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ABSTRACT

The primary emphasis of this thesis involves an investigation
of techniques for the control and modulation of x-ray radiation
through acoustic perturbation of solids. The use of x-ray diffraction
and x-ray optical techniques for the study of acoustic fields and
atomic motion was also investigated.

Analysis of the basic properties of x-ray propagation in solids
reveals that practical methods for x-ray control or modulation
must involve changes in the spatial configuration of x-ray
scétterers.

Numerical methods for the study of x-ray propagation in
acoustically perturbed crystals are formulated. In developing these
methods special emphasis has been placed on Borrmann transmission
in thick crystals.

Modulatfon and shuttering (on a micro-second timescale)
of x-rays are experimentally demonstrated. A quantitative inves-
tigation of the basic interactions used to proddce modulation and
shuttering is presented..Agreement between the experimental obser-
vations and the theoretical predict{ons is within experimental error.
An analytical investigation of the basic potential and
limitations of x-ray modulation shuttering and control devices is

presented. Basic design criteria for x-ray modulation devices is form-

ulated and applied to practical configurations.

Nov. 1976




TABLE OF CONTENTS

Page

13 ii
ACKNOWLEDGMENTS........cun.... 50585066350008306090CAAABA000S iii
113 7 Voo iv
LIST OF TABLES. - v vnememenenesneneneenenenmeneneeaenenannnn viii
LIST OF FIGURES...ueueeernruenecencueseencaesnsacnosnasannnns ix
PUBLICATIONS AND PATENT 4. v envnenennenrnnenennenennnns R XV
CHAPTER 1. INTRODUCTION TO X-RAY OPTICAL PHENOMENA.......... 1
1.1 General Introduction.......ciceeeceencvcncnccancnas 2

1.2 X-Ray Dispersion Characteristics.....ccceeeeceeenns 5

1.3 Basic Properties of Crystal Diffraction of X-Rays.. 14

1.4 Interaction of X-Rays and Acoustic Perturbations in
Solids (X-Ray Acoustooptic Effects) ................ 23

1o SUMMAIY..cueeeeeeeeecsoeacseaceacacacacasccacnannns 25

CHAPTER 2. THEORY OF THE INTERACTION OF X-RAYS AND ACOUSTIC WAVES
IN CRYSTALS..uveveeeccecasssascsssssonccsscsane 28

2.1 Introduction to the Theory of X-Ray Diffraction in
CryStalSeeeeeeeeeeoceeaseccccssscscocacasascncncnns 29

2.2 Darwin or Multiple Reflection Picture of X-Ray
Diffraction...coceecieciccecancnncaccsscacnnacnensne 32

2.3 Application of Darwin-Matrix Picture to Calculation
of Characteristics of Interest in Acoustic Perturbation

StudieS.c.ccescenccieoncvsincccsnssssacsccrssccsase 40
2.4 Comparison Between the Analytical and Matrix Solution

of Darwin's EQUationS....ccceeeeevcvenccscocacencces 46
2.5 Ewald-von Laue Formulation of Dynamical Theory..... 48




vi

2.6 Propagation in Imperfect Crystals......ccccvceeveen 69
2.6-1 General Outline....ccecevieencncecnsnscnnnns 69
2.6-2 Simple Absorption Theory - Description and
Application...cccceieeececescrccassocasacanns - 70
2.6-3 Refractive Theory of X-Ray Propagation -
Description and Application......cceceveeuens 78
2.6-4 Limits of Refractive Theory and Introduction to
Generalized Diffraction Theory......ccceceve. 95
2.7 General Theory of X-Ray Scattering in the Presence of‘
‘ Lattice Vibrations.....cceeveeecreeccecacescocacnes 101
CHAPTER 3. EXPERIMENT AND COMPARISON WITH THEORY.......... 110
3.1 IntroduCtion..eecececeeceecoscccesccncsncscsccacsne 111
3.2 Single Crystal Borrmann ExperimentS.......c.... ceees 112

3.2-1 Description of Experimental Equipment and
TechniqueS...cccvee. 5000500000600000000 ceees 112

3.2-2 Demonstration of Acoustic Interruption of
x-Ray Diffractionc ooooooooooo eevsessssvesv e ]]7

3.2-3 Visualization of Acoustic Standing Wave
Patterns...ccceeeeececccesanccocoscsassancas 117

3.2-4 Measurements of Acoustically Induced High
Frequency Strain....cceceececcccccsscsocncce 122

3.2-5 Quantitative Comparisons Between Theory and
Experiment for Acoustic Modulation of Borrmann

TransmissSion..c.ceieeerereocsccescscsconcnns 132
3.3 Experiments with X-Ray Interferometers......cecc... 159
3.4 _X-Ray Topography of Acoustic Fields in Solids ...... 172

3.5 X-Ray Modulation ExperimentS.....cceccececeonceccoss 183




vii

CHAPTER 4. DEVICE APPLICATIONS AND POTENTIAL DEVICE PARAMETERS.... 190

4.1 Method of Excitation of Crystal Perturbations.....c...... 191
4.1-1 Typical Frequencies and Bandwidths fo Lattice
VibrationS..cceeeeecececcescecssccncsscccoasosancns 192
4,1-2 Optically Induced Solid Perturbations............. 197
4.1-2(a) Stimulated Brillouin and Raman
Scattering....ccceveeeeecececcecsscnccccnas 198
4.1-2(b) Piezoelectric EffeCtS...ccececeecccccecces 205
4.1-2(c) Thermal Heating of Diffracting Lattice
StructUreS. ccoveeeeeiecictneccascccccccnase 211
4.1-2(d) Laser Induced Shock Waves and Shock
Induced Surface EffectS.cccvccceececcennns 217
‘ 4.1-3 Steady State and Pulsed Microwave U]trésonics ..... 220
4.2 X-Ray Diffraction Constraints on Device Parameters....... 224
4.2-1 Crystalline Parameters and Their Relation to
Device DesSigNn...iveececerccncaccscsascccscesacnane 224
4.2-1(a) Fast Shuttering....c.ccceeeeeeeeecceneeanenes 227
4.2-1(b) High Frequency Modulation........ccceeee.. 230
4.2-2 Control of Diffraction Sensitivity...ccveeeeeencen 231
4.3 Typical Modulator Design..cceeeeeecerncccceccoscannncoene , 237
CHAPTER 5. CONCLUSIONS AND SUMMARY . .eeveeecocccesosconcscsaccacnne 247

APPENDIX = FURTHER APPLICATIONS.....ccovnveenvececacncnccccccannnaes 252




LIST OF TABLES

Diffraction data for (220) planés
in silicon

Strain gauge measurements

Analysis of an acoustic standing wave
pattern

Stimulated Brillouin Scattering

Effect of elevated temperatures on
diffraction

Acoustic wavelengths at 1Ghz

Effect of crystal properties on
modulator design

Typical diffraction parameters

Characteristics of various diffraction
parameters




LIST OF FIGURES
Page l
1-1.  Real part of refractive index as a function '
Of freQUEeNCY...coovieiieenenescososssenansasanns -6
1-2. ~ X-ray reflection coefficient as a function
of departure from the critical angle........... ' 13
1-3. Laue geometry and Borrmannntransmission ........ 16
1-4. I1lustration of the phenomena of extinction.... 19
1-5.  Illustration of the concept of integrated
intensity and the elementary model of a
MOSATC CrYSEAl..eeereeeennnnennenesccsscncennas 20
1-6. Diffraction of x-rays by acoustic surface
PErtUrbationsS...ceeereeeeeeeccenencacccacannnns 25
2-1  Illustration of the Darwin difference eq-
uation formulation of the Bragg reflection
problem.....cccvevecnn.. Ceeeeeeececactenaacaenn 33
2-2 Numerical (matrix) calculation of the x-ray
intensity reflection coefficient as a
function of the number of lattice planes in
the CrysStal...eeeeeeeeeeeeeeeocecosonsocncnanes 41
2-3 Numerical (matrix ) calculation of the x-ray
intensity reflection coefficient as a
function of angular deviation from the exact
Bragg angle.......eeen.. $00BE0PECanaE00EA00a0 00 45
2-4(a) Kinematical Ewald construction in
rECiProcal SPACE...cveeeerererenecacacscaanceas 54
2-4(b) Ewald construction modified for average
x-ray refractive index.......cceeeeeeeecneeenss 54
'Z-S(a) Geometrical construction displaying behavior
" of dispersion equation......c.ceeeeecccnencanes 58
2-5(b) Enlarged view of the dispersion surfaces
in the vicinity of point Qu.ceveeerrernnnnnenn 58

ix




Geometrical representation of simple
absorption calculation.......ccovcvceveccnnnns teee

