer resolving powers are roughly given by A/AX - nNg¢g;
.,
Y typical maximum values are 100 at the shortest wavelengths. With
o
K large angular acceptance and bandwidth, multilayers offer great
7%
% flux advantages with continuum sources over applications using
._ 3 ,
PY crystals, where resolving powers range from 10 to 10% and
[]
Q rocking curve widths range from 102 to 10 arc-seconds in che
rl
v spectral region from 10A to lA. Multilayers have also bheen
,p:
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L
%4
::)
»ﬁ optimized for instruments with broad bandwidth in the long
o
(‘- wavelength region (100-300A and 300-600A bands).? 1% Narrow-band
1\% optimization while highly desirable for a variety of
o
[
:\f spectroscopic applications is constrained by absorption in the
-\.‘h
‘ﬁ: spacer layer. In the long wavelength region, bandwidths as
t
>
‘s narrow as 70A at 450A and 10A at 200A have been obtained by
0
) :
w: Meekins.14 For shorter wavelengths where xg is small and ng - 1,

-
L=

Kozhevnikov and Vinogradovlo have shown that the upper limit of

5

- i

resolving power 1is controlled by absorption in the spacer layer

b

and is given by

sl L
AR

.Hﬂﬁ

v x l‘w’
>
0

sin?4
A " 2ngkg (2)

oo "‘."o
%

i\'l’l.’&"."\(\'

With layer thicknesses practically limited to values greater than

SA, the resolving power limit, given optimal optical constants,

()

should be about 200 at 125A rising to about 1000 at 25A. Real

- .
| 4

devices, however, yield resolving powers of no more than 100-300,

()
LR AENE SRR

XA
Qe

even at the shortest wavelengths. One fabrication constraint 1is

o lateral D spacing uniformity which is at best on the order of
0.3% across several cm for sputtered mulcilayers.15 Attempts to
. attain high resolving power are wusually based on low 2, low
optical constant contrast couples; but also recent efforts have

T been made to construct "Fabry-Perot" devices. These devices are
~

2% .
ﬂaﬂ either a pair of multilayers separated by a thick spacer layerLb
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E}QI or a distributed form, a multilayer stack where specific absorber
f\ layers are replaced by additional spacer layersl7. Results are,
i";:' as in Equa. 2, constrained by absorption in the spacer layer and
;ﬁ% indicate resolving powers of 400 can be attained for real devices
: at 1.85A. Higher resolving powers demand using vacuum as a
|

,f.,. spacer layer. Part 4 of this paper will suggest how higher
{E: resolving powers could be obtained with multilayer-coated
;‘5 diffraction gratings.

gl_ Fig. 2 shows a typical example of multilayer performance
\~§ which 1illustrates some of the features noted above. The

7

x

reflectance or rocking curves were calculated applying Fresnel's

a
v ]

=

t

L

o laws at each interface in the thin film stack, which provides the
ﬂ'\ 18

A full electromagnetic solution. Optical constants were obtained
::,)-: . . 19 :

ot from the compilation of Henke et al. The figure shows s, p,
\ and average reflectance for 100 period, 60A 2D spacing
o' o

RS

,,,“‘-: tungsten/carbon multilayers at 45A versus grazing angle 4. The
o

:x: reflectances are <calculated for two tungsten absorber to D
‘..’\.

o, spacing ratios, v=0.25 in Fig. 2a and ¥=0.5, :2qual thicknesses,
-:::-:‘ in Fig. 2b. Fig. 2 displays the expected strong suppression of
Tt

f::-_': p-polarized reflectance near Brewcter’'s angle for both
.ﬂ_ multilayers. Reflectance and angular width or bandwidth are also
_.,f:': clearly shown to be controlled by penetration depth or, more
o

::::: particularly, by absorption in the tungsten layers. The v=0.5
o multilayer of Fig 2b with twice the tungsten thickness of che
‘:7’.

_':'-: y=0.25 multilayer in Fig. 2a has an Nggf of about 50 compared to
_:: an Nggg of about 100 in Fig. 2a and, as a result, an equivalently
.".l
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lower reflectance and broader angular width. The lineshapes of
both are similar showing long 1/42 Locentzian tails while the
v=0.25 multilayer shows secondary interference maxima.

Corrections to Bragg’s law are also evident in Fig. 2. The
arrows show the wuncorrected angular location. Bragg' law,

correct.d for refraction alone, is

nA = 2Dsind, J 1. 2-fa (3)

where 4, is the corrected Bragg grazing angle and n; is an
averaged index of refraction This is a standard x-ray crystal
formula, but for absorbing materials an additional correction
must be made, as noted by Rosenbluth and Lee20, yielding a new
angle 4,. At wavelengths above 100 A, 4,-6 can be as large as

one and one-half degrees with the correction for absorption alone
(8,-9,) being about 10-20% of the full correction unless the
wavelength is close to an absorption edge (and on the transparent
side), in which case, the correction for absorption can be as

great as 80-90% of the full correction. As indicated previously,

the calculations for Fig. 2 include refraction and absorption and

so show the full correction. The smaller correction for Fig. 2a
versus 2b is expected since the tungsten l-ny is byv selection
significantly larger than for carbon. Deviations from the Bragg

angle could apparently present a problem for multilaver-grating

9

..-_-



designs which require strict -2 behavior, particularly at
longer wavelengths where the correction is as large as several
degrees. But, in fact, the loss in reflectance is not as large
as might be expected. Fig. 3 shows the FWHM and Bragg correction
in degrees versus wavelength for the 100 period, +=0.5 W/C
multilayer of Fig. 2b. The correction remains on the order of
only 1/2 of the FWHM across a broad range from 55 to 304A.
Greater losses, indeed, will occur at shorter wavelengths where

the correction rises to an angular value as large as the FWHM.

s

'E Note that the ratio of correction to FWHM even improves in the
§ region of the carbon K edge around L4A, although the actual s-
:; polarized reflectance drops considerably from 17.9% at &45A %o
v;z 6.9% at 4OA. The ratio of correction to FWHM for the +=0.25

3 multilayer is similar. Other multilayer materials should display

comparable behavior but need to be considered individually.

