AD=A114 765 ROCHESTER UNIV N Y LAB FOR LASER ENERGETICS F/6 20/5
DEVELOPMENT OF X-RAY LASER MEDIA: MEASUREMENT OF GAIN AND DEVEL==ETC{U)
FEB 82 J FORSYTH AFOSR-81-0059
UNCLASSIFIED AFOSR=TR-82-0390Q

boos |

|
| ERREN




o

|

lll
Il

N
O

||l||

¥

e

H_i
g
[
L flie o




February 1982

Annual Scientific Report
1 January 1981 - 31 December 1981

Grant AFOSR 81-0059

ADA114765

Development of X-Ray Laser Media:
measurement of Gain cnd Development of

Cavity Resor.ators for Wavelengths
Near 130 Angstroms

AN

: Nk
IO W &

—_— e

Approved for pudlie releass H
distridution unlimited,

gz 05 24 163

P L Cs——

e et ¢ ot e - 47

— -




Unclassified

SECURITY CLASSIFICATIUN OF YuiS PAGE (When Dars Enrored)

REPORT DOCUMENTATION PAGE I A T e FORM
T REPORT NuMBER “8OVY ACCEISION WO1 3 WECISIENT'S CATALOG NUNBER
m-m- 82-‘[39‘[ H‘k'.‘,J/g /"-L
& NYLE (end Subritie) 3. TyeL OF AEPORT & PEMOD COVERED
DEVELOPMENT OF X-RAY LASER MEDIA: MEASUREMENT Annual Scientific Report
OF GAIN AND DEVELOPMENT OF CAVITY RESONATORS 1/1/81 - 12/31/81
FOR WAVELENGTHS NEAR 130 ANGSTROMS S PERFORMING ONG. REPORT NUNDER
T AGTHOR(s) T CONTRACY OR GRANT wuu®ER(e; 1
Dr. James Forsyth AFOSR 81-0059
" CASSRAYory Yo Luser Energetics R R DR R
College of Engineering and Applied Science :
Unz‘) vegs:’z 2y of Rochester P 2301/A8 C e o=
| 250 [. River Rd,, Rochester, New York 14623
1 c'onvuo;.uuvc :’ncc NAME AND ADDRESS ) 12. ALPORT DATE
Rir Force Office of Scientific Researcf/,/// Feb. 1982
Bolling Air Force Base 7 WUMBER OF PAGES
Washington, D. C. 20332 ’ 3O
14 MONITORING AGENCY NAME & ADORESS(I( &iffarent (ree Conireliing Office) 18 SECURITY CLASS. (of thie vopert)
Unclassified
18e 2€£t;:ta:ccvrwu DOWNOGRADING

1% DISTRID.TION STATEMENT (of thia Report)

g Approved for publie release
distribution unlimited.

17. DISTRIBUTION STATEMENT (of the absrract entered tn Bleck 20, If dilfteront freem Repert)

19 SUPP.EMENTARY NOTES \

19. KEY WORDS (Continue on severss 2ide 1f necessary and 18ontily by block number)

X-Ray, Reflectors, Laser, Plasma Q,

20 ABSTRALYT (Conitnue an reverse side il necessory and idontity By block number)

M Experiments showing improved levels of population inversion on soft x-ray
transitions in laser heated plasmas were performed with a frequency tripled
Nij: glass laser facility. Optics have been fabricated which will allow
Tine focus experiments to be performed with this facility in 1982. Design
studies on soft x-ray cavity reflectors have continued. .

2

oD ':::l'” 1473 soivion OF 1 NOV 8815 OBSOLEYSE

SECURITY CLASBIFICATION OF Twil PAGE (Then Tare Entored)

1

e

o et 1 = - S e




1.0 SUMMARY OF RESEARCH OBJECTIVES

During the January 1 through December 31, 1981, support period

we have concentrated our research in the following two areas:

1. Extension of the results of previous studies which demonstrated

the existence of soft x-ray population inversions in recombining,

laser-produced plasma to the development of a practical amplifier
device.
2. A study of the performance which would realistically be expected

to be obtained from multilayer structures suitable for use

as normal incidence, soft x-ray cavity mirrors.

Our activities during this period have led to several significant achieve-
ments:
1. Demonstration of substantially enhanced population inversion
levels in point focus, step-target geometry due to the use
of frequency tripled glass laser radiation to initially heat
the plasma medium.
2. Construction of cylindrical focussing plates for the ultra-
violet (frequency tripled) laser pulses to enable line focus
experiments to begin in 1982.
3. Successful modelling of the pc-.. Js experimental observations
in aluminum plasmas using the one-dimensional, laser plasma
hydrodynamic computer code, LILAC.
ATR FORCE OFFICE OF SCIENTTFIC RESEARCH (AFSC)
WOTICE OF TRANSMITTAL TO DTIC
This technic=l report has been reviewad ~=dq |
approved for publin release IAWAFR 127-12.
Distribution is unlimited,
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4. Modelling of the re¢l2 of various probable fabrication defects
l in the predicted performance of multilayer reflector devices

for soft x-ray laser cavities.

An elaboration of these achievements will constitute the main body

of this report.

2.0 STATUS OF THE RESEARCH

2.1 Soft X-Ray Amplifier Development

The essential idea behind our approach to building a soft x-ray
laser is to create a hot, high density, highly ionized plasma which is
converted into a recombining plasma in a suitable expansion geometry.
We create the initial plasma conditions by focussing a high intensity
light pulse from a Nd+3:glass laser onto a suitable solid target.
During the past 18 months a significant new development in laser tech-
nology has occurred at LLE which has greatly enhanced the measured
performance of such recombining plasmas in producing inverted popu-
lations. This development is the demonstration and now routine oper-
ation of a high efficiency frequency tripling system for high peak power
Nd+3:glass lasers. As the benefits of the use of frequency tripled,
ultraviolet radiation in these experiments became clear, we modified our

experimental facility for its use. In this section we will review the

frequency tripling concept and compare the use of ultraviolet vs infrared
radiation to heat high density plasmas. We will then directly compare
the use of the two radiations in our soft x-ray population inversion

experiment.




An example of the laser target irradiation geometry and the diagnostic

set-up we use is given in Fig. 1. In a typical experiment a 20-50 -

“Joule 0.5 nsec FWHM nd+3

: glass laser pulse is focussed onto the sur-
"face of a moderate Z slab target such as aluminum or magnesium. The
target geometry is arranged to allow the expanding, hot plasma from the
surface of the slab to be partially intercepted by a foil (shown here
as magnesium).