Simple absorption calculation for a ray entering -
the crystal at the anti-node of the acoustic
. pattern.......oeeenennn. R LI R R PR RRE teee

Simple abéorptibn calculation for a ray
entering the crystal at a node of the
acoustic pattern

ITlustration of x-ray refraction...... slal=telelalelalalelele

Refractive ray trace, entrance point opposite
node, negative strain gradient........ cesesscscenn

Refractive ray trace entrance point-opposite
node, positive strain gradient

Refractive ray trace entrance point opposite
node, negative strain gradient........... teveseacs

Refractive ray trace entrace point opposite
node, positve strain gradient

Refractive ray trace entrance point opposite
antinode.....coeeeeeeececcances ceesetcsevacencans

Configuration used for the excitation of
acoustic waves.in Borrmann interruption
experiments

Procedures for electrical connection to
acoustic transducers

Acoustic interruption of Borrmann x-ray
transmission through a silicon crystal

Geometry used in obtaing Borrmann x-ray
topographs

Borrmann x-ray topograph showing an acoustic
standing wave pattern in low dislocation -
density silicon crystal




3-6 Configuration used for experimental
measurements of acoustic bond
transmissSToNS...cvveireeneenconccoccaccnsncns

3-7 Comparison of measurements of time average
strain as made by strain gauges and by
acoustooptic light diffraction......... ceeeees 129

3-8 Borrmann x-ray topograph of a silicon
crystal with a bonded strain gauge in:the
field Of VieW..ou it iriiieneecenroncennsnsnss 131

3-9 Configuration used to obtain x-ray: scans
of acoustic standing wave patterns in

CrYStalS.eueeeeneeeecoccnacascncnannonnnes sesae 133

3-10 X-ray scans of 5Mhz acoustic standing
wave patterns in a silicon crystal............ 135

3-11 Comparison between measured and theoretically
predicted contrast ratios ,.crystal#l
3y 2R S 136

3-12 Comparison between measured and theoretically
predicted contrast ratios, crystal
B2 BMNZ. e e ene e rteeneereeenersaenennnas 137

3-13 Comparison of theoretical and experimental
values for integrated intensities, 139
crystal#l B MhZ. .. ciuiiiiiieeeeenccnacacnonns

3-14 Comparison of theoretical and experimental
values for integrated intensities,
crystal #2 SadhZ....coineivinnniinnnnaanas, 140

3-15 Chromium scans of standing wave
BRI ADc0000000000060000000000000000600000A0CT




3-16 Integrated intensity as a function of x-ray
wavelength with acoustic strain .
amplitude held consStant......oceiceeeeeeececannnss 144

3-17 X-ray scans of 5Mhz acoustic standing wave
pattern in silicon crystal #1 for various
x-ray wavelengths at constant acoustic
Strain amplitude ...eoeeeneerererenecnsencansannes 145

3-18 . Illustration of the limitation of resolution
in acoustic scan system due to energy
spread in the Borrmann fan.......cceeeveeeceencnnns 147

3-19 Densitometer traces of Borrmann x-ray
. topographs of 10 MhZ acoustic standing wave
patterns in a silicon crystal.......ccceveeenenneen 149

3-20 Comparison of theoretical and experimental
: values for integrated intensities, crystal
#3, 10 MNZ. .. oo ieneeeeieeerneesannesnnnesnnannnns 150

3-21 High frequency acoustic (22MhZ) interruption
of x-ray transmission through silicon crystal
#4 (CuK 1radiation)....ceeeeeeereecnnaceneesonannnn 153

3-22 Comparison of theoretical and experihénté1
values for integrated intensities in x-ray
scans of a high frequency - (22 MhZ ) acoustic

perturbation in a silicon crystal.....eeeeevennenns 154
3-23 Borrmann topograph of high frequency (22 Mhz)

acoustic in a silicon crystal ......ccceveencnnnnn. 156
3-24 Reduction of integrated intensity in silicon

crystal #1 (with strain levels normalized

to theoretically predicted threshold)............ 158
3-25 Configuration used in the experimentation

with x-ray interferometers.......cceeeeeececenenn. 160
3-26 Acoustic perturbation of x-ray propagation

in an interferometer......coeeeieeeeeennecrecannns 163
3-27 Acoustic interruption of x-ray transmission

through a two crystal Borrmann mode
x-ray interferometer.........ccciviriienininnnnns 166




xiit

3-28 Experimentally measured and theoretically
predicted values for integrated intensity
in the double crystal Borrmann case(10MhZ)....... 167

3-29 Theoretical and experimental values for
integrated intensity, 5 MhZ acoustic
interruption double crystal
BOYTMANN CASC. . v eennrrennseenneenaceensacnnsennes 168

3-30  Increase in x-ray transmission caused by
acoustic perturbation of prestressed
(misaligned) x-ray interferometer...... 966550000¢ 171

3-31 X-ray topograph of a silicon crystal with
. an acoustic standing wave pattern applied.
Dislocation in the field of view acts
as @ Fiducial MArK....oeeeeeeeesenennnnnnaeanans 176

3-32 Borrmann x-ray topograph of a silicon single
crystal (containing a dislocation) with
and without acoustic standing wave.............. 178

3-33 Acoustic propagation in a silicon single
@5l 8EBeonasooc00an0mno000c000000n0aaa0c00c 179

3-34 Strain and x-ray transmission signal
responses to a burst of RF power applied - )
t0 acouStic tiranSAUCEr.. ev.eeeeeennransaeecnns 185

3-35 Sine wave modulation of x-ray transmission
(Borrmann). AM modulated RF power is
applied to the acoustic transducer.............. 186

3-36 Electronic configuration used to observe
transient interruption of Borrmann x-ray 187
tranSmMiSSTON. . cvieeeiirrerrencencsorascacnscncas

3-37 Borrmann x-ray transmission through a silicon
crystal as function of the phase of an

acoustic pulse train.....cceiieeereeneenncenncns 188

4-1 Dispersion characteristics and typical
atomic motion for crystal lattice 104
Vibrations...cociiiieiieiiinieccnstcecnnneanas




Page

Experimentally determined dispersioﬁ curves
for simple cubic lattice Structure.......c.ceeeee.. 196

4-3 Experimental configuration used to determine
the potical damage threshold in silicon 204
single crystalS..ccceecrececcsccscsnscncncnnsocness

4-4 "ITlustration of a method for the production
of bulk acoustic pertubation by a piezo- 8
electric interaction......ccceeecieensecesececnses _20

4-5 Thermal heating of diffractng crystalline _
material........... B8 B0 0A0880808800008360000600 212

4-6 Surface perturbations resulting from laser
: induced shockS.....ceceveeeennss messsescccscscncs 219

4-7 . Production of x-rayudiffracting surface
perturbations through the use of micro-
wave ultrasonic techniqueS.......ceccecveancncas 222

4-8 Fast shuttering configurations utilizing
Bragg geometry x-ray diffraction.....cccceeeeeee- 228

4-9 Use of a Bragg case x-ray interferometer
for x-ray modulation.....cvcceeieeececccceccacnnne 234

4-10 IMustration of the narrowing of the

diffraction curve through the use of an

asymmetrically cut entrance surface....c.eceeeeee 236
4-11 X-ray modulator configuration.......cceceeeeceees 238

4-12  Diffraction curves characterizing the operation
of the x-ray modulator....ccceceeecececcccccccanns 239

A-1 X-ray topography of acoustic fields.......cccuee.. 253




PUBLICATIONS AND PATENT

The following publications and patent. related

to this study have appeared during the course of this work.