The major obstacle in obtaining the maximum reflectance of
multilayers, particularly at short wavelengths, 1is interfacial
roughness. Various authors have treated the subject.6'21'22'23
Scattering from rough surfaces can be divided into incoherent
scattering from facets whose lateral extent is larger than the
coherence length of the radiation (approximately the first
Fresnel zone) or coherent scattering from roughness whose lateral
extent is less than the coherence length. The former 1is, 1in
fact, figure or slope error and gives rise to a spread in 274

For multilayers, A4f would effectively increase while Ry would

remain about the same. Coherent scattering i1s dependent on the

10




X rms roughness, ¢, and the lateral periodicity.24 The angular
t dependance can be modeled as a superposition of gratings of
A various groove density. The angular dependence and polarization
effects will not be discussed here. But assuming that each
.- . interface has the same roughness and that the multilayer is not
) extinction limited, the magnitude in the specularly or Bragg
y reflected beam is given by a prefactor multiplying the ideal
( multilayer reflectance, in essence, a Debye-Waller factor squared
;
) .
. -4 2rosind 2
(DWF)2 = e A (4) -
v'. -
b
ﬁ

D Indeed, reduced Ry due to interfacial roughness, interdiffusion,

and non-accumulating thickness errors all follow the above
P relationship. While Ry drops, afd stays essentially constant
since the number of effective layers stays the same. Reduced

reflectance at individual interfaces does mnot only lead to

U'S OV T

enhanced scattering but also to enhanced transmission; so that

when a multilayer is extinction limited, increased roughness
leads to somewhat lower Ry but also reduced a#f. Spiller and
Rosenbluth have shown that a simple DWF prefactor multiplying cthe
reflected amplitude at each layer with 1losses going into
increased transmission predicts the reflectance losses whether

the multilaver is absorption or extinction limited.l® In those
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lk'

®
R

": cases where the roughness varies from layer to layer within a
::.‘! stack, the effect is to lower Rp but also to broaden Af, similar
i
B to the effect of accumulating thickness errors. Note that, in
'.ﬂdf'

N

o general, higher orders are affected more strongly. Inserting
-~

A

Lt Bragg’s law into Equa. 4,

-~

N
. L)

Y

%

!'g‘l

JOL 2

A 27an
(DWF)2 = e { 2D } (5)

e
)"'::'

AN
N

f.-'.

o X

]
b the reduction goes 1like the first order prefactor to the n?
P >
g

0 power. Also note that for given multilayer and order, the
"

2o reduction is independent of A or # and dependent only on ¢ and D.
[4
{
- For essentially undiminished peak reflectance, this demands ¢ =<
gl

) »
::"‘ D/10n. Such a requirement is an inducement to push short
F »
Q. ] . . .
-!au‘ wavelength multilayer designs certainly to lower orders but also
J
._ to larger 2D spacings and thus away from normal incidence. Some
1’ 20N

N

-, .
5‘:: substrates can be polished to o levels of 5A; while the best
e

> . :
.': superpolishes are on the order of 3A. For a o of 3A and the
I

L] ;

AT, minimum 2D of 30A, Equa. 4 predicts a prefactor of 0.20 in first
S

LSS

N order which becomes 0.002 in second order. This, of course, is a
s

.( worst case result; overestimating the effects for those
3%

._, multilayers which are extinctionm 1limited at short x-rav
LN

".l_ .

AN wavelengths (A = 8 ay.15 In those cases and at least for Ry,
e . .

-_':‘, dynamical theory would arp.iy and the factor of 4 in Equa. 4 could
.‘_’::., 12
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be replaced by a factor of 2 in the perfect crystal limit,

D
{ resulting in prefactor values of 0.45 in first order and 0.042 in
;t second order. The effects of roughness on the efficiency of
By multilayer-coated gratings 1is not <clear at this time. The
D
} grating model of roughness, certainly, predicts that shorter
', wavelengths will be scattered at angles closer to the specular
"
direction. Clearly calculations and measurements need to be
'
f‘ made. More will be discussed in Part 4.
O A final note on spectral purity with regard to the
s
‘Y . : . . :
~ application of multilayers to grating instruments. For
N
‘"l
continuum sources, higher orders could be a problem; but at
®
il longer wavelengths, at least, the orders separate in angle due to
B+ -
H; the Bragg corrections; and with the ability to engineer stack
L
N
?5' construction, higher orders can be relatively suppressed with
ﬂ' judicious <choice of . Scattered light, although due <to
n
P
j& roughness and <connected with lower reflectance, should be
l.‘
!
$ . : : : :
b_ relatively less than with single layer coatings, since Ry a N2
‘; but the scattered light is only proportional to N. L6
i ‘.'
e
W
e
LY -,
_‘;\
4 .
ﬁ‘ 3. Grating Performance and Mounts
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.? Progress in VUV grating instrumentation is driven
R
:\- predominately by spectroscopic needs in plasma diagnostics,
o
-l s s -
: » astronomy, and synchrotron radiation. General ultraviolec
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s
i
N )
. ;\ grating performance and typical instrument mounts have been
s
At 25 v s 26 ;
( reviewed by Sampson. Most recently, wmichette has reviewed
;'k soft x-ray applications of diffraction gratings, zone-plates, and
[ W
;42 multilayers. A comprehensive discussion of the theory,
g
~.
Py . . :
i fabrication, and use of diffraction gratings is given by Hutley27
i
;kb while Maystre, Neviere, and Petit have compared measurements and
! \1‘4
"
é\j full =electromagnetic calculations of grating efficiencyzs.
P
o
h#‘ Recent astronomical instrumentation has appeared 1in several
o ) conference proceedings.29 New developments in synchrotron
s
,‘i‘ radiation instrumentation have been reviewed by Johnson3? and by
\
Ay
ﬁ;' Gluskin3l, One of the prime advantages of multilayer coatings
o .
o, will be to bring normal incidence or Littrow designs to shorter
'] \
WV
b wavelengths. The requirement of grazing angles at wavelengths
. L]
N
}:: shorter than 300 Angstroms due to critical angle effects leads to
[}
{ enhanced aberrations and, in particular, to increased astigmatism
()
)
'fu in Rowland circle mounts. Normal incidence will provide more
) f&'
- intense, stigmatic images and lower f/numbers for a given grating
g) size. Less obvious but more attractive is the potential for
j# higher resolution. Of course, the drawback for spectrometers 1is
tg At
P,
';V reduced bandwidth. This section will discuss grating resolution,
)
PaY ¢
o efficiency, and fabrication 1limits, all with the potential of
o
;\‘ multilayer-coated grating applications and for high resolving
N
~:¢ powers in mind.
- The standard grating equation takes the forms
-
e
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A
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mA = d(sina - sinf) (61)
or = d(cosi - cosr) (6ii)
or = 2d sing sind (6iii)
where m is the order (+ inside and - outside), d is the grating