The foil is postulated to provide a heat sink in the plasma ex-
pansion,1 leading to an enhanced rate of collisional recombination for
the highly stripped plasma ions. Such recombination processes favor the
production of states of high principal quantum number, leading to pop- ]

ulation inversion.2

The inversion process is shown schematicalily in
Fig. 2. During the past year we have conducted experiments under con-
ditions which lead to a substantially increased density of inverted
population on 4+3 transitions in helium-1ike ions of the slab material
(e.g. aluminum or magnesium). These experiments, described in the next

section, greatly increase the chances for a successful soft x-ray gain

demonstration in the next year.

The frequency tripling scheme has been described in a series of
papers.3'4’5 The linearly polarized output of a Nd+3:glass laser is
incident on a Type Il KDP crystal which is angle-timed for optimum
phase matching. The input polarization is set at 35° with respect to the

0

“mrdinary ray direction in the crystal instead of the usual 45°, resulting

.in SHG efficiencies near 67% for a broad range of input intensities.
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The light emerging from the doubling crystal thus consists of a 1:1

photon mix of fundamental and second harmonic with orthogonal polarizdtions.

" These radiations then enter a Type II KDP mixing crystal with optimum
‘mix and polarization for efficient third harmonic generation. The
crystal and polarization vector orientations are shown in Fig. 3.

Routine overall conversion rates to third harmonic of 60% or more are
achieved at 127 mm aperture in the system used on our glass development
laser facility. In 0.5 nsec pulses, between 40 and 50 Joules of 0.351 um
radiation are delivered to targets, resulting in on-target intensities

of 101 w/cm?.

A systematic study of many aspects of laser target interaction
physics at 0.35 um has been conducted over the past year. Many results

of these studies are published,ﬁ’7

or in-press. We will summarize the
relevant features of ultraviolet (third harmonic) irradiation compared
to infrared irradiation of targets under otherwise similar conditions.

1 2

For on-target intensities in the vicinity of 10!° W/cm® we find

1. The UV absorption is much higher than the IR absorption
(typically 75% vs 30%).

2. The UV absorption is classical (collisional) as opposed to
resonance absorption in the IR. There is no suprathermal
electron distribution or suprathermal energy transport with UV

irradiation.
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3. The UV absorption occurs at higher electron density (~ 1022-cm'3)
than the IR absorption (~ 1021 cm'3). ’

4., The plasma coronal electron temperature is the same dr slightly
higher with UV irradiation (1-2 keV).

5. Both soft x-ray line and continuum emission increases by an
order of magnitude or more with UV irradiation compared Joule

for Joule with the IR.

These observations suggested that frequency tripled Nd+3

:glass

laser radiation would be advantageous for use in our population inversion
experiments. In particular, it appeared that we could vary one of our
initial conditions - the plasma particle density - while leaving the
initial temperature and the expansion geometry unchanged. The absence
of hot electrom producticn would also help to carify the role of the
plate we employ in the expanding plasma. If the role of the plate is

strictly geometricaly or thermal in nature then it is possible that our

dencity of inverted population might be increased.

To implement the conversion to frequency tripled light in our

experiment, our laser beam transport optics were recoated for 0.351 um,

the vacuum window to our experimental chamber was replaced by a coated,

fused silica window, and our focussing lens was replaced by a single

element f/12 fused silica lens. Alignment of the UV system is accomplished
'hith the aid of a CW argon ion laser operating at 0.355 um. This CW

“beam is inserted into the beam transport system at the point where the




IR laser enters the frequency conversion system. A schematic diagram of

the frequency tripling system, the a(ignment system and the beam diagﬁostics

-is given in Fig. 4.

We now present some comparative results on step-target experiments
using IR and UV irradiation under otherwise similar conditions. In
these experiments a target geometry similar to that shown in Fig. 1 was
used except that the foil was arranged in the form of two half-planes,
j.e. a slit. The spatially resolving crystal spectrograph, set to
record transitions to the ground state of helium-like and hydrogen-like

target ions, was positioned to view along the open axis of the slit.

In Fig. 5 we present two spatially resolved spectra from aluminum
targets heated by 50 Joules, 600 psec FWHM pulses of 1.054 um laser
radiation, recorded using a flat TAP crystal spectrograph with a spatially
resolving slit. The equivalent source space dimensions for our geometry
are shown on the figure. A lead foil s1it was used in the target
producing the left hand spectrum. This foil was convenient in that it
produces no strong emission lines in this part of the spectrum. A
similar expansion spectrum is observed in the right hand spectrum,
obtained from an aluminum target fitted with a thick magnesium slit in
the form of a channel. Because of the close proximity of many of the
magnesium and aluminum lines is it difficult to perform line ratio
é;nalysis for temperature and density profile reconstruction. However,

“the use of lead foil targets consistently produced severe damage on the
laser focussing optics due to production of high velocity lead debris

along the plasma expansion direction.
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In Fig. 6 we present two spatially resolved spectra from aluminum

targets heated by 20 Joule, 490 psec FWHM pulses of 0.351 um laser
“radiation, recorded on the same crystal spectrograph as used to record
'Fig. 5 except that an additional 0.75 yu aluminum foil filter reduces

the greatly increased x-ray emission intensities with the UV irradiation.
The equivalent source space dimensions are shown on the figure. The
left hand spectrum was produced by a target with a titanium foil slit
while the right hand spectrum was produced by a target with a magnesium
foil slit. A slight misalignment of the spatially resolving crystal
spectrograph axis with respect to the open axis of the target slit is
evident in this figure. The two spectra show very similar expansion
characteristics, indicating that the performance of these targets in the
UV is essentially independent of the heat sink material just as has been

observed for IR irradiation.

The spectra shown in Figs. 5 and 6 are presented on nearly identical

spatia) scales and recorded optical densities. It is immediately striking

that the length of expanding plasma column giving rise to intense radiation

from the n - 1 transitions is much greater with UV target irradiation.
This is consistent with the coupling of UV radiation and hot plasma

formation at much higher particle density than with IR. Densitometric
scans of the spectra in Fig. 6 show a clearly defined inversion in the

intensity of the 4 -~ 1 over the 3 - 1 transitions in the helium-like
*

-12-
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aluminum ion beginning between 600 and 900 um from the initial target
surface, roughly 2-3 times farther out than is seen in the IR experiments.
Based on the absolute intensity calibration of our spectrograph we calculate
the density of inverted population on the 4 - 3 transition would be 3-5
times higher in these UV experiments than in any of our IR measurements.