Hauer A.,Burns S.J. , "Observation of an X-ray Shuttering
Mechanism Utilizing Acoustic Interruption of the

Borrmann Effect ", Appl. Phys. Lett.27(10) p.524
(1975).
Hauer A.," Fast X-ray Shutters",Proc. SPIE. Conf. on
Optical Methods in Energy Conversion , Rochester
July ,1975.
Hauer A. , U.S. Patent , "Methods for the Control and

Measuement of X-rays", Serial No.594846,

issued 11/19/76.

XV




CHAPTER 1

INTRODUCTION TO X-RAY OPTICAL PHENOMENA

1.1 General Introduction.
1.2 X-Ray Dispersion Characteristics.
1.3 Basic Propertieé of Crystal Diffraction of X-Rays.

1.4 Interaction of X-Rays and Acoustic Perturbations in Solids
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1.1 GENERAL INTRODUCTION

As the region of coherent electromagnetic generation haﬁ been
extended from the microwave into the 6ptica1 regime, the need for
control and detection devices in these regions of the spectrum has
greatly increased. This need has produced a variety of electro-
and acoustooptic devices that can moddlate, shutter, filter, or
redirect the radiation, usually on a fast time scale. In
addition, these control devices, in conjunction with appropriate
feedback mechanisms, in many cases form the basis for the coherent
signal generation itself.’ fﬂE"§HSSibi1ity of generation of coherent
x-rays and the correlative need»tohﬁéttef understand x-ray control
and detection forms the inspiration for the present study.

One prominently mentioned possibility for the generation of
stimulated x-ray emission is the use of a laser produced plasma.
Large fluxes of incoherent x-ray emfssion are routinely produced
in laser plasma experiments. ..In many cases these x-ray pulses are
subnanosecond in duration. The temporal structure of these pulses
cannot thus be studied by conventional detector-oscilloscope measure-
ment systems. Traditionally very fast pulses (<insec) in the optical
regime have been studied by the use of either streak camera systems
or sampling (shuttering or framing) devices. Recently streak photo-
graphy techniques have been extended to x-ray wavelengths. Thus far,
however, switching or shuttering methods for x-rays have not been
demonstrated (even on microsecond timescales). It would be very

useful to know the basic potential for devices that are capable of




sampling the temporal characteristics of a fast x-ray pulse.

Conversely, the very fast, intense burst of x-rays produced
by a laser plasma provides intriguing possibilities for the study
of fast processes in solids. For example, lasers can be used to
produce very intense shock waves in solids (1). These shocks, in
turn, can produce solid-solid phase changes. The temporal character
of such phase changes might“be studied with the use of fast x-ray
bursts synchronized to the main shock inducing laser pulse. In
order to evaiuate such possibilities a study of the basic nature
of x-ray scattering in the presence of transient solid perturbations
has been undertaken.

Typically fast (subnanosecond) switching'or shuttering devices,
in the optica] regime, operate through use of some form of the
electrooptic effect. As discussed below, electrooptic effects at
x-ray'wavelengths (changing the x-ray polarizability of a material)
would be quite difficult to observe. On the other hand, x-ray wave
propagation in a solid can be markedly affected by changing the
relative positions of atomic scatterers within the material. A
simple example of this can be obtained by considering ordinary
" Bragg reflection from a crystal. When a collimated monochromatic
beam of x-rays falls on a crystal, “"reflection" occurs when the beam
makes a éertain angle with internal planes of atoms (i.e. satisfies
Bragg's Law). If the spacing of atomic planes is disrupted, the

reflection of x-rays will be reduced or eliminated.




,If is found that changes in the spatial configuration of x-ray
scatterers is the most effective wéy of controlling x-ray propaga-
tion. | |

The primary thrust of the,présent study is an investigation
of methodé for the control of the propagation of x-rayﬁ. It should
be mentioned, however, that many of the results obtained here also
have been applied to the converse situation: the use of x-rays |
to study.atomic movements in solids.

Theoretical models have been developed to describe x-ray
scattering fn perturbed structures.- These technigques are described
in Chapter 2 and applied to the description of experimental results
in Chapter 3. The comparison of theoretical and experimental results
provides_the foundation for a basic understanding of the inter-
action of x-rays and acoustic waveé. Chapter 3 also describes
demonstration of several practical applications for both the control
of x-rays‘and the use of x-rays to study acoustic fields.

An analytical evaluation of methods for producing acoustic
perturbations is given in Chapter 4. In Chapter 4, the theoretical
and experimental framework laid in Chapters 2 and 3 is employed to

investigate the fundamental limitations on x-ray control device

parameters.
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1.2 X-RAY DISPERSION CHARACTERISTICS

The description of elastic scattering of x-rays by atoms follows
the classical Lorentz harmonic oscillator model(z) (which is also
used in the optical regime). The shift to the higher energies
of x-rays involves deeper resonances of the atoms until all of the
electronic resonances are exhausted. The calculation of the x-ray
dispersion characteristics of atoms can genérally be made to fit
the Lorentz model, but the suppression of more of the resonances
of the electronic system (than in the optical regime) dictates
modifications to the picture that lead to drastically different
values of refractive indéx.

'The dispérsion calculation proceeds as in the optical case (such
as appears in detail in many classical references(3)(4)). Only
a brief outline of thé procedure will be given here. The equation
of motion of the atomic electrons is written as a differential
equation for a damped haqmonic oscillator (the damping being due
to radiation reaction). The solution of the equation of motion
yields an expression for the polarizability of an atom. Once the
po]arizabiljty of an individual atomic species has been determined,
a calculation of the scattering from an ensemble of atoms yields an
expression for the index of refraction of the material. This
model yields the familiar picture for the behavior of the real
part of the refractive index, as illustrated in Figure 1-1. In
calculating the dispersion characteristics according to the Lorentz

model, one finds that in the x-ray regime,the index- of refraction falls
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Figure 1-1. Real part of the refractive index as a function
of frequency. ,




below unity. This is the natural outcome of the classical dispersion
equatfons for frequencies that are higher than all or most of the’
system resonances.

The simple Lorentz model is adequate to predict the gehera]
behavior of the refractive index in the.x-ray regime. When more
detailed information (such as the angular distribution of x-ray .
scattering) is needed, a departure from conventional optical scat-
tering theory is required. In the present study, we are princi-
pally concerned with x-ray wavelengths between .5 : and 50 X.

In the x-ray regime wavelengths become comparable to atomic dimen-
sions. This requires that interference effects between the scattered
waves from various electrons within an atom must be taken into
account in calculating the total scattering due to an atomic species.
In most cases the scattering process is taken to be Thompson free
electron scattering. The distribution of electron density within
the atom is, however, obtained from quantum mechanical calculations
(Thomas -Fermi or Hartree-Fock).

Tabulations of atomic scattering factors (or "form factors”,
as they are sometimes referred to) vs. wavelength and scattering
angle are found in almost all books on x-ray diffraction theory(s)(ﬁ).
In the vicinity of atomic resonances, such as the energy necessary
to remove a K-shell electron, (referred to as the K edge), it is
necessary to add correction factors. These corrections have both
a real and an imaginary part.The imaginary part of the atomic scat-

tering factor contains the description of the absorption processes.