period, a and B8 are the angles of incidence and diffraccion
relative to the grating normal (S changes sign when on the same

side of the normal as the incoming light), and i and r are the

D R

) corresponding grazing angles of the incoming and diffracted light

relative to the grating surface. In the final equation, ¢ is the

PR PRy

blaze angle and 4 is the grazing angle on a blaze facet. Equa.
61ii is appropriate for the on-blaze operation of blazed gratings
where the peak diffracted intensity occurs at an angle § = 2¢
from zero order or the specularly reflected beam. This form
reveals the equivalency with Bragg’'s law, where here the D
spacing is dsing, the spacing between blaze facets. It is also
clearly the equation of choice when considering applications
using a Bragg reflecting multilayer overcoating. Unblazed

gratings can be cast in the same form with ¢ = §/2 and § = i +

e B

§/2 where 6§ is now variable. Considering the scattering origins
of diffraction and the effects of groove profile, Equa 6iii is,
in fact, the most physical form of the grating equation.
Dispersion and resolving power given by the dispersion alone
can be derived from Equa. 6. The angular dispersion in the

diffracted beam is

15
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ax = d sinr (7

«
1'
)
: dr
{
k)
(
o

This leads to a resolving power determined by dispersion of

e
- b fr m R
{ da }d sy sinr d (81)
VI
’ 2 £, 1 s
o or Sy cotg + coth (811)
;v where dr, the angle subtended, has become s,/f, for instruments
)
“ with an exit slit or recording element of width s, at a focal
X :
g distance of f.. 8ii is given for inside order. Qutside order
; differs by a minus sign on cotd. Extension of the following
N
f' comments to outside order is straightforward, albeit reversed.
(' The resolving power given by Equa. 8 is, of course, limited by
i
p physical optics to a maximum resolving power determined by the
y
y order and the number of grooves coherently illuminated, N..
)
-
)
; A
: {8l - =~ @
q
o
I
i
A
’i Ne, in turn, is given by the projected width on the grating of
] the first Fresnel zone of the light diffracted from the entrance
‘: slic of width sjy. The maximum resolving power for an underfilled
‘: grating in inside order, then, becomes
4
o 16
»
3
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X
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0 or 0.91 si coth - cotd (10ii)
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where fj; is the entrance slit to grating distance and the factor

‘.r‘o"

yi 0.91 comes from a modified Rayleigh criterion.3? Note that the
}E resolving power in 8ii and 10ii is a function of incidence angle
f;: and diffraction direction alone and not the order m. This
=§5 applies if the grating is underfilled with coherent radiation.
}2 If overfilled, the maximum resolving power is proportional to m
}# and the number of grating grooves independent of angle. The

(:‘ highest resolving powers are achieved in Littrow and at grazing
!

; incidence whether under or overfilled, as will be discussed
1

{b below.

o> Attaining the highest resolving powers in the UV and soft x-
é?‘ ray regions demands minimizing optiec figure error, surface
iﬁ roughness, and mount aberrations and also pushing the limits of
ﬂ3 critical angle effects, orders, and grating groove density.
.%E Fig. 4 shows resolving power versus wavelength for Equas. 8i and
‘\: 10i above, and the present maxima set by modern grating and
! crystal monochromators. All the grating instruments shown
X

Gi operate with 1000-2000 g/mm gratings. The highest resolving
.é powers of 300,000 to 400,000 are obtained in 3rd or 4th order in
3 17
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the spectral region from 800-2000A with the Eagle mount of the
Rowland circle.33,34% The best resolving powers achieved at
shorter wavelengths are all in first order and are 35,000-30,000
at 160-120 A with a variable line spaced plane grating3? and
3000-1000 from 100 to 16 A with plane36, toroidal3’, and

138 grating monochromators. Below 16 A, two broad

spherica
rocking curve crystals, Beryl and Quartz are shown with resolving
powers of 3000 to 10,000 , exceeding present grating instruments
in that spectral range. The two lines in Fig. 4 represent Equas.
8i or 10i for 2 and 12 meter Rowland circle spectrometers with m
= 1, a 1000 g/mm grating, and a typical minimum slit size of 10u
assumed. Since fy=Rsinr and fij=Rsini for Rowland spectrometers,
the coefficients f./sysinr and f;/sjsini become R/s, and R/sj; or
simply R/s because the entrance slit is imaged 1:1. Clearly,
larger R/s is desirable; but s {s limited by aberrations and
detector size to 10-40 u (typical 1limits: film, 10-12 u4; and
channelplates or linear detector arrays, 20-40 u); while R is
often restricted by the practical consideration of laboratory
size and budget; and R/s limited by vibration. Vibration, of
course, would not be a limitation for wunaveraged, short-pulse
measurements. One of the advantages of more grazing incidence in
Rowland or other such focussing designs is smaller overall length
while preserving large values of R. The envelope of highest
resolving power in Fig.4 is evidently set by the linear

P

dependance on the order-wavelength product. To achieve higher

resolving powers at shorter wavelengths demands higher orders.
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But attainment of higher resolving powers below 300 A 1is

constrained by the requirement of smaller angles of diffraction
and thus lower orders and larger groove spacings due to the drop
off of reflectance above critical angles, which are progressively
shallower at shorter wavelengths.