As a result of our decision to convert our experimental system to
ultraviolet irradiation, we postponed our procurement of a cylindrical
focussing lens for line focus experiments. The improved performance of
the recombining plasmas with ultraviolet irradiation has motivated us
to redesign our cylindrical focussing system for the uitraviolet. The
f/12 spherical focussing lens has a focal length of approximately 1660 mm.
This is sufficiently long to permit the use of additional weak cylindrical
plates to obtain a line focus. By employing two such plates we may obtain
continuous control over the aspect ratio of the line focus by rotation of
their respective cylinder axes. A pair of fused silica plates has been
fabricated for this purpose. These plates are currently deployed in
preliminary line focus experiments.

Because of the essentially classical behavior of intense, focussed,
ultraviolet laser pulses in plasma media, we felt that for the first time
we might hope to model the experiments on production of population inversion
described above. Accordingly, in our first such efforts we sought to adapt
a highly developed numerical plasma hydrodynamic code, LILAC, to the
description of the observed, time integrated, spatially resolved emission
spettrum from the plasma ions. LILAC calculates inverse bremstrahlung
absorption for an electromagnetic wave propagation through a one dimensional

(i.e. spherically symmetric) plasma. The hydrodynamic equations of continuity,

-14-
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and energy and momentum conservation are then solved at each point during
each small, adjustable time interval. The temperatures of electron and

ion populations are calculated separately, and energy exchange between
gopulations is provided for in each computational cell. The various coronal
species are assumed to behave in an ideal gas fashion. The degree of
ionization is calculated at each step using the model appropriate to

the plasma conditions.

To enable a one-dimensional code to accurately replicate observations
made on flat target experiments, it has been found effective to assume
an irradiation/target geometry shown in Fig. 7. If the diameter of the
Jaser focal spot on the flat target is ¢ then a spherical target radium
of 2¢ is chosen in the calculation. The expansion of the plasma proceeds
radially from the surface in a pie-shaped region.

The emission spectrum is obtained using a rate equation package
which is calculated as a post-processing routine on LILAC. The excitation
and recombinaton coefficients for the helium-1ike and hydrogen-like
species are adapted from McWhirter and Hearn. Only ionization ground
state populations are calculated for lower stages of ionization. The
calculations are suppressed at all points for which the electron temper-
ature drops below 60ev due to the lack of good data available for the
species and levels of interest at such energies.

To replicate the observations of our spatially resolving spectrograph,
the expanding plasma is divided into a series of laminar layers, 10 um
thick, oriented in the direction of observation. The radiation from
;;ch laminar segment (assumed to be distinguishable in our instrument)

{s calculated, taking into account the opacity of each ground state

transition using the model of Elton. Each simulation yields a time- and

-15-




EQUIVALENT TARGET IRRADIATION GEOMETRY
USED IN ONE-DIMENSIONAL (LILAC) SIMULATIONUH

LLE

Figure 7
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space-resolved spectral emission distribution as well as a time-integrated,

space-resolved distribution.

To simulate the effect of the foil structure in the step-target
expgriments, we add a spatially dependent energy loss term to the hydro-
dyngmic equations in the code, in thich the cooling tire, Teo is an adjustable
parameter. In this way the results could be compared to a particular
physical model of the transfer of energy from the plasma to the cooling
plates or foils.

In Fig. 8 we present a calculation of the time-integrated, spatially
resolved emission from the 4 -~ 1 and 3 - 1 transitions in helium-1ike
aluminum. In this simulation, a peak irradiation intensity of 5 x 10!*

W/cm? at 0.351 um was assumed with a focal spot diameter of 100 um. A cooling
plate 100 um thick was located 200 um from the initial target surface. The
laser pulsewidth was 500 psec and assumed to be gaussian.

A "normal" line intensity distribution is exhibited close to the initial
target surface. At a distance of approximately 700 um from the target the
two intensities have become equal and beyond that point they are inverted.
This behavior is in very good agreement with the experimental observations
presented earlier. To obtain this result a cooling time, Tes of 30 psec
was used in the calculation. It appears that the exact value chosen for
T, is not critical. For T © 10 psec, the increase in line emission in
the vicinity of the cooling plate appears to be somewhat larger than
observed. For 1. > 100 psec the lower temperature drop substantially reduces

c
the emission from this region.

) The initial success of this modelling effort is very encouraging.
During the current support period we plan to continue this effort to see
if further refinement and optimization of the experimental conditions‘can

be verified.

=17~
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2.2 Soft X-ray Cavity Development

- Since we began our study of periodic structures which could be
-suitable for use as reflecting elements in a soft x-ray laser cavity,
considerable activity has been initiated in several laboratories in
the development of such elements.8 Substantial variation in the
technical approach to fabrication of such elements currently exists
and at least one attempt at commercial manufacture may soon be rea1ized.9

During the past year we have generalized our analysis of the performance

which could be expected from such elements to include a treatment of

the effects of various structure defects and fabrication errors. Interim
results of this work, which is continuing at present, are presented in
the attached publication reprints and present a fair summary of the work

performed during the support period.

-19-
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The Reflecting Properties of Soft X-Ray Multilayers

Aton E. Rosenbluth and J. M. Forsyth

Laoboratory for Laser Energetics, University of Rochester, 250 East River Rd., Rochester, N.Y,

14023

ABSTRACT

We treat a variety of problems in the theory of soft x-ray multiloyer mirrors. A
characteristic matrix solution to Maxwell's equations is presented that applies to both
periodic ond non-periodic reflectors whose loyers con possess arbitrary index gradienfs.
Procedures are derived to maximize muitilayer reflectivity in the kilovolt and sub-kilovelt

regime.
absorption as well as the effect of dispersion,
random thickness errars is treated onalytically.

A refractive correction to Bragg's law is derived that inciudes the effect of <

Multilayer reflectivity in the presence of
An analytic treatment of different kinds

of interfacial roughness is described. The reflecting properties of the multilayers may
contain qualitative signatures that are characteristic of the different kinds of roughness.

The effect of interlayer diffusion is discussed.