More will be said about atomic scattering factors in the next
chapter.

The implications for reflection and refraction 6f an index
slightly less than unity are cleaf. Substantial Fresnel reflec-
tions from surfaces can only occur at large angles of incidence
(typically grazing angles of a few degrees). In addition, at
very lafge incidence angles, it is possible to have total external
reflection (since the index of a solid medium will be less that of
vacuum). The small departure of the index from unity also implies
that no lenses of significant power can be constructed. Thus,
in considering possible x-ray switching, modulation and control
devices, we must remember that substantial refractive effects
(in the usual sense) cannot be produced.

The fact that x-ray frequencies are large compared to most
electronic resonances has other important consequences. At x-ray
frequencies, most of thg electrons appear free, i.e. the energy
of x-ray quanta approaches the binding energy of most of the
electrons. This implies that the electrons start to participate
more or 1e§s equally in the scattering of x-ray radiation. In
fact, detailed calculations of the scattering of x-rays by atomic
electrons show the cross sections to be more heavily weighted
toward the inner electrons. Thus, in order to produce electro-
optic effects, externally applied fields must perturb the whole
electronic cloud. This requires electric field strengths of the

order that would ionize most or all of the electrons.
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. As an example, consider the difference in x-ray

~index - for Be {1 -n-= 5.3 x"lO'6 ) and Ge ( 1-n =
1.5 x 107> ). The difference is directly due to the

difference in local electron density. Changing the local (total)
electron density on a fast scale would probably be quite diffi-
cult. A typical example of this limitation would be the formation
of a plasma from a solid target by a fast,pulsed laser. The time
for absorptive processes and ionization to occur can be quite
fgst(7). The expansion phase (which would be the mechanism for
affecting the total electron density), however, due to basic iner-
tial considerations always occurs on nanosecond and longer time
scales.

In essence, theAprevious analysis has shown that it would
be very difficult to affect the real part of the x-ray index.
It might be somewhat easier, however, to change the imaginary part
of the index. The imaginary part is due to absorption which, in
the wavelength region of interest, is almost entirely due to the
photoelectric effect. With presently existing laser technology,
it is possible to rapidly produce high ionization states of small
portions qf solid materials. For example, ca]cu]ations(7) indicate
that the time needed to create a high density of these higher ioniza-
tion states could be less than .1 nanosecond. It, thus, would be
possible to strip absorbing atoms down to a shell that could no
longer be ionized by incoming x-rays.

0
Suppose, for example, 44 A radiation (carbon Ka) were being

used to probe a laser produced aluminum plasma. If the initial




target consisted of a one micron foil, it would transmit only e-8.1
(at 44 R). When the aluminum is heated with a flux density of
1014 watts/cmz, helium and hydrogen-like states are easily produced.
Once these ionizat1on states have been reached, a significant change
in the (44 A) transmission of the foil should take place. Such
a process could be used in probing the instantaneous ionization
state of a plasma. |

_-?hewangular characteristics of x-ray reflection from solid
surfaces -provides a further possibility for the control of x-ray
propagation.. Total external reflection of x-rays can be described
by the classical analysis used in the optical regime. We know(4)(2)
that when total reflection occurs, that the damped evanescent wave
penetrates into the less dense medium a distance of the order of
one wavelength. Thus, the process of total reflection of x-rays.
involves only a very small portion of the material (near the surface).
Such thin layers can be very rapidly heated by a laser.

Systematic (experimental) studies of x-ray reflection properties

in the 1-10 ﬁ range are described in Compton and Allison(z).
Studies in_the 20-100 X range have been performed by Lukirski(s).These
studies show that the general behavior of the x-ray reflection coeffi-
cients are adequately predicted by ordinary classical dispersion
theory. Certain details such as behavior near absorption edges
require a quantum mechanical treatment(2). In the present analysis,

we will -rely on the classical predictions.




The complex index of refraction is usually written as

where n. =1-6 = real part of index

n, = -8 = imaginary part of index.

Two importanﬁ relations involving 6 and B are easily derived(z) from

classical dispersion theory.

§ = 6c2/2
where 6c = critical angle - (1-1)
Au
B=_8 -
= (1-2)

where p, = linear absorption coefficient.

- By substituting the complex form of the index into the usual
Fresnel formulae, an expression for the reflection coefficient R in
terms of the critical angle and absorption coefficient can be ob-

tained.
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Figure 1-2 shows a plot of R vs. the ratio ¢/6c for various values
of absorption (g). Such relationships provide valuable information
for evaluating methods of control of x-ray propagation.

First, we note that reflectivity is a sfrong function of angle.
| For example, the reflectivity of Be at 23 : will change from 17% at
3° (grazing angle) to .25% at 4°. At 4 R the reflectivity of aluminum
will change from 70% at 40' to 5% at 1930*. Thus, rather sharp changes
in.reflectivity can be produced by changing the angle of incidence.
In the next Sectipn.methods for producing such changes will be discussed.

Ne.note also from Figure 1-2 that the reflectivity depends strongly
on the imaginary part (governéd'by absorption) of the index for angles
of incidence near the criticai angle. A change in the absorption, such
as by production of high fonization states (as described earlier),could,
thus, measurably alter the reflectivity. Changing the absorption
coefficient by an order of magnitude would, however, be quite diffi-
cult. For lower atomic number elements (z<20), the change in passing
through the K shell edge is about one order of magnitude. Thus, in
order to produce a change in absorption coefficient by as much as 10,
it would be necessary to remove enough electrons so that the remaining
ionization potential was greater than the x-ray photon energy.

In conclusion, it would be very difficult to control x-ray

propagation by perturbing the electronic configuration (in analogy

with e]ectrooptic effects) of x-ray scattering materials.
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Figure 1-2. X-ray reflection coefficient as a function of
' ' departure from critical angle for various values
of absorption.
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1.3 BASIC PROPERTIES OF CRYSTAL DIFFRACTION OF X-RAYS

In the x-ray region of the spectrum, the dispersion character-
istics of solids take on unique properties because of the periodic
regular arrangement of atoms. The periodic array of atoms in a
crystalline structure resembles a microscopic- interferometer. This
periodic Structure can lead to coherent three-dimensional scattering
analogous to the diffraction of optical radiation by two-dimensional
structures. The simplest picture of such a process is the we11¥
known phenomenon of Bragg reflection from planes of atoms parallel
to the surface of a crystal. ‘

The present section provides an introduction to the basic
principles of x-réy diffraction that are pertinent to switching,
modulation, and control of x-rays. In addition, a brief review
is given of-some of the special diffraction theory terminology that
will be used in Chapter 2. ‘

The detailed theory‘of x-ray diffraction for the Bragg case
will be discussed in Chapter 2. It is, however, useful to recall
that the earliest complete theory of x-ray diffraction used a model
in which ;he crystal was treated as an atomic scale interferometer.(g)
~ A series of difference equations was written describing the coherent
addition of x-ray reflections from the various atomic planes (in the
Bragg geometry). A very interesting conclusion of this theory is
that a monochromatic ray incident on a crystal is diffracted (or
reflected) only for incident angles within a few seconds of arc of

~ the Bragg angle.
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We recall Bragg's law relating the angle of incidence, x-ray

wavelength, and atomic plane spacing:

2d sin 6 = A (1-3)

Differentiating, we obtain

§2d2
k(:d)Z = cos O de
or,

tan o (1-4)

The quantity 6(2dj/2d in Equation 1-4 corkesponds to a strain.
Since a significant change in diffraction occurs only for values of
Ae>10'5, a strain induced change in the 2d spacing of about 105
would be required to significantly reduce the diffracted intensity.
One of the primary purposes of this investigation is to study the
reduction in diffracted intensity when strains are introduced by
acoustic waves.