An additional perspective on resolving power 1is hown in
Fig. 5 which plots the resolving power given by Equas. 8ii and
10ii versus the grazing angle on the groove facet for a number of
blaze angles. This 1is most appropriate for fixed focal length
instruments such as the grating/crystél monochromator (GC}‘I)39'Z‘O
that operate with crystals or with gratings always on blaze or
for multilayer-coated gratings with an equivalent §#-2§ response.
For Fig. 5, 2fy/sy is assumed to be the same as 2f;/s; and equal
to 4 x lO5 (e.g., 10 meter focal length with 50 slits). This
presumes the off-axis optics can be figured to a slope error of 1
arc second or better, a value at or exceeding state of the art.
Fig. 5 shows that Equas 8ii and 10ii, for a given blaze angle,¢,
are equal at normal incidence, in the Littrow condition (4 = 90
degrees). At shallower angles in inside order, the maximum
physical resolving power rises and the resolving power set by
dispersion falls off, limiting the resolution. Note that for a
given ¢, the dispersion resolving power has no solution below §=¢
since the grazing angle on the grating goes to 0°.
Correspondingly, the maximum resolving power goes to infinity,
limited by the real size of the grating. Unlike Rowland circle

mounts, grating focussing is a factor in these fixed focal length

19
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e instruments; but this phenomena does not appear in Fig. 5. The
l‘:(
Lo entrance slit image is reduced at the exit slit by a factor
(
'\: sin(d-¢)/sin(d+¢) so that resolving power can be maintained or
k)
AN
::* increased by decreasing sy as 1long as figure =errors and I
‘ A
S8
SN aberrations permit. In outside order, the curves in Fig. 5 for
~
-]
W Equas. 8ii and 10ii would be reversed. In that case, entrance
‘-‘
i:' 8lit magnification would increase with dispersion, but resolving
N
D
W power would be restricted by coherent resolving power. 1Increased
- resolution would necessitate reducing sj. Fig. 5, besides
iy
o
-\j showing the flat resolving powers and large spectral ranges
b
et
\_': available at small ¢ in inside order to instruments like the GCM,
>
also makes <clear the severe 1limitation that critical angle
Vg
L~
'-::, effects impose on resolving power and the great advantage in
[
Wy
',: resolving power in Littrow with §=90 degrees and with large ¢.
L
{ Indeed, the highest resolving powers are attained in Littrow in
\ )
‘~' Eagle or echelle®l spectrometers. Echelle spectrometers attain
!
T4~
:’1" >103 resolving powers with coarse gratings (- 10 g/mm and well
.
-/ defined blaze) in high orders (. 500) so that a large spectral
-._vf
}; range is covered over a small angular spread. Note that for
o
by
,-:: Littrow mounts with an overfilled grating, A/dx is given by
ax
) 2Wcosi/A where W is the grating width. For a given wavelength
,':\
’.-: and W the resolving power is a function of angle only and is
".-.
'n
oo highest at grazing incidence with the largest specular to
'\':\
.~ diffracted 1light deviation, §, and groove density can be
v : : . -
.-}. anything. Low groove densities, although yielding a well defined
e
AN
.-:. blaze profile, imply high orders which restrict the free spectral
o
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o
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Q range of observation. The free spectral range, dX, or the
)
! largest bandwidth which doesn’t overlap the same bandwidth in an

adjacent order is determined by

K A
! {a}fsr - ° (11

Overlapping orders in echelle instruments are typically
separated by a cross dispersing element. In general, multilayer
coated grating instruments would permit operation at larger angle
y of diffraction with higher orders and/or finer grating spacings
and would allow shifting of the lines or resolving power envelope
; in Fig. 4 rigidly to the left, that is, to shortef wavelength.
Multilayer grating applications to GCM-type instruments or using

the Littrow mount will be discussed in Part 4.

-

Broad and narrowband multilayer coatings can be applied to

the great variety of grating forms to achieve higher UV and sofc

L R

x-ray efficiencies and resolving powers. Pushing the limits will
require careful consideration of grating surface figure, groove,
placement accuracy, and groove profile. Gratings are typically

fashioned by ruling or holographically. Ruled gratings are made

by drawing a diamond stylus across a soft metal surface in a
ruling engine. Modern ruling engines are interferometrically
controlled and grooves are ruled to a precision of 0.6A and
better. Groove placement accuracy is on the order of 104%2, buc
significant spectral improvement has been observed where coma
correction for a Seya mount required groove spacing variation in

a range of +1A across 50mm%3. Such varied line-space, ruled
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gratings offer great potential in aberration <correction and

focussing for normal incidence and grazing incidence

inst*uments.“a

Grooves for gratings in general can be blazed to
angles as small as one degree and ruling densities can be as high
as 3600-4800 g/mm, although they are more typically 600-2400
g/mm. Due to plastic flow, diamond wear, and other factors, the
blazed groove profile is not triangular and is somewhat rough.
The cusp formed at the top of the groove is inverted in plasctic
replicas for a more well-defined blaze. Hologranhic gratings
can have more accurately placed grooves. They are fabricated by
exposing a photoresist to a laser interference pattern and can be
made with groove densities up to 6000 g/mm. Ion-etching or other
processes can then form the master. Laminar, sinusoidal, or
blazed groove profiles can be formed; but blazed gratings usually
require a transparent substrate. Holographic gratings wich
laterally curved grooves can provide certain types of aberration
correction, such as a flat focal field for a Rowland <circl:
mount.

Groove placement tolerances?’ depend on application but are
more stringent for higher orders. Highest resolving powers for a
given grating width demand meeting Rayleigh's «criterion or
wavefront errors of less than X/4, although Stroke%?3 quotes an
upper limit of tolerable "extended" wavefront aberration of \/10.
A maximum wavefront error of A/4 means that groove spacing error,

§d, must be

22
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Clearly grazing and grazing Littrow mounts require more groove
accuracy than normal incidence mounts and wavefront errors of
>A/4 must be tolerated at wavelengths of less than 80A for ruled
gratings and for shorter wavelengths with holographic gratings.
An equivalent constraint 1is the wavefront error produced by
figure error, coating error, or, in general, height

irregularities, 6h, on the grating surface. To yield a wavefront

error less than A/&27

(13)

Note that this é&h would apply only across the width of grating

necessary to provide the resolution desired, and is forgiving in
grazing incidence (4 would substitute for i on a blaze facet).

Departure from groove straightness or fan is another grating
groove ecror which for Littrow is on the order of 3d/m. Periodic
ruling errors or ghosts have almost been eliminated in modern
gratings; but since the intensity of ghosts relative to zero

order intensity 1is

23

IRy AP T A A L LS LA A ST A AL
n{nd . W L ok Y A SR R ..l.a‘ ' '»oo'.‘

.65



.5 e

) 2

. _lghns:_ - { xm éd } (141)
{ I0order d

A A

i

‘ﬂ ghosts can be a greater problem at higher orders. For Equa l4i
W

0 to be less than 10°% in Littrow,

t

™ )

N d s

: 6d < 0% = & (1411)

1

2

¥y More troubicsome for standard gratings are random ruling errors
X )

! which contribut= focussed stray light or grass. Grass is
N ¥

N .