. Characteristic Matrix Analysis of X-Ray
Reflectors

Our analysis of x-ray multilayers proceeds from a
solution to Maxwell's material equations, given that
the multilaver structure has g spatially vorying
complex dielectric constant e. In this respect our
analvsis follows the Ewald-von Laue dynamical theory of
crvstal diffroction. In the dynamical theory it is
assumed that ¢ is three-dimensionally periodic, as in a
perfect crvstal. We assume that ¢ is g function only
of the coordinate z normal to the multilaver surface; e
need not be rigorously periodic.

In this case it is known that the wave equation
can be separated into ordinary differential equations,
whose solutions can be put into characteristic matrix
form,! The characteristic matrix solutions for
homogeneous lovers are commonly used in optical
multilayer coiculations.

In the visible, these differential equations must
be solved numericaily in the case of a -eneral
structural profile, but for the x-ray regime we have
solved them analytically under the assumption that
le-11 << 1, Essentially, we treat the material medium
as giving rise to a perturbation in the vacuwum fields.
‘Ne now present this solution.

Let the plane of incidence be the y-z plane.

Define:
S Poiarization P Polarization
EzE € = -£ /cose
2 : (m
H z Hylcose M= ;,’
The characteristic matrix solution for the Kth
cell of the multilayer shown at right is:
Exr <08 xPx  -i (ta-¥x) E
-
Hx. -4 (ta*ym) ot dutpx Hs 2)
wheret

o--u-_I_-“_‘. csd M .ilne.{:ttuz)m(%'. cos.g)

&
s -}(«zm r.--’% et fde Amm(k—' con o.)

,.-3;.-:0{'::5(:) S sindu- & 1)

(Mere we follow the optics convemtion where § is measured 10 the normal)

"
Cel (Supsute)
1]
s mossured ! \
‘o normal |. .'
| ' {
’
‘ i
Soom (™ -
nteringe  Interiase
" (A00)] o Re [ARY)
T -0 N Zeq
The struceure S

» epucifiad by B
constant ¢(Z). 3(Z) A VRiD)- V)

Fig. 1. Decomposition of reflector into unit cells.

We note that the structure as determined by
A(z) m 172 (e(2;]) need not correspond to @ succession of
h?mogemous layers, but can have an arbitrary variation
along z.

If sxis the amplitude reflectivity of the stack of
cells K-, K-2, ... 1, then:

Eml+m New)-pg 4)

From these we can derive a difference equation .
that propagates the amplitude reflectonce from unit
cell to unit ceil, This is analogous to the amplitude
recursion formula that is used fo propagate the s
refiected amplitude from single layer to single layer
in optical multilayer calculations, The equotion iss

“2ile -y,
Pt el g

This equation is particularly useful in analysing
non-periodic multilayers.

0094~243X/81/750280-0631.50 Copyright 1981 American Institute of Physics
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ll. Equivalent Parometer Anoclysis of Periodic
Reflectors

= A@)] or e (a2
1—-
f—— # —o
...... oy~ -
A V3 ——— b—1n2
2" .20 20 2. r e
< 23—

Fig. 2. Structure of unit cell in a bilayer reflector.

A multilgyer witheg bilayer structure consists of
alternating homogeneous layers of two different
moterials. If the thicknesses of the different layers
of each material are equol, the multilayer is periodic.
By plocing the cell boundaries at the midpoints of the
L loyers the cell structure con be mode centrosymmetric
as shown in the diogram above,

Then the parometer p is zero, ond the
characteristic matrix solution becomes:

1 -1 4o-u-Y) Ex
Haa -A¢-uty) e | M
where:

v '(ITG)’ (O - A1) 5in B o
» -(%)’ [*A. + B (Bn - Bu)]

This has the form of the well-known characteristic
motrix solution for a single homogeneous layer having
an index of refraction a, and phase thickness 8 :!

Ea cos B, '(‘I‘)Nll 8 Ey
Mo -in, sin B cos 8. Y

To motch this matrix to the choracteristic matrix for
the unit cell of on x reflector, eq. (6),we must moke the
assignments A = #\./' |;-7’ and n.-\/u»-yi:u-y) , where
teéd-s. The two matricies will be equal to within
first order in ¢ ond A.

This matching of matricies is an example of whot
in thin film optics is known as the method of
equivalnt parometers.? There is o straightforward
anology between the properties of the single equivalent

and the single cell of an x-roy reflector.

A reflector with J cells corresponds to o stack of
J equivalent layers, which is, in effect, a single
loyer of phase thickness JA .

By letting E,®)1+p, ond N ®|.p, , we con
obtain the well-known expression for the reflectivity
of o single layer:

in - 1/8) 10 (J9) )

P TTER* in) aa OB
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where s 8, -»,
This is olso the reflectivity of an x-roy
myltiloyer having J cells.

Il. Optimization of Reflectivity

A computer progrom con be used to determine the
optimum lgyer thicknesses in on x-roy reflector vio
stondard optimization aigorithms. A study of such
optimized designs shows that if the rodiation energy is
above about 100 ev, a biloyer reflector that is
periodic can achieve nearly the maximum reflectivity
that is possible from given lgyer materials.

The results of the computer study ogree with ]
theoretical analysis we have mode. It can be shown
onalytically that if J is large, the reflectivity of on
optimized periodic reflector is an extremum with
respect to an arbitrary perturbation in structure.

(The structures of the different celis need not be
perturbed equally). This onalysis neglects small terms
proportional to the squore of the difference of the
index of refraction from one.

03 B

[- 4
8 0.2 1
z |
5 8)=-0.077 + 0.053 i
w A, =-0.018 + 0.0032 i
& o_1r— A=130 A
w
&
1 1 1 }
0.0
0 10 20 30 40 50
NUMBER OF LAYER PAIRS J
1. W (J) ot non-periods e op soach) (3J6ogrees of freesdom)
2. R (J) of perk gne op stesch J (2 dogroes of freedom!
3. A (J) of 8 periodic desigh OPHMIZIY 81 J —o = (2 degrees of freedom)

Fig. 3. Comparison of optimization schemes.

For this reoson we now concentrate on the periodic
case. When J is large, the reflectivitv of a periodic
multilayer with o centrosymmetric structure is given bv

"'%"hﬂta-\/l’-v’ aoe

Let o dot represent o derivative with respect to
some structural paorometer. Using p=-(8+1) ¥y one con
obtain o general optimization condition on the
intensity reflectivity R= gp°:

R=2R Re (%) -zn~ae(i;7‘i)‘.o' an

A similor but slightly more complicoted result con
be obtained if pr0.