Figure 1-3 illustrates a crystal diffraction geometry that is
less familiar than the Bragg case but equally important: the Laue
geometry. In this case, the diffracting atomic planes are pérpen-
dicular to the faces of the crystal.

The more detailed theories of x-ray diffraction (to be discussed

in Chapter 2) reveal several unique properties of x-ray wavefields




LAUE GEOMETRY

DIFFRACTING
/ - CRYSTAL

DIFFRACTED
BEAM

" BORRMANN
FAN"

\_;LATWCE

PLANES

TRANSMITTED
OR FORWARD
DIFFRACTED
BEAM

LAUE GEOMETRY

Figure 1-3. Laue .Diffraction geometry (used for observation
of the Borrmann effect).




in solids in both the Laue and Bragg cases. One interesting property
that becomes evideﬁt is the fact that the absorptive character of

the field can be highly directionally dependent. A striking mani-
festation of this behavior is the Borrmann effect.(12)

The Borrmann effect is observed when a crystal is diffracting
in the Laue geometry, as shown in Figure 1-3. X-ray reflection from
the Bragg planes sets up a wavefield in the crystal that results in
energy transmission roughly parallel to the lattice planes. A
standing wave is set up in the crystal with nodes at the lattice
planes. The presence of field nodes at the lattice planes results
in reduced photoelectric absorption. A highly perfect single crystal
oriented for Laue geometry diffraction can have an absorption which
is orders of magnitude lower than normal photoelectric absorption
(as, for example, for a ray not incident at the Bragg angle).

When the geometry of Figure 1-3 is disturbed by distortion of the .
crystal, atoms move into high field regions and strong absorption
occurs. In the present study, reduction in Borrmann transmission
was investigated in the case where the strains and distortions are
“introduced by acoustic waves(10). In addition to reduction in
transmission, several other interesting effects, such as refraction
of the x-rays, also occur in the acoustically perturbed Borrmann
case.(]3) These effects are discussed in detail in Chapters 2 and 3.

-The phenomenon of x-ray crystal diffraction is the result of
constructive interference of the beams reflected from atomic lattice

planes. The characteristic distance over which this multiple reflec-
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tion phenomenon builds up is referred to as an extinction distancg.
An example of the meaning of an extinction distance, jn the partf—
cular case of the Bragg diffractiqn geometry, is shown in Figure i-4.
The diffraction process in a highly perfect crystal will be Qery
effective in removing energy from the incident beam'(wavevector
55) and transferring it to the diffracted beam (wavevector Ky).
The x-ray field penetrates only a small distance into the crystal and
the diffraction results from contributions from a very thin layer
near the surface.. |

The extinction distance has a quantitative meaning that will
be developed in Chapter 2, but its qualitative implications are
clear. The extinction distance (in the Bragg geometry) typically
varies from about .5 to 10 microns. This characteristic distance
is very important. If acoustic propagation times were the limiting
factor, these regions can be “addressed" in times ranging from
50 p.s. to 10 n.s.

The process of x-ray diffraction from crystal lattice planes
is highly angle dependent. In order to characterize the efficiency
of diffraction (a quantity analogous to a reflection coefficient)
for a quasi-collimated, non-monochromatic beam, the principle of
integrated intensity is introduced(ll). The basic concept of inte-
grated intensity is illustrated in Figure 1-5(a)A diffracting crystal
is rotated (angular rate w) while diffracting the uncollimated non-
monochromatic‘inpuf beam. ‘The entrance aperture is assumed 1ar§e

-enough to éol]ect all of the diffracted x-rays at all times.
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Figure 1-4. Illustration of the phenomena of extinction.
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Each monochromatic component in the input will at some time
during the rotation satisfy Bragg's law for some ray striking theks
crystal surface. The total energy reaching the detector is an
integration of the diffracted intensity over the area of theAbeam

and over time. Let us define:

dt = d6/dw

angle of incidence of a ray striking

where 6

the crystal.

Then E = = //1dAdS
-1 rpge (1-5)
w .
where E = total energy reaching the detector
P = diffracted power.

At the crystal face, we assume that the area of the incident and

diffracted beams are equal. Therefore:
P/Po = IA/Io Ao = I/Io

and £ =121 4 (1-6)
w o

The quantity Ew/PoAis sometimes referred to as the "integrated

reflectivity" and is used in the sense of an effective reflection




-22-

coefficient to be associated with the x-ray diffraction
process.

The concept of integrated refiectivity can be used to
explain one very interesting aspecf of x-ray diffraction by
slightly imperfect crystals. Shown in Figure 1-5(b) is a simple
model of a slightly imperfect crystal. Each small block contains
a domain of perfect crystalline material. The domains are, however,
slightly misaligned with respect to one another. Such a picture
is referred to in diffraction literature as a mosaic crystal. -

Now, suppose a ray is incident on one of the mosaic blocks
but (because of -angle or 1), does not satisfy Bragg's law. Be-
cause of the small size of the bldck, the ray can penetrate it
without suffering much absorption and intercept a block beneath
that does satisfy Bragg's law. Thus, a slightly imperfect crystal

can, under some circumstances, present a larger effective angular

collection aperture than a perfect crystal and, thus, have a
greater integrated reflectivity. It is possible to introduce im-
perfections that resemble the mosaic picture through the use of

acoustic waves. This situation will be discussed in Chapter 2.
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1.4 INTERACTION OF X-RAYS AND ACOUSTIC PERTURBATIONS IN SOLIDS
(X-RAY_ACOUSTOOPTIC EFFECTS)

In contrast to electronic perturbations, physical motion of

the atomic scattering centers in a solid can easily produce observable
effects. A simple example of such an effect is the well-known
temperature dependence of Bragg X-ray diffraction(s). At elevated
temperatures, the atoms in a solid execute large deviations from

thgir equilibrium latticgwpqsiiigps. This process smears out the
atomic lattice planes and leads to a cancellation of the coherent
x-ray interference. In most of the cases to be considered in the
present study, the atomic vibrations will have a spectrum closer

fo the monochromatic single frequency case than the distribution
produced by random motion induced at elevated temperatures.

The multiple reflection processes that occur when Bragg's law
is satisfied exhibit significant sensitivity to lattice perturba-
tions. (A specific example 1is provided by the Borrmann effect.) In
contrast, an x-ray passing through the solid at-an arbitrary angle
(not at a Bragg angle with respect to any set of atomic lattice
planes) wqy]d be negligibly affected by the small perturbation in
x-ray index caused by an imposed acoustic wave.

Perturbation of the x-ray diffraction process, thus, provides
one method for modulation and shuttering of x-rays. This process
is investigated theoretically and experimentally in the fo]fowing

chapters.

The second situation where acoustic control of x-rays can be
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performed involves solid surface perturbations. As was seen earlier,
x-ray dispersion characteristics of solids are such that reflection
only occurs at very large angles of incidence. As the x-ray photon
-energy increases, the x-ray index comes closer to unity-and the
grazing angle at which any substantial reflection occurs becomes
smaller.

Consider the case of reflection of 5 : radiation from a flat
highly polished aluminum surface. If 5 R x-rays are incident on
the surface at a grazing angle of .68%, they are 70% reflected.
Now, suppose, as illustrated in Figure 1-6, that a sine wave pertur-
bation of the surface is introduced. If the amplitude of the wave
were about 200 X with a wavelength of 1 micron, a ray incident at
a node would have its angle of incidence changed by 7.2° (with
respect to the initial condiiion of a flat surface). The reflectivity
for 5 3 incident on aluminum at 7° (grazing angle) is less than 1%.
The surface acoustic perturbations will, thus, act like a diffracting
grating. Methods for production of acoustic waves of this type, as
well as a detailed analysis of their application, are discussed in
Chapter 41

In Chapter 4, we give a basic analysis of the use of changes
in bulk and surface solid structure for the control and measurement
of x-rays. The effects are referred to under the general heading
of acoustooptic interactions. X-ray acoustooptic effects for the
purpose of control, modulation, and shuttering have not been pre-

viously studied.
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o 1 — EQUILIBRIUM

SURFACE
POSITION

Figure 1-6. Diffraction of x-rays by acoustic surface
perturbations.:

It should be pointed out that the word acoustic is occasionally
used here in a broader sense than is usually associated with that
word. For example, certain types (modes) of atomic vibration in
a crystal lattice could be very useful in altering x-ray propa-

gation but cannot in a strict sense be described as acoustic.