. proportional to

-~ Igrass { 4m éd cosi } (151)

Tepec -

o

’

o’

~‘ —

5 where §d is the mean groove spacing error. To achieve less than

L4

- one percent grass

. 4 < =2 — (15ii)

. 120 cosi

; Holographic gratings generally have fewer ghosts and less grass
;i due to their more accurate groove placement, although groove
\

irregularities can occur during photoresist development. Hunter

- g

has discussed grass and, in particular, compares grass from ruled

46

and holographic gratings. Ghosts and scattered light from

ruled and holographic gratings as well as grass from echelles in .

P
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\; 100th order have been measured by Mount and Fastie.%’

q’ Grating efficiency in the UV is determined by polarization
(5';":. effects, coating reflectance, and groove profile. The full
:." electromagnetic t:heory28 has been quite successful in predicting
f:':' grating efficiencies. Polarization anomalies, as such, can be
;;J ignored with UV gratings because the wavelengths and groove
::': densities fall in the scalar regime with i<d/5. Overall scalar
‘:g grating efficiency is given by the product of coating
\, reflectance and groove profile efficiency.zs.l‘8 This is found
:}: valid for incidence angles up to at least 40°. Fig. 6 shows the
i‘:: groove efficiency versus A/h, where h is the groove height, for
’;' the three ideal, standard profiles; blazed or triangular, -
:‘ sinusoidal, or laminar.%? Blazed gratings are most efficient,
'«? reaching almost 100% at A/h of 2. This is obviously linked to
)
( the Bragg-like formulation of the grating equation, Equa. 6iii,
:.3 since the groove height for blazed gratings is essentially dsinég.
3: That is, blazed gratings act exactly like crystals with d spacing
; dsing. A rule of thumb for real blazed grating efficiency

:’. predicts an on-blaze efficiency of 40% of coating reflectance. >0
_ Laminar gratings are usually designed with a step height to give
:'.f destructive interference of light scattered from the top and
i
.-:E' bottom of the groove in zero and even orders and, at the same
L~
-{: time providing constructive interference in odd orders. For
e small deviations of diffraction direction and zero order, this
’- condition in fact results in a first order peak of constructive
Eu interference at A/h=4, as shown. Since the highest scattering
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efficiency for laminar gratings is in the specular direction,

their efficiency cannot approach that of a blazed grating. But

surface roughness of the plateau of the laminar grating groove

can be much better than the facet of the blazed grating because

the original flat polish on the plateau does not need to be

altered during grating fabrication. Accurate efficiency

calculations for laminar gratings must also include

considerations of groove shadowing and plateau transparency.Sl

The peak efficiency of the sinusoidal profile is closer to the

:n‘. laminar peak but is located at A/h=3.4, between the blazed and
~

Pars the laminar efficiency curves in wavelength. The sinusoidal

profile offers a range of angles of incidence to the incoming -

radiation.

4. Multilayer-grating performance and instrument designs

There have been very few published measurements or
theorecical calculations of multilayer-coated gratings.
Keski-Kuha'? deposited a 5 layer Ir/Si multilayer with a D
spacing of = 180A onto a 5000 groove/mm sinusoidal holographic
;' grating. She observed a factor of three improvement in

-~ efficiency at 304A, whereas the reflectance of the simple




multilayer alone at 304A times the expected scalar efficiency
would suggest a factor of twelve improvement. Jark?3 applied a 3
period Au/C multilayer with 182A D spacing to a 1200 groove/mm

blazed grating with 1.5° blaze. He observed a 10 times

improvement in efficiency over a similar gold coated grating at
50 and 100 A at grazing angles where the efficiency is falling

off (subscaﬁtially off blaze). He noted that second order is
unenhanced and so relatively suppressed. Hawryluk et 3154
fabricated 60000A and 2000A d spacing gold stripe gratings on top

of a Mo/Si multilayer with 115A D spacing. The devices were
intended to serve as soft x-ray laser end-mirror/coupling

¥ elements. At 2084, they measured zero order efficiencies of 8

f and 2% for the large and small period gratings and first order
: efficiencies of .76 and .6%; these efficiencies were 66, 25, 95
; and 142% of calculated values. Barbee’5 examined the performance
E of two types of multilayers on 500 groove/mm laminar gratings in
2 a two-crystal monochromator with the first element a multilayer
and the second a grating coated with the identical multilayer.

At 8.24A, he looked at a 120 period Rh/C multilayer with 39.4A D

spacing at a 6° grazing angle; and at 114A he inspected a 40

period Rh/C multilayer with 80 A D spacing at a 50° grazing

angle. He saw as many as thirteen diffraction peaks in both the
grating scan with detector fixed (rocking curve) and in a
detector scan with multilayer grating fixed. The zero order

-, flux was measured to be 30% that of a straighet

mulcilayer/multilayer pair while the "lst order" flux was 23%.
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:fEE Vi&al et al%? calculated multilayer-grating efficiencies for

‘{Lv sinusoidal, laminar, and blazed gratings with multilayer coatings

gﬂf of Mo/Si and Nb/Al in the wavelength regions of 125-145A and 240-

%;g 360A respectively. They demonstrated that the scalar theory is

if; sufficiently close to the full differential formalism for

s % practical purposes as long as the angle of incidence, =, ic less

$~" than 40°. At 45° they saw a rigid shift in efficiency peak

g&f between the differential and scalar calculations. Their

g%: calculations for all grating types were for a A/h of 4, the peak

?' of laminar grating efficiency. Clearly, more basic measurements

§§& and further calculations need to be made to map out the

::; limitations of multilayer coated grating devices. )

Ei Two potential multilayer grating applications stand out;

Y

i:: first, a narrow-band, multilayer-coated blazed grating to operate

a ! in medium or high resolution in a scanning monochromator or in

%ﬁi high orders in Littrow and second, a broad-band multilayer

%&; grating to operate in low orders and in near-normal incidence.