We show below in sec, IV, eq. 1g-17, thot ot the
wavelength of peak refiectivity, & is pure imaginarv.




282

The condition for maximizing the peak reflectivity
is therefore:

mi-t2)=p 12)
Y

As an application of this result, we consider the
oroblem of optirrizing the H to L thickness ratio in a
multilayer with a bilayer structure.

In order to do so we apply our optimization
condition to the parameter

a...-z{d.cou- (3

.
Tdta
and obtain a condition first obtained by Vimogradov and

Zeldovich for the case of reflection at normal
incidence:?

an B = B + wim(Ad) 4
b Im(Qn - AL) (14)

More generally, we consider mth order diffraction,
and let Buw = m® (dw du+d.). ‘We obtain the optimization
condition:
malm(AL)

it Ry vy v

(15}

In the plot below, and in the other numerical
examples of this report, 've have used preliminary
valves for atomic scattering factors from a forthcoming
compilation.* These have generously been provided to
us by B.Henke.

REFLECTIVITY

LN

Fig. 4. ''eflectivity as a function of thickness ratio.

1V, The Absorption Correction to Brogg's Law

It is well-known that the Bragg condition for
crystal diffraction, 2d cos 8 = A, must be corrected for
the dispersive effects of the crystalline medium
(following the optics convention, @ is the angle of
incidence to the normal). It is less well-known
however, thot Bragg's low must be corrected for
absorption as well as for dispersion.

In our formfalism, the parameter ¢ represents the
detuning of a multiloyer from the simple Bragg angle
fs m arcos (A _2d), through the relation:

¢ = -Z—I—d- (cos8, - cosbd ) (16)

To find the exact angle of maximum reflectivity we
optimize the structure with respect to the parameter ¢.
Then using the optimization condition introduced above
(eq11), and setting y = 0, i & |, we get:

S

Re(1/8) =0

or

Re(8) = 0 an

The same condition is obtained in the general case
when py0.

The requirement that Re (8) = 0 is the same as
requiring that the real part of the equivalent phase
thickness 8. equal », which is different from the usual
requirement in the absence of absorption that the real
part of the optical phase thickness equal . The
difference is o consequence of the presence of muitiply
reflected beoms. In an agbsorbing structure, these
beoms undergo phase changes upon reflection, cousing d%
phase change in the averal! oscillation ocross eoch
cell.

Since 8 m V7 -3, we con write our requirement
that Re (8) = 0 os Im (&) = 0, which can be shown using
the Schwarz inequality to automatically imply

Re(8') < 0 . The condition Im (&) » 0 can be manipulated
to give:

cos Oy - cos § = cos b (ﬂ' ['1'7'+ P".]) (18)

L4 LT sa’

where primes and double-primes denote real and
imaginary parts. This result was first discovered by
F. Millers in the context of crystal diffraction, and
independently by us in the context of multilayer
reflection. P. Lee, of LASL is a collaborator with
us in this work.

In the usual formula for the dispersian
correction, the term in square brockets is missing.s
The first term in parentheses, u’, con be considered
to represent dispersion, the term in square brackets
absorption.

The relative magnitude of the two effects are
compared in the plot below. The ratio plotted is

8;-0,
8 -8,

where &= arcos (A/2d), & is the true Bragg ongle os
corrected for absorption and dispersion, and 8, is the
Brogg ongle as corrected for dispersion only.

It con be shown that the absorption correction is
always smaller thon the dispersion correction, but as
the plot shows there are cases in which the two are
comparable, The absorption correction must therefore
be included whenever an accurate matching of
wavelengih, angle, and 2d-spacing is required.

Ratio =

(19

-
Tungsten-Carbon Mutisyer
2¢:100A
os . A i varioble
82-0, A derde
=L 8. Retio ol 0, o 4, cheson
By -9, %o maximiae A at eech ).

ANGLE OF PEAR REFLECTIVITY

Fig. 5. Comparison of sbsorption correction to disperslon
correction,
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V. The Effect of Random Thickness Errors On
Myltilayer Reflectivity

Random thickness errors in an x-ray multilayer con
couse © severe degredation in reflectivity. Even when
the errors are small compared to the multiloyer's
2d-spacing, they con couse g significont cumulative
dephasing if not castpensated for during the fobrication.

Previous theoretical analysis of the effect of
random thickness errors is largely limited to the work
of Shelion on opticol Brogg reflectors.” Shellan
treats thickness errors as o smoll perturbotion in the
struc haé of dielectric reflectors having a smait
cowpling constant per cell. X-ray reflectors have o
amoll cowpling constant, but it may not be adequate to
consider the errors in x-roy reflectors to be smoll
pertwbations tho! couse only a small degredation in
reflectivity., In the soft x-roy regime it is also
irmpartant to include absorption, which can be the major
factor determining the reflectivity.

We have met these requirements using an analysis
bosed on the amplityde recursion equotion introduced
above (eq. (5)).  This equation is:

'e’zi(..('u )

Kol

We frect ¢u as 0 rondom variable with meon
Ch>er-(m<d,>/Acost 21

and krown variance < a¢’ >.

<M’>'%eﬂ'0(<AL’>+<AH’>) (22)
if the errors in the L ond H layers ore independent,

We moke the problem onalyticolly troctabie by
first dividing s into o deterministic and o
non-deterministic part, M B < ;i > + &, and then
making use of the inequality:

oK-(iv-p)-(ivp) o.: (20)

In ¢ bilayer reflector,

<imf> < <lmlit> < 1 Q»

The right inequality is fairly strong in the soft
x-ray regime, where absorption is fairly large. The
right inequality is also particularly strong when
<8 > » | xl, since the reflectivity is then
severely degroded by the thickness errors.

On the other hand, the left hond inequality
becomes very strong when < A¢’ > € (u{, since
< px > = ;y when the errors are smoll.

For these reasons { #lis generally « 1; in our
anolysis we therefore neglect terms that are cubic or
higher in . Our approximation is accurate in the
limits < A¢'> P plond <A¢’> €14, but is also
foirly accurate in the intermediaote region.

In 0 similar woy we treat the K-dependence of oy
od % in on approximate woy thot is correct in the
limits < A¢’> @€ 5],<8¢'>Pisl, K € | 4", or when
the absorption is sufficiently lorge thot | p| <€ 1.