1.5 SUMMARY

In the theoretical portion of this thesis, basic models have
been developed for the study of eray scattering in dynamically
berturbed structures. In one case (Bragg diffraction geometry), an
entirely new technique has been developed for the solution of the
Abasic propagation equations. Numerical (computer) methods have
been developed for analyzing acoustic interruption of Borrmann

transmission. These methods have been used for specific quanti-
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tative comparison with experiment. A phenomenological description
of the effect of vibrational spectrum on acousfic perturbation of
diffraction is presented. |

_In Chapter 3; various techniques for’modulation and shuttering
of x-rays are eXpefiﬁentally investigated. In addition, the phenomena
of interruption of x-ray diffraction has been used to study properties
of acoustic fields in solids. For example, a portion of the work
descr1bed in Chapter 3 represents the first use of the Borrmann
effect for the study of acoustic waves in solids. The technique
developed here has very recent]y been employed by another autnor(]4)
to study 1mportant propert1es of acoustoelectric amplification.
Several other applications of this sort are described in the ensuing
chapters. - o

In Chapter 4, a fundamental analysis of the potential and
lTimitations of x-ray modulation, shuttering and control devices
is given. The basic design criteria for modulating devices is

formulated, and specific numerical examples are given.
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2.1 INTRODUCTION TO THE THEORY OF X-RAY DIFFRACTION IN CRYSTALS

For the majority of x-ray diffraction work such as materialé;
structure analysis, a simplified approach known as kinematical theory
is used. In general, it can be said that this theory predicts to a
good approximation the directional characteristics of the x-ray field
and gives a rough approximation of the intensity. Kinematical theory
does not take into proper account the effects of multiple x-ray reflec-
tions or of absorption. For example, in the wel1-known picture of Bragg
reflection it is assumed that fhere is no multiple scattering and that
the process of diffraction negligibly perturbs the propagation of the
input beam. Ironically, this approximate theory works best when the
crystals under consideration have a large degree of perturbation of the
regular lattice Structuré. In such a case multiple reflections do not
build up over a significant number of atomic planes and absorption
can be dealt with by simple exponential factors.

When a crystal has'a high degree of regularity aﬁd starts to
approximate the ideal lattice structure, multiple reflections (scatter-
ing) become important and significantly affect the prepagation of the input
beam. The situationm begins to approximate the operation of an interfer-
ometer. In fact, the simplest development of the multiple reflection
phenomena (Darwin)(l’z) is c]osé1y analogous to the analysis of multi-
layer optical thin films.

As invthe case of optical interferometers when the ﬁumber of
effective reflections (or interféring beams) increases, the resolution,

or resonant selectivity, also increases. Viewed from a different
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perspective, the high resolving power also implies that for a mono-
chromatic beam, there is a high degree of sensitivity to changes in the
periodic structure of the interferometer. In the case of a diffracting
crystal, a change in the characteristic spacing of lattice planes
sharply changes it§ angular and wavelength reflection characteristics.

When the lattice structure of a perfect cﬁystal is perturbed, a
variety of effects can occur, and the integrated intensity might
iﬁcrease or decrease. We are primarily concerned heré with dynamic, or
timé dependent perturbations introduced by acoustic waves and lattice
vibrations. In this chapter we will first present the formal deri-
vation of the complete equations of dynamical diffraction theory. The
case of Bragg diffraction (1attiée planes parallel to the entrance
face) will be treated primarily from the Darwin point of view. The
formulation of the Darwin picture will emphasize a matrix technique
developed for the present study using analogies from thin film theory.

The Laue geometry problem (dfffracting planes perpendicular to the
crystal entrance face) will be developed using the more rigorous
Ewald-von Laue picture. In using both of the major theoretical
approaches, we develop the full range of techniques needed to deal |
with all of the interesting cases that will arise later when dealing
with imperfect crystals. In addition, we are able to state the Laue and
Bragg probleﬁs in the simplest and most physically intuitive forms.

The Darwin matrix and Ewald-von Laue theories are next extended
to describe distorted crystals.; In the case of slightly distorted

crystals, two theories'héve been developed. A computer ray trace
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program based on a lamellar modg] of the crystal is described. This

- is referred to as the simple absorption model. A second computer ray
trace program was developed that is based on the classical model of

x-ray propagation in s]ightly distorted crystals developed by Penning

and Po]der.(]s) This picture takes into account refraction of x-rays and
has mény similarities to Eikonal theory in ordinary optical propagation
theory.

-'When very large strain gradients are present, both of the above-
mentioned theories fail and more sophisticated techniques are required.
This regihé,is described theoretically and related to experimental
observations in Chapter 3.

Finally, at the end of the present chapter, we describe the
effects of various types of crystal lattice vibrations (including the

always present thermally induced spectrum) on x-ray diffraction.
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2.2 .DARNIN OR MULTIPLE REFLECTION PICTURE OF X-RAY DIFFRACTION

In order to give a quantitatiﬁe description of the effect of
acoustic pertufbations on x-ray diffraction, it is necessary to employ
one of the formulations of qynamical diffraction theory.

The simplest, and historically the earliest, treatment of dynamical
x-ray diffraction theory was given'by'Darwin(j’z) in 1914. He dealt
with the simple picture of Bragg diffracting planes paréllel to the
face of a crystal.

- Darwin's solution of the prob1em involves three basic steps.

1) First,the Fresnel diffraction problem for a plane studded
with discrete scattering centers (atoms) is solved. This gives an
effective (complex) reflection and transmission coefficient for x-rays
incident on the atomic planes at a particular scattering angle ¢.

This is i1lustrated in Figure 2-1. The reflection coefficient is
iq where ‘
| 2

e u Af{20)
2 R
mc (sine)

.q =

The quantity ezlmc2 is simply the classical electron radius,
while M
T f

number of atoms/unit area in the plane.

atomic scattering factor at angle ¢ for the
particular atoms involved.

The transmission coefficient through the plane of atoms is (1-h+iqo).
The quantity h is a phenomenological absorption term representing the
loss a ray suffers in passing through a plane of atoms. The quantity

1+iq_. represents the primary beam plus the forward scattered component
o
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Figure 2-1. Illustration of the Darwin difference equation
formulation of the Bragg reflection problem.




(at scéttering angle g=0).

2) The reflection coefficients obtained in part (1) are then
used to write a series of difference equations that relate the elec-
tric field at a particular atomic plane to the fields one plane above
and one be1og, The situation is indicated in Figure 2-1.

.3) Finally, in the original Darwin formulation, an approximaté
analytical solution to these difference eguations is found.

_ One of the purposes of the present study is to exploit and develop
anafdgies between interferometric and acousto-optic techniques (in
the optical regime) and similar techniques at x-ray wavelengths. In
this vein, it is very interesting to compare the Darwin approach to
general theories of wave propagation periodically stratified media(3’4'5)
such as are applied to problems in multilayer coating work. In order
‘to emphasize these relationships, a derivation of the Darwin results
using a matrix approach is presented.

We make the following identifications of coefficients in the Darwin

equations.