:;} The following discussion will cover the narrow-band type first, a
4

;Eg more demanding application, which will serve to illustrate

":j multilayer grating performance issues. This will be succeeded by
v

t:i a short look at broad-band multilayer grating performance and

!

ﬁ#“ finally by consideration of several instrument possibilities

using both types. The designs are presented for exploratory

purposes only; multilayer grating efficiencies and resolving
powers have been presumed which need experimental verification.

Coating a blazed grating with a properly optimized, narrow-
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band multilayer coating yields a diffraction element which has a

‘
A

)
p' high reflectivity over a limited wavelength/diffraction angle
slﬁ range. Combining Bragg’'s law of Equa. 1 with the grating

S
)
f:: equation of Equa. 6iii yields the necessary matching condition
A
o
S
.
:,.
- D dsing
P n m
32
:i§ The resolving power is set by the grating to be mN., but
ey .
.qﬁ equivalently, the combination can be viewed as a synthetic

o)

wl

;4 crystal (asymmetrically cut) with N, blaze facets of m periods
;:Q each contributing of a total number of sampled layers or crystil
5 '.\

i: planes of mN.. In practice, the number of periods deposited or
L

o
; contributing can be greatar or less than m; dsing defines the "D"
L
“J: spacing of the grating "crystal" planes. Most likely, multilayer
b
. ! D would be determined by measuring the grating dsing. To achieve
o
wth high efficiency the D spacing should be accurate to D/Ngff.
-’

oo Sputtered multilayers have a depth and lateral (over several cm)
)

]
{5 uniformity of <0.3%.1% If the A/d) bandwidth of the multilayer,
(0

n$s given by Nafg, is designed to be equal to m, the multilayer

o5 bandwidth will match the free spectral range, reducing the
ra: problem of overlapping spectral orders, particularly where the
-l

:ﬁ- grating and multilayer orders differ. Greater order suppression
®

T, can be achieved with larger Nga¢gf, but care must be taken,

.}2 especially at shorter wavelengths, to avoid lower efficiencies
’jf due to the Bragg correction as shown in Figs. 2 and 3.

L
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'i Adjustments to the D spacing could match the corrected Bragg and
¢ blaze angles, but this would be optimal at only one wavelength.
g” As noted in Part 2, the Bragg correction is tolerable for a large
5 wavelength region at longer wavelengths; and so matching would be
:3 best done at shorter wavelengths. Multilayer grating efficiency
:} as a function of diffraction angle would be determined, in parc,

:3 by the single slit diffraction pattern with a angular FWHM of

approximately A/d. In terms of bandwidth in the dispersed

spectrum, this becomes (from Equa 7 without including groove

x

B

- shadowing)

gl

LN

[\

[}

® A m cCos¢ .
T: { da } s sinr (a7
s

\J

Another consideration for multilayer gratings is the possibility

' of having multiple diffraction planes. These could result in
.; diffraction features from what would be, in effect, higher index
;? planes of the synthetic crystal/multilayer grating. Efficiency
: would depend a number of factors such as the single slit
f diffraction width since the multilayer grating "atoms" are, in
fé fact, small plane facets.

‘g Fabrication errors in multilayer gratings constrain the

b

EE resolving powers and efficiencies, particularly at the shorter
:i wavelengths. For high resolving powers a focussing system is
’ required. Pucting aside design questions of a curved grating
’E substrate or separate focussing mirrors, Rayleigh’s criterion
{é giving the highest resolution for a given width grating demands

B I
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that the wavefront error be less than A/4. As shown by Equa. 12,
this puts strong restrictions on groove placement errors which
have to be 2A at A=16A and half as small at A=8A. One Angstrom

is not within the capabilities of the best ruling engines, and so
holographic gratings may be preferred. Figure error or height
irregularities, 6h, also contribute to wavefront error and

constrain resolving power. Equa. 13 and Bragg’'s law imply that
D=45h or that given the state of the art of optical fabrication

is, at best, 5 to 10A deviation of surface figure from a given

ideal, D spacings must be 2 20-40A. This limits standard high
resolution, normal incidence designs to wavelengths larger than
20A. It applies to micro-irregularities or roughness as well, -
but the effects on efficiency can be gauged more quantitatively
from Equas. 4 and 5. Those relationships predict 1/3 Eemaining
in the specular beam at a rms roughness to D spacing ratio, o/D,
of = 1/6. The roughness, therefore, must be less than SA for a
multilayer with a 2D of 60A. This is difficult to achieve with

flat surfaces much less on the facets of blazed gratings. Ion-
etched holographic gratings may be preferred over other blazed
types because of lower roughness. But, in general, a flat blaze
facet is difficult to achieve with holographic gratings.27 Other
possibilities are moving to coarser gratings (and correspondingly
higher orders, m) which have a higher quality, flaccter blaze, or
perhaps using anisotropically etched silicon gratings.56
Certainly fabrication questions such as multilayer coating

uniformity across the blaze facet are also open. For short
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wavelengths, roughness may force designs to non-normal incidence
to obtain sufficient efficiency.

The constraints on lower resolution, broad-band multilayer
gratings are less restrictive; and, as mentioned, several have
been fabricated. These devices would use a wide rocking curve
multilayer coating and aim to reach moderate to high resolving
powers in low orders. For short wavelength applications, the
roughness problem could be relieved by using laminar gratings as
substrates which can have very smooth plateaus. Unfortunately
the facets put the multilayer efficiency peak in the zero order
direction, so efficiency cannot be as high as blazed multilayer
gratings and the interference between groove top and bottom carr
not be put to full use to enhance o0dd orders because the bottom
of the grocves would be relatively rough. Sinusoidal multilayer
gratings might offer higher efficiencies at larger § due to the
range of grazing angles presented; but, again, roughness would be
a limitation at short wavelength.