The final resvit for o reflector with J.] cells

Ise
<ae'> J.e
<R >e{<h,>| {u f|—é-|-r [m (24)
&
&4(J-1)R
."( £-w )‘ e ( 1)Re(v) .:_J]
T (v/2), 2im@reRew Jy
whare:
.J"..U."'M“J) Eo-i-ty-9<0,>

faitecho?>

< ﬂ>--|- {2u 1+, . (25)
v "'E;
wml-tvn

g oze 2D (avTmr-pn
T=wh ©J

The accomponying figure shows <R;> plotted os o
function of RMS thicness error in o particular example.

We have tested the occuracy of the andlysis by
moking o Monte Carlo simulation. A computer progrom is
used to generate g large number of randomiy perturbed
multilgver stocks, and to compute their meon
refiectivity. Sample results are shown in the plot.
The plot olso shows o computotion of AA'A os o function
of RMS thickness error.

There are no free parometers in the fit of the
onalytic expression to the Monte Carlo results.

B g on (8000 Curver)
‘l‘ (Onehed Curves)

(7 4 -

.0 [T} [T) FY)
AMS TIICKNERS ERNON PER LT it (A)

Muw.mcwmmnl”
stnermeiinconce 6y 2 S e. AMA

Fig. 6. Etfect of random tnickness errors on multilayer
reflectivity.

VI. The Effect of Interfocial Roughness On
Multifover Refiectivity

Eostman has developed numericol methods to trea!
the effect of layer roughness in optical multilovers.®
We have used similor physical assumptions to treot
certain kinds of roughness in x-ray multilovers
analytically. Our model assumes, in effect, thot the
near-field refiected beam above any point on the
multiloyer's surfoce con in principle be caiculoted bv
inserting locol values for the [ayer properties into an
olgorithm that computes the reflectivity of multilavers
with plonar interfoces. Such o scolor mode! of the
roughness requires thao! the tronsverse autocorrelotion
length of the roughness be farge compared to the loyer
thicknesses. A more detailed discussion of the
physicol assumptions of the scolar model is given in
ref. 8.

Ref. @ discusses the limitations of scoler
scottering theory in comporison with more rigorous
theories. In general the scalar theory is vest at
predicting total specular ond diffuse reflectivities
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and at predicting the aongular distribution of the
Jiffusely refiected beam at angles ciose to the
specular beam; it carnot predict polarization effects,

One kind of multilaver roughness that has been
treated with the scolor theory is that which Eastman
calls "identical films”, in which all lovers are
cans.dered to reproduce a comman roughness profile
generally that of the substrate). The autocorrelation
iength of the roughness in the longitudinol direction
s therefore very large. Spiller et al. and Haelbich
et al. have discussed the effect of roughness on x-ray
multidover reflectian in terms of the same expression
as results from the identical film model. '}

We have modeled two kinds of non-identical
-rughness it which the longitudinal outocorreiation
‘ength is verv small, so that the roughness profiles of
the different lavers are uncorrelated. We refer to the
two as "roughening films" and "smoothening films".

In the case of roughening films, we assume that
the errors in the local layer thicknesses above each
point on the surface couse a cumulative dephasing, so
shat the absolute roughness of the top laver increases
in 3 random walk fashion as more layers are added. One
may consider the formation of these films to be such
that the granularity in each layer is independently
xled to a baseline of roughness established by
oreceed.ng lavers.

nder the assumptions of the scalar model, the
near-fieid amplitude is given by the equation for
one-dimensional thickness errors discussed above, The
far fleld coherent reflectance is obtained by
evciugting:

2
Reon1Par tiera !
J-1
. (26)
2 IK2=: 1 AaK( x)

=] Farer rransfcrm(<olo(x)e >))?

—ere x is o coordinate along the surface, and mol%) is
e necr-field amplitude as measured at the upper
sorface of the multilaver. This upper surfoce is
rough, so the factor exp(2iZAen) must be used to
oropogate poit) 10 0 mean plane, where the far-field
api.t.de can properly be evaluated via the Fourier
transform.

The argument of the transform is independent of x,
50 R will be a deita-function of the ongle of
reflection. Res con therefore be identified as the
specular beam, OQOur expression for Resin the soft x-ray
regime s given below (eq.(27)).

A diffyse beam is also present. The total
intensity of the diffuse ond specuiar beams is
Jetermined by the total absorption, which is the same
as in the case of 1D thickness errors discussed above.

‘WNe have qlso developed an analytic mode! for the
kind of roughness we call "smoothening films". Such
films may be considered to have a leveling nature
during some stage of formation, but to nonetheless
possess an intrinsic roughness after formation is
complete, We therefore assume that an error in the
tocal thickness that a laver has ot some position on
the reflector will be compensated for in the thickness
of the next layer deposited. The roughness height
necessary to cause a given drop in reflectivity is
therefore much larger thon in the case of roughening
films, because the thickness errors do not accumuiate
(see plot).

It turns out thaot the smoothening property of this
type of roughness couses the intensities of the diffuse
ond specular beams fo become equal only at a level of
roughness where the total reflectivity has been
decreased quite substantially (via an increase in
absorption), In contrast, with roughening films, the
two become equal at o roughness level where the total
reflectivity is onfy slightly decrecsed. With
identica! films, the total reflectivity is unaffected
by the mognitude of the roughness.

With tilms of both the roughening and smoothening
types, the fotal absorption reaches a steody-state

level as mare ond more loyers are added. However in
the case of roughening films the proportion of the
reflected light in the specular beam steadily
decreases, since the upper surfaces get steadily
rougher,

The acceptonce angle of multilayers with
smoothening films is not greatly influenced by the RMS
maognitude of the roughness. In the case of roughening
films, the acceptance angle is increased in somewhat
the same way as would be coused by an increase in the
loyer bulk ubsorption constants.

E
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|
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3
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RMS ROUGHNESS (R)

Fig, 7. Effect of roughness - reflection into specular beam.