>
]

iq

. -i¢
(1-h+1q°) e
€ = (iq) e'zi¢

The Darwin equations are now written as

- Ry = AT; +B Ry, | (2-1)a
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T,

541 = BTy + C Ry (2-1) b

Solving for Tj in 2-1(a) and substituting into 2-1(b),

T.,.4-CR.
R. = A . Bl f B BR.
J B J+
or,
. A AC

Substituting this expression for Rj back into 2-1(a)

A AC] -

from which

(2-3)

Using 2-2 and 2-3, we may write the following matrix equation.

1 c
T g - 8| |\
R A o] |
B B §+1 (2-4)
T
M

The matrix M expresses the relationship between the reflected and




transmitted waves at one plane in terms of R and T at the next

adjacent plane.

It is helpful at this point to introduce a new variable

g§g (sin 6 - sin eB) (2-4)a

v=
which is essentially a deviation parameter indicating the departureof

the incidence angle from the nominal Bragg angle. As showh by
Warren(2), Bragg's law may now be written:

2dm sin & _
= o W (2-5)

Equation (2-5) incorporates the usual form of Bragg's law plus a
correction for the average index of refraction of the crystal. Using

the parameter v the elements of matrix M may now be written:

A = iq

B = (1-h+iq°)e'i(m“+qo+v)
€ = (iq) e'Zi(m"*qo+v) (2-6)
The quantities q, and q represent the scattering at the angles 0 and 6

respectivelysof a single plane of atoms. They are small quantities of the

5. The deviation parametef, v, in typiéal situations is.

order of 1074 - 10°
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also of the order of ]0'4. We, thus, make approximations for the

phase factors,

(e’zw) e-iz(q°+v) = (1-29-2iv).

The quantity B may, thus, be written

[+~
(]

(1+ig,) (1-iq -iv)

1-iv-h

ignoring higher powers of small quantities as compared to unity.

Likewise, we may express the quantities:
B2-AC =
(1§h-1v)? - (i9)? (1-2iq,-2iv)
= 1-h-i(2v)

Matrix M may now be written as:

1 -[2(qg+qv)+iq]

=
"

1-},11-,, (iq) 1-h-i(2v) (2-7)




The usual quantity that is of interest in thin film and crystal

problems is the ratio of incident to reflected field amplitudé at
‘the boundary of the matefia], i.e., the effective refiéction coeffi-
cient of the structure. In order fo obtain this information, bound-
ary conditions‘hust be imposed on the equations. Normally, one as-
sumes that there is a finite exient to the layered medium with no
reflected wave coming from the substrate. Thus, at some layer,
J=f, R¢=0, and Tf is totally transmitted into the substéate. If

n is defined as the number of layers in the structure, we may write

= (gpn

where (M)" is the nth power of the matrix in Equation 2-4. Letting

MP={1 II
= I IV
R
1
T " ., (2-8)

r is an effective amplitude reflection coefficient for the crystal.The
fundamental difference between the multilayer film problem and x-ray
diffraction is that in the former case the number of layers involved

is a‘definite,'fixed, known quantity. In this case the reflection




-39-

coefficient of the stack is obtained by exponentiati@n of the matrix

gb In the x-ray casé, however, the usual assumption (as in Darwin‘s

sblution) is that, the crystal has in infinite number of layers. As

will.be shown below, the reflection process itself effectively con-

finesvthe interaction to a finite number of atomic layers. Thus,

in 6rder to treat the x-ray problem by the matrix method, one must

assume a fixed number of layers as a starting point. The resulting |

transmission through such a structure can then be used to choose

a new number of layers in a self-consistent process.




2.3’.APPLICATION OF DARWIN-MATRIX PICTURE TO CALCULATION OF

CHARACTERISTICS OF INTEREST IN ACOUSTIC PERTURBATION STUDIES

In order to obtaih the reflection coefficient for a crystal, the
matrix ﬂmust be raised to the appropriate power n where n = the number
of gtomiC'layers involved. A computer program has been written to
numerically evaluate the exponentiation of the matrix M. This routine
can efficiently calculate powers of M as high as 3x104. The intensity

reflection coefficient R is then obtained from the following formula.

*
R = LII* 111 (2-9)

Let us consider a typical example of the 200 reflection in NaCl.

For this reflection q=2x10"%

and h (the loss in passing through a

single plane of atoms) is =8x10°5. We will first calculate the reflection
coefficient for a ray incideﬁt exactly at the Bragg angle (that is v=0).
Figure 2-2 shows a plot of the computer ca]culafions of reflection
coefficient as a function of the number of atomic planes in the crystal.
Two very important characteristics of x-ray diffraction can be discerned
from this plot. First we see that as the number of atomic lattice planes
becomes larger, the reflection coefficient asymptotically approaches
unity. We, thus, can see that under perfect satisfaction of the Bragg
condition, that the process of x-ray diffraction can be quite efficient.
Of course, in most practical cases, there is a deviation from the Bragg

condition. (An uncollimated non-monochromatic beam will, of course,

show less reflection.)
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Figure 2-2 . Numerical (matrix) calculation of the x-ray
- intensity reflection coefficient as a function
of the number of lattice planes in the crystal.
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. The second important characteristic of Figure 2-2- s that the -
reflection coefficient asymptotically approaches unity. This %s a
manifestation of the phenomenon of extinction. The diffraction process
efficiently reflects energy out of the incident beam thus limiting its
penetration into the crystal.We see from Figure 2-2 . that after about
14x103 lattice planes, almost all of the energy has been transferred
from the incident to the reflected wave. Thus, the matrix approach
easily lends itself to a numerical calculation of the extinction dis-
tance once ‘the quantities q and h are known.

An analytical expressidn for the extinction distance can be ob-
tained by using the original method (Darwin) of solution of the basic

Equations 2-1. Darwin assumed an analytic solution of the form:

T, = xJ (2-10)

where X is a polynomial.

Darwin found that X can be adequately approximated by:
X+ 1/X =2+ g2+ (h+iv)2

Tﬁe typical convention for defining the extinction distance is to calcu-
late the distance for the primary beam to fall to 1/e of the input and
to use the approximation that v=0.(2)(]8)

Using this convention and the solution given by 2-10, the foi-

lowing expression for the extinction distance may be obtained.
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dgy, = I (2-11)

I S0 MeaF
2| mc

where M* = M/d = atomic density of the crystal
d = spacing of atomic lattice planes.

Using Equation 2-11, we calculate the extinction distance for the
(200) planes in salt (for‘A=lz) to be 0.91 microns. As may be seen
from Figure 2-2, the 1/e point as calculated by the matrix technique is
approximate1y 1.08 microns (recalling that the 2d spacing is 2.8 :).
There is, thus, good agreement between the matrix and analytical tech-
niques for solving the Darwin equations. The matrix numerical routine
and Equation 2-11 now provide the analytical tools necessary to cal-
culate the region of a crystal that must be perturbed in order to sig-
nificantly affect the diffracted fields.

One relationship that is of particular interest is the ratio of
the extinction distance to the absorption distance. The absorption
distance is taken to be the distance traversed by a beam while suffer-
ing a 1/e reduction in intensity due to normal (photoelectric) ab-
sorption. For NaCl (A=1.1 X), the absorption coefficient is(z) about
26 cm']. The 1/e distance is, thus, 380 microns.We, thus, see that
under certain circumstances, extinction can be a much stronger effect
than ordinary absorption. In Chapter 4, typical values for both extinc-
tion and absorption distances will be calculated and discussed in rela-
tion to potential device parameters.