Multilayer grating performance suggests three classes of
instruments to explore. The first are spectrographs that use
narrow-band, "synthetic crystal", blazed multilayer gratings to
achieve up to 105 resolving powers for wavelengths as short as
10-40A. The second are scanning monochromators which also use
narrow-band, blazed multilayer gratings but with moderate 103-10%
resolving powers and operate on-blaze over a wide angular and
wavelength range. The final class adapts standard normal-

incidence, stigmatic grating mounts for use with broad-band
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[ multilayer gratings. Each of these classes will be discussed in
w
s turn. Fig. 7 shows the mounts that will be considered, some in
{
ﬂ‘ more than one class. Other more exotic possibilities which offer
YA
) potential for new focussing arrangements but a more complicated
a
- and less precise grating will not be discussed here. These
) include the on-blaze, variable spacing cylinder grating
(%
A
X monochromator of Aspne557 or other designs using variable groove
I
::- spacing grating focussing such as proposed by Hettrick and
$ Bowyer58 or Cash3? as well as Fresnel zone plate morochromators.
D «
- Design of a multilayer grating spectrograph to attain 109
L5
;ﬁ resolving powers for wavelengths as short as 10-40A places the
»
;. greatest demands on grating and multilayer fabrication. From the
g
:t. discussion of grating instruments and resolving powers, it is
&5
;i clear that to reach such resolving powers in a reasonable size
(J
{

instrument a Littrow configuration with a large blaze angle

: % 'l" Il

grating and small grazing angles on the grating surface is

jgz necessary. This is, in fact, the standard approach to reach very
i: high resolution in the visible or near-visible. But the Littrow
;3 configuration with multilayer grating would have only a limited
ES on-blaze spectral range of high efficiency. Three possible

g mounts are depicted in Fig. 7; (a), the Czerny-Turner, (b) the

iéé Eagle, and (c) the Monk-Gilleson. A fourth possibility, the

|

JJ echelle spectrograph (e.g. Harrisoan) has not been illustrated

because of its similarity to the Czerny-Turner spectrometer and

the added complexity of a cross-dispersing spherical grating (in

".¥-". ..’-Ila)l’ ';‘-‘f?l’l'/u .‘-I.

place of the second spherical mirror, M2) for order sorting.

3
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'5 Order sorting is naturally supplied by the multilayer in any
y
W
Q\ event, although another order sorting mechanism could be required
[\
(“ for a wider spectral range with broader band coatings. All three
O
3»; of the mounts shown are normal incidence ones and so offer an

M‘
O essentially stigmatic image. The resolving powers of the three
D

- mounts are limited by other aberrations and, at the sort

=

~

il

$S wavelengths, primarily by fabrication errors. The fabrication
o

\\r

s

) errors will be discussed later. But the errors favor fewer

[

optical surfaces and those that can be figured more accurately.

S|

§:§ Aberrations in the Eagle mount are low’ and have been considered
i;E by Namioka33. While it has a single optical element, that

]
0: element is a spherical grating. The Czerny-Turner and Monk- -
ié Gilleson mounts both use plane gratings which are more precisely
'ﬁg made. The Monk-Gilleson offers two surfaces, but is normally
3: considered for more moderate resolution instruments because of
§§§ severe coma. The coma can, however, be compensated against
:fi astigmatism at one wavelength.60'6l Coma can also be compensated

<%

by hyperbolic grating grooves or an off-axis ellipsoid mirror in

IR '
4‘% place of the spherical mirrorsz, but this is adding more
-
%:, potential fabrication errors. The Czerny-Turner mount has small
1
pa astigmatism and coma which can be compensated against each other
 J

=4 . ;

oy at a given wavelength and well tolerated for a relatively large
~o

5? range across the spectrograph plate.63'6a The Czerny-Turner

® mount would be favored for its low aberrations and plane grating;
Ve but, again, the fabrication errors of three optical surfaces have
R
“2~ to be tolerated. The two spherical mirrors could be coated with
bt
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narrow-band or broad-band multilayers to match the gracting
coating. Broad-band coatings of all elements would allow larger
spectral coverage on the plate or operation as a wider range
monochromator.

Fig. 8 shows the resolving power, derived from Equas. 8 and

10 , for fully Littrow (4=90°) spectrometers versus the grazing
angle of incidence on the grating, i. The resolving power is
basically a simple function of tani. Maximum and dispersion

resolving powers are the same in the fully Littrow case.
Resolving powevr is shown for instruments of 1,2,5 and 10 meter
focal lengths with a practicable 25u slit size. Also plotted on
the abscissa is the order-wavelength product for a 1000 groove/mm
grating and the resultant order for a wavelength of 20A. For a
typical 2 meter instrument with ¢=65° blaze angle and so i=25°,
the resolving power would be 3.4x105. With a 1000 groove/mm
grating, this would result in operation in 900th order at 20A.
For a real instrument, ' would need to be on the order of 87° or
93° for sufficient lateral separation of optical elements. Note
that 87° yields a i=22° for inside order, and 93° is associated
with i=28° for what is effectively outside order in the standard
Czerny-Turner mount. Either case would result in only a minor
lowering of resolving power from the Littrow configuration.

The primary limitation to resolving power at the shorter
wavelengths would be wavefront error, ghosts or satellites, and
scattered light (grass). For the 2 meter instrument mentioned

above at 20A, Equas. 12 and 13 would require a groove placement
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accuracy of better than 2.7A and height variations of less than

2.5A to obtain better than \/4 wavefront error and full resolving

power. It is not clear if the groove accuracy required is within
the capabilities of interferometrically controlled ruling
engines; they certainly are within a factor of four. The height
restrictions would apply to blank figure, facet flatness, ‘and
multilayer uniformity; and is likely out of the reach of
fabrication methods. The best approach is to tolerate whatever
errors cannot be reduced by designing for higher resolving powers
than required. Ghosts and grass in the observed spectrum may
present an even greater problem since they are proportional to
the grating order squared. For ghosts to be <10-3 and grass -
<1072 of spectral features, periodic ruling errors and random

ruling errors must be <0.1lA, for a 1000 g/mm grating in 1000th

order. This is = 1/10 to 1/100 of the ruling accuracy of modern

ruling engines. To bring the accuracies within ruling range
would require operation in 30th to 300th order and
correspondingly finer ruling densities of >3000 g/mm. The blaze
facet flatness suffers at higher ruling densities, and very few,
if any, gratings have been ruled at groove densities higher that
4800 g/mm. The required groove placement accuracy for 1000 g/mm
gratings may be achieved with holographic gratings. Efficiency
at these shorter wavelengths would also be strongly reduced by
roughness. Equas. 4 and 5 predict a roughness of only SA rms at
a wavelength of 20A would yield an efficiency 0.005% that of a

perfectly smooth multilayer. Thi, would dissuade applications
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that do not demand such high resolutions and cannot tolerate such
low efficiency. Again, measurements of actual short wavelength
multilayer grating performance are needed to bear all the
estimates of resolving power, background, and efficiency out.