Our expressions for speculgr reflection in the
presence of roughness assume that the absorption hos
reached its steady-state value. Our expression for the
case of smoothening films assumes a bilayer structure
and Goussian statistics for the roughness,

Our expression for roughening films is:

Ro=! <pp>F. LS0¢><po> g .G,,
T+<ae>

+2< oo > G Hi (F - 1) @n

where:

FJEQ-Z(J-l)qob i cJ,.li&(J-l)

iyep
H,se Tiecaels #107 @

< g0 > is given by eq. (25)
and the rerqnaining symbols are as defined above.
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For smoothening films, our result is
-2<g?>
R

coh ~
Jie o qretet

R (29)

3.2
where <¢">=‘L'f=" with o the RMS roughness height in
each interface, and where ¥ oand 1 are as previously
defined.

We note that the effect of smoothening films is
very similar to that of interloyer diffusion. This is
particularly true if the RMS rooghness height is at
least moderately small, so that ¢’ <€ > » q|ul,
where q is the number of layers within one longitudinal
autocorrelation length of the roughness. (The analysis
ossumes that q| ul € 1 ).

In this cose the intensity of the diffuse beam
will be small compared to that of the specular beom,
even though the specular reflectivity may be
considerably iess thon it would be in the absence of
roughness, The main effect of the roughness in this
case is fo decrease the refiectivity of the multilayer,
rather thon to scotter radiation diffusely. This is
because radiation thot is diffusely scattered from
different layers adds only incoherently under the
assumptions of the smoothening film model.

For comparison, suppose one models the diffusion
process by considering it to cause the ideal multilayer
:(roﬁle A2 to be convolved with some diffusion profile

2).

This causes the parameter ¥ to be multiplied by

the Fourier troansform of glz). If g is taken to be a
! Gaussian, g(z) = exp(-.5(z/0)?), the reflected
intensity is given by an expression identical to eq.(29)
above for R.. in the presence of smoothening films.

Ref. 8 gives an expression for specuiar
reflectivity in the presence of identical films that
applies under the assumptions of the scalar model. The
same expression is used in ref. {1,

We clso note that for all three types of
roughness, walkoff considerations can be shown to imply
that the scalar mode! is applicable only when the
separation between the specular ond diffuse beams is
within the acceptance angle of the multilayer, Since
the acceptance angle is likely to be of the order of
the field of view in imoging applications, the scalar
mode! can be applied to many imaging problems of
interest.

B i
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The angle of maximum reflectivity from a multilayer x-ray reflector is influenced by absorption

in the medium. Using multilayer theory we show how the full refractive correction compares to
the usual correction that includes only the effect of dispersion. The physical significance of the
two corrections is discussed. The absorption correction is computed for some multilayer systems

of current interest.
PACS numbers: 78.70.Ck, 78.70.Dm

Much progress has been reported recently in the fabri-
cation of artificial Bragg reflectors for the soft x-ray re-
gime.'~* Applications for these multilayer systems include
monochromators for synchrotron radiation,* normal inci-
dence mirrors for subkilovolt x-ray imaging systems,® graz-
ing incidence mirrors for the reflection of higher energy x
rays than is otherwise practical,* and cavity mirrors for fu-
ture x-ray lasers.” In multilayers used with such devices, the
wavelength (4 }, glancing angle of incidence (6 ), and period
spacing (d | must be carefully matched.

It is well know that the simple Bragg relation

2dsin 6, = m/ {n

must be corrected for refractive effects. The crystal plane
spacing d and wavelength in vacuum A are both measured in
angstroms. 8, is the grazing angle of incidence and the inte-
ger m is the order of diffraction. The standard treatment of
the refraction correction in a perfect crystal ignores the ef-
fect of absorption.®® Expressed in angular units, this stan-
dard correction for a crystal having a spatially averaged in-
dex of refractionn =1 — 8 — i is

6~ 6, =&/sin 6, cos 6,, (2)

where it is assumed that §<1 and 8= 0.

Equation (2) does not correctly give the position of
maximum reflectivity in a system when n is complex. Shack-
lett and DuMond have suggested that the absorption correc-
tion be made graphically.'® Miller has derived an analytic
expression for the full refractive correction using the Dar-
win-Prins dynamical theory of crystal diffraction.'’ In this
letter, the angular position of diffraction maxima have been
obtained by simpler means, using a formalism developed to
treat multilayer reflection.

We note that in many applications such as those cited
above, the incident beam can be treated as linearly polarized.
In a previous report,'? it has been shown that in this case the
intensity reflectance R of s multilayer containing a large
number of layers is

=[] = — (D ha ‘B) 2.

k=Pl - 1vE*—D+iBY)

Here p is the amplitude reflectivity of the multilayer and
= #D + iB)is the amplitude refiectivity of a single priod. £ is
a detuning parameter defined in terms of the optical phase

3)
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thickness ¥ of the multilayer's basic period through the
relation

E=V¥—-—mra

((sino—sine,)— 6”3). @)

sin 6, sin 8

where we have defined

=27 dz nizi{v'1 — cos® 8 /n’(zi]
A Jpenoca
- 27d sin 6 (1 _ 6.+‘iB ) (S)
A sin® 6

with 2 the coordinate perpendicular to the layer interfaces.
The second pant of Eq. {5) follows because :nz) — 1 ¢linthe
x-ray regime. _

In Ref. 12, the parameters D + iB and & + if are de-
rived for multilayers consisting of alternating layers of two
materials having indicies of refraction n, and #,. 5 and are_
the averaged unit decrements given by 6 8, + (1 —7é.
with similar expression for 5, where y is the division param-
eter defined by y==d,/(d, + d,). D + iBequals — (- 1\™
2r sin (my), where ris the Fresnel reflection coefficient. To
first order in the unit decrement differences, 7 is given by

r= ((486 +idB/2sin° G 1P(6), {6
where P(6) = 1 or cos (26 | depending on whether the inci-
dent beam is S polarized or P polarized, respectively, and
45 +idB=(b, + i) — (6. + iBy).

We now calculate the positions of maximum reflectiv-

ity. D and B are virtually independent of £, since 6 6,. 50
that using Eq. (3),

1 dR gRe(—l-—dﬂﬁ)-fke(%%%)=fRe(Y"l.

2R df p dt dé
M
where
Y={vEE - [2rsinimmy))?)
and
= mroos 6 ~ @ (8)

sin6,  do

In Eqs. (8) and (3) the root with the positive imaginary part
must be chosen.
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At dR /d6 = 0, the reflectivity is maximized. There-
fore, the positions of the diffraction maxima can be obtained
from the condition

ReY=0, 9

where we have used the identity Re(Y ~') = |Y |~ ?Re (Y).
It is shown in Ref. 13 that the variable

O, =mr~Y (10)

is the quantity known as the equivalent phase thickness, that
has béen introduced into multilayer analysis by Herpin.'*

Equation (9) is, therefore, a requirement that the real
part of the multilayer’s equivalent phase thickness equal m=
at the position of maximum reflectivity. This is not the same
as the conventional requirement that the real part of the
optical phase thickness ¥ equal mn.