The second property of crystal diffraction that is of vital interest

is the angular width of the reflection or,in other words,;he diffracted




-44-

intenéity as a function of deviation from the exact Bragg angle
(corrected for the average refractive index). In order to calculate
"the angular behaviof using the Mafrix techniqué, we must return to
Equation 2-7 and include the parameter v which is a measure of deviation
from the Bragg angle. The input data to the computer matrix exponen-
tiation routine is now updated to include the paramefer V.
As a numerical example, we will once again base our calculation
on the (200) reflection in NaCl. Figure 2-3 displays a plot of
diffracted intensity vs. angular deviation from the Bragg condition.
We find that to reduce the diffracted intensity by 1/2 of the peak
(v=0) requires an angular deviation Ae=1.52x10°5 rad. Such a sensi-
tivity is typical of the crystal diffraction process where angular
deviations of only a few seconds of arc significantly reduce the x-ray
diffraction.
Darwin's solution of the fundamental equations yields an analytical
expression for diffracted intensity as'a-functibn of the deviation
parameter v. Using the §blution given in 2-10, Darwin finds the

relationship to be:

r = —R—o— - iq
T
. ‘o (2-12)
Sveyale (iv)2
| Ro Ro *
Using this formulation (with R (I ), we find that to reduce
o 0
the diffracted intensity by 1/2 a6~1.8x10 5. The agreement between

the matrix and analytical solutions to the fundamental Equations (2-7)

is thus once again quite‘satisfactony. For reference, we also note
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Figure 2-3 . Numerical (matrix) calculation .of the x-ray intensity
reflection coefficient as a function of angular
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the following useful approximation for the angular width of the diff-
raction curve as derived by warren(z) from the analytical solution

of the fundamental equations,

2 *
A = 2% -8 [Flu” (2-13)

mc2 wsin (26)

where F = crystalline structure factor.
From the point of view of modulation and‘controi of x-rays,

strains on the order of 10°°

in the crystal lattice will be re-

quired to significantly affect the diffraction. Of course, a simple

change in the 2d spacing is not the only possible type of lattice

perturbation that could be introduced. A net bending of the lat-

tice planes can also be introduced by an acoustic wave. The N
effect of such a perturbation is not, hbwever, easily treated by

‘the Darwin or Matrix formulations. When such effects occur, one

must resort to "refractive" theories that are described later in

this chapter.

2.4 COMPARISON BETWEEN ANALYTICAL AND MATRIX SOLUTION OF DARWIN'S
EQUATIONS

A new approach (Matrix) to the solution of the Darwin equations

has been bresented here primarily in order to emphasize the analogies
between the phenomena of x-ray diffraction and interferometry in the
optical regime. The method, however, has an inherent value in its own

right. Darwin's original analytical solution yields the two convenient




approximate formulas for extinction distance (2-11) and the form of
the diffraction curve (2-12). These two expressions can be derived
through the use of the matrix formulation, but the process is quite

a bit more cumbersome. Darwin's analytical sp]ution is, however, based
on the assumption of an infinitely thick crystal (thickness >> extinc-
tion distance) and cannot be easily modified to treat thinner crystals.
The matrix approach, however, is well suited to such a problem since

a desired thickness can be studied simply by changing the number of
exponentiations of the matrix. In addition, when the matrix must be
raised to large powers, techniques from thin film work can be utilized
in order to save computer time.

An even more important application of the matrix technique involves
the analysis of slightly distorted crystals. In this case, the analy-
tical solution is of no value. The matrix approach can, for example,
accommodate perturbations in the 2d spacing by changing the local
value (at any particular depth into the crystal) of the parameter v.

To the author's knowledge, a perturbation technique of this sort based
on Darwin's equations has never been used before in the treatment of
x-ray propagation in distorted crystals. In fact, only one other
general treatment of distortions in the Bragg geometry has been given(30)
(none in the English literature). This treatment, by Bonse, is based on
the Ewald-von Laue formulation of dynamical theory (to be discussed

in the next section).




2.5 EWALD-VON LAUE FORMULATION OF DYNAMICAL THEORY

Although the Darwin-Matrix formulation has an engaging simplicity
and lends itself to very useful analogies with optical interferometry,
it is'not of sufficient generality to treat all of the problems of
interest in x-ray diffraction. For example, the picture of multiple
reflections is venyvdifficult to apply to the Laue geometry where the
diffracting planes are perpendicular to the entrance face of'the crystal.
In addition, when the crystal lattice is slightly perturbed, a much
more general picture is needed. The matrix variatiqn of Darwin theory
presented in the previous sections is, to the author's knowledge,
the first suggestion for the use of the multiple reflection picture
in the case of perturbed crystals.

In order to obtain a more general theoretical picture, we use
a formulation due primarily to Ewald‘®) and von Laue!”) (EvL). This
theoretical picture closely follows other generalized descriptions of
wave propagation in periodically stratified media(3’4’5). Indeed,
the phenomena of Bragg reflection or forbidden Bands of propagation
is very general, applying in slightly modified forms to electrons, -
phonons, and neutrons as well as to the present case of photons.

As Von Laue has pointed out, the problem set by dynamical diff-
raction theory is the solution of Maxwell's equations in a medium with
a periodically varying complex dielectric constant. In solid state
physics, the implications of the periodic distribution of crystal
parameters in the lattice are usually stated in terms of a very general

picture known as Bloch's theorem(s). A well known consequence of
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Bloch's theorem(g) is that crystalline properties such as electron
density, p(r), may be expressed as a fourier series with the reciprocal
lattice vectors as the basis. We write

z P
p(r) = u Fy exp(-2miH-r) (2-14)

<|—

where:

.FH is the crystalline structure factor for the reflection

corresponding to reciprocal vector H.

V = volume of the unit cell of the crystal lattice.

In addition, one can write field quantities in the crystal in the

general form :
A=e"" 1A exp(-2nik,.r) (2-15)
H

From elementary dispersion analysis, we know that the dielectric
constant may be written as
2| .2
e(r) =1 -|-55| 2 o(r) (2-16)
me| w
where the quantity in brackets is the classical electron radius. Using
Equations 2-14 and 2-16, the following expression for the dielectric

constant is obtained.

-

21,2

A . .

g=1- S~ 1IF, exp [-2ri(Hr)] (2-17)
B P P R




. The Ewald-von Laue (EVL) exposition of dyhamical diffraction theory is
presented in a number of excellent references(]0’11’12). The purpose
of the brief summary that will be given here is to formulate the theory
in such a way that it will Be easily applicable to the»case of primary
interest here,4that of x-ray propagation in slightly distorted crystals.
Absorption is taken into account be defining a complex dielectric con-.
stant. This is done through the crystalline structure factor, which is

usually written:
Fiy = & (f+af'+iaf") exp(2nitor,) (2-18)
n

(We use prime notation for the real part and double prime for the ima-
ginary part of a complex quantity.) The details of the atomic scat-
tering procéss (including absorption) are contained in the lower case
f's. which are referred to as form factors or atomic scattering factors.

We define ?H as:

2 122
¥y = - '-“-c-z W FH (2-19)
where WH is written in terms of real and imaginary parts as:
= Y 4 Gy

As would be expected, the imaginary part of the structure factor

can be related directly tO‘thqm1inear absorption coefficient




«5]-
= %’! g " (2-20)
0 . . :

Using Maxwell's equations, we derive a form of the wave equation
convenient for the present problem. The x-ray diffracting medium is
‘assumed to have zero conductivity and permeability T TP Maxwell's

equations in cgs units are:
VeE=0 veB =0

(2-21)

aja.
ctlm

1
VxB = <

ale

21
VXE = =

In the following, upper case K's are taken to be wavevectors inside
the crystal (such as 50 and EH) and lower case k is the vacuum wavevector
outside the crystal.

7 Writing the wave equation, we obtain

2 .
VxVx(%Qn = -ii- 5;% (2-22)

Substituting Equations2-18and2-19 into Equation 2-17,an expressiaon
for the dielectric constant is obtained. We now substitute this ex~
pression for € and the expansion for the displacement field g_(as given

by 2-15) into the