The second class of potential multilayer grating instruments
is composed of scanning monochromators that operate on-blaze to
match the multilayer 6#-24 condition and in low orders with
moderate 103-104 resolving powers. Hunter has reviewed a variety
of on-blaze mpunts.A6 Many of the on-blaze instruments suffer
the experimental drawback of a moving exit slit. Fig. 7d shows
the GCM, an on-blaze, fixed exit-slit, scanning monochromator
that operates with a pair of gratings, a mirror and a grating, or
a pair of crystals as diffraction elements, Gl and G2, in the
region of collimated light between a pair of grazing incidence
paraboloidal mirrors, M1 and M2. As it is implemented at the
National Synchrotron Light Source, f;=f,=10,000mm and sj=s,.=800u
so that with 2D=60A, n=1, ¢=5°, d=5000A, m=15, and a multilayer
coated mirror-grating pair, the GCM wavelerngth range would be 64
to 60A with corresponding grating grazing angles, i, of 1° to 82°
and a constant resclving power of = 2200. This resolving power
equals or exceeds the highest resolving powers to date in that
wavelength region as shown in Fig. 4. Resolving powers to 5000
and above could be achieved at larger blaze angles, ¢, and higher
orders, m; but the spectral range would be cut off on the short
wavelength side. The fabrication error tolerance for this class

of instruments is reduced over that for the very high resolving
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power spectrographs but still presents strong limitations on
grating precision. For the GCM, grazing incidence at the shorter
wavelengths strongly relaxes the tolerance for heights
deviations. Heights errors would have to be less than 46A to
7.24 over the 6A to 60A range of the monochromator. While this

is practicable, groove placement errors would have to be 0.8A to
6.4A in the spectral range 6A to 60A to meet the designed

resolving power. Although ruled gratings are nearly precise
enough, this probably demands a holographic grating. Ghosts and
grass also still remain a problem even though the design calls
for only 15th order. Periodic ruling errors would have to be
less than 3.3A for <10°3 ghosts or less than 0.1A for <10-6 -
ghosts. Random ruling errors would have to be <0.05A at 6A,

<0.7A at 50A, and <9A at 58A. Such errors again argue for the

groove placement precision of a holographic grating. As
mentioned previously, the multilayer roughness on the blaze facet
would have to be less than 5A rms for no less than a 1/3 drop in
efficiency. It is likely that efficiencies will be lower,
perhaps much lower. Measurements need to be made to more clearly
outline the performance limitations.

The final class of potential multilayer grating instruments
has the most relaxed fabrication limits. It involves adapting
normal-incidence, stigmatic, scanning monochromators or
spectrographs to VUV and soft x-ray wavelengths with broad-band
multilayer coatings operating in low orders (m=l-4). The thrust

is to provide, a simple and possibly compact instrument with
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E: moderate resolving powers (103) and reasonable bandwidth (=i/m)
\: in the spectral regions from 100 to 400A or perhaps 25 to 100A.

:. Narrower bandwidth coatings could be used for higher efficiency
_‘3‘ but patchy coatings of different 2D spacings or multiple gratings
". would be needed for wide spectral coverage. One advantage of
_.,:.: lower order instruments is the possibility of using laminar
;E gratings with very smooth facets although the facets are wrongly
?b. directed for highest efficiency. Figs. 7 a, ¢, and e are all
\-J. possible candidates for this class. The Czerny-Turner and Monk-
-::_: Gilleson mounts would be altered to operate with gratings in more
:; normal incidence with smaller blaze angles. Both mounts have the
‘~ advantage of plane gratings but more optical surfaces. The -
\:‘ normal-incidence Rowland circle mount is simple and offers a
'I single reflecting surface. It will be considered as the test
(‘, case although the anélysis should apply to all. A 2 meter,
E: noraal-incidence Rowland circle spectrograph or monochromator
f:' with sj=sp=25u, i=87°, and §=2° so that ¢=1° for blazed gratings,

W
:,'/ 2D=175A, d=5000A, n=l, and m=l1 would have a resolving power of
.
',:. 2800 (from Equa. 8ii) and reasonable efficiency over a single
3

?'5' slit diffraction range of approximately 100 to 250A or the

;5,‘ bandwidth of the multilayer coating, whichever is smaller.
-':? Higher resolving powers at the same wavelength could be attained
;_E at larger blaze angles, ¢; but this would require smaller d/m

:.: ratios, that is, smaller groove spacings or higher orders. A 45A
.\: 2D mulctilayer coating could be applied to yield the same

:E resolving power but in the 4th grating order, m. Resolution
oY
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,’: could be maintained for groove placement errors as great as 415A
: at 175A or 105A at 45A while height deviations from ideal must be
';'I; less than 22A at 175A or 6A at 45A. These can be achieved.
: Reasonable levels of ghosts and grass are also within or close to
"f fabrication limits. Periodic ruling errors must be less than 504
-
::: (12.6A) for ghosts to be <10-3 at 174A (45A) or more stringently
3%,' less than 1.6A (0.4A) for ghosts to be <106 at 174A (45A).
Y o
; Random ruling errors must be less than 28A (7A) for grass to be
\‘_ less than 1% at a wavelength of 174A (45A). Again, holographic
:: gratings are more desirable.
&N
s
® -
o
l—g 5. Conclusion
~
g
( Multilayer gratings have the potential to bring normal-
‘}:\: incidence, high-intensity, étigmatic imaging spectrographs and
‘;:? monochromators to wavelengths from 13 to 350A. High resolution
L
;) Littrow spectrographs, medium resolution scanning monochromators,
_:_E and lower resolution spectrographs and monochromators can all be
:_‘:'a envisioned but demands on grating auad surface figure are high
':t because of the short wavelengths and high orders. Holographic
o
-Sf gratings offer the best hope to meet the groove placement
:“t‘ accuracy required, but the question of facet flatness remains.
.: Measurements need to be made, particularly to verify estimates of
: efficiency due to roughness, actual resolving powers, and the
o
‘_::-’: backgrounds of ghosts and grass.
o
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