We may explain the difference as follows. The oscilla-
tion of the forward traveling wave across each period of the
multilayer is given by e ~ ‘%, since @, is the equivalent phase
thickness. This oscillation is determined not only by the opti-
cal phase thickness of the period being traversed, but also by
multiple reflections involving the other periods of the
multilayer.

This may be seen by eliminating the radical in the de-
nominator of Eq. (3) to obtain

p=—-E+Y)/\D+iB) (11}
sothat Y= — £ —p (D + iB)and

@ =v+p(D+iB), (12)
and therefore

e"* =e="[1—ip(D+iB)) + 0P a3

Here the term ¢ ~ ' represents the effect of transmission
through the period. Theterm — e~ “pi(D + iB )representsa
multiple reflection process consisting of transmission
through the period, reflection from all succeeding periods,
and reflection back into the initial direction by the period
initially traversed. (Higher-order multiple reflections are of
order 7 and are small.) A phase change occurs during the
multiple reflection, and if n is complex, the overall oscilla-
tion of the field across the period is shifted. For brevity’s
sake, we have described the calculation of this effect as a
correction for absorption.

We can convert the resonance condition of Eq. (9)toa
computationally more useful form as follows: The condition
Re Y = 0 implies that Y 2 must be a negative real number. It
is readily shown that the condition Im(Y ?) = Ois sufficient to
ensure Re{Y ?) <0. From Eqgs. (8) and (6), the requirement
that lni(Y’) = 0 yields

mrh !
where we have set P(0)m P (6,). Introducing 46 =6 — 6,

and using
(sist @ — sin 6, )sin 6 = 46 (c0s 6, — §40 sin 6, kin 6,

+ 00402 cos 26,)

(sin 6 — sin G, )sin O = 5 —

(13
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(which is accurate even near normal incidence where the two
terms in the first parentheses on the right may be compara-
ble), we find that 46 is given by

46=1~ [V - 2ysec’6,)|/1an 6, (16)

where 7 is defined to be the right-hand side of Eq. (14).

Equation (16) is valid for all angles outside the grazing
incidence regime, except that no physical solution exists if
the radicand on the right side is negative, which, to a good
approximation, can be assumed to occur if 6, > 7/2

- (V2n).

Away from normal incidence [i.e., #/2 — 6, (v 27}},

Eq. (16) can be written as
ind 2
46= — 8 _ AéAﬁsm‘(mrylP (G,I' 17
sin 8, cos 6, m*mBsin 6, cos 6,

The first term is the usual dispersion correction. The
second term is due to absorption.

Equation (16) can be applied to a general noncentro-
symmetric structure (such as a crystal) by letting
n =58~ (DB + DB|sin* 6,/2m*r*f). D, B, D, and B are
standard parameter3 of crystal diffraction theory , whose use
in multilayer analysis is discussed in Ref. 12.

In the common case of a crystal that is centrosymme-
tric, Eq. (17) may be applied in the form

5 [rodi 727)2F \F,P%6,)

sin 6,c0s 8, Bsin6, cos6,
Here F, and F, are the real and imaginary parts, respectively,
of the crystal structure factor. 7, is the classical electron radi-
us and d is the reciprocal of the unit cell volume.

The relative magnitude of the two corrections are com-
pared in Fig. 1 for the case of a particular reflecting struc-
ture. The ratio plotted is

where 6, is the true Bragg angle as corrected for absorption
and dispersion and 8, is the Bragg angle as corrected for

a6 = (18)
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TABLE |. Calculated diffraction peak positions in degrees for oxygen-Ka line, 4 = 23.6 A.

R )

Refraction Absorption Rauo
o, 6, correction correction (%)
Vanadium/ 139103 136211 0.263 8 00313 - 10.61
carbon
(multilayer %)
Tungsten/ 14.3174 13.6211 0.869 1 -0130 19.04
carbon
(multilayer *)
TIAP 65.826 37 65.671 29 0.164 28 - 0.009 §7 ) 6.19
(crystal)
RAP - 65.444 46 65.283 %6 0.164 02 - 0.003 80 2.3
(crystal)
KAP 63.000 39 62.859 98 0.140 98 -~ 0.000 74 5.28
(crystal)
: NAAP 63.4218S 63.286 17 0.13573 - 0.000 19 0.14
¢ fcrysta))
NHAP 64.433 82 64.304 00 0.130 36 ~0.000 71 0.55
{crystahl

*2d = 100 A and y = 0.5.

dispersion only. Equation (19) is the ratio of the absorption
correction to the net correction.

To obtain Fig. 1, we have used preliminary values of
atomic scattering factors from a forthcoming compilation.'’

One can show that the absorption correction must al-
ways be smaller than the dispersion correction, but the plot
shows that there are regimes in which the two effects are
comparable to order of magnitude.

First, the absorption has an increased effect on the reso-
nance angle near normal incidence, where the correspon-
dence between angular shifts and shifts in phase thickness is
nonlinear.

Also, the absorption correction is comparatively large
at wavelengths just above the carbon K edge, and a short
wavelengths; in these regions the effect of multiple reflec-
tions is comparatively strong.

Table 1 shows the refraction and absorption corrections
associated with reflection from other periodic structures. In
all cases m = 1 and A = 23.6 A (oxygen Ka line|. 6, is the
predicted diffraction peak position, valid to all orders of 46,
computed using Eq. {14). The refraction and absorption cor-
rections are the first and second terms of the right-hand side
of Eq. (17), respectively. The difference between the 8, col-
umn and the sum of the next three columns reflects the con-
tribution of higher order 46 terms which have been ignored
in Eq. (17).

Finally, the last column is the ratio, Eq. (19), in percent
of absorption correction to the net correction. As long as the
refractive indices have real parts less than |, the refraction
correction always adds to the Bragg angle 8,. The absorp-
tion correction generally subtracts from 6,; however, there
are cases where absorption adds to 6, as is evident in the case
of the vanadium/carbon multilayer.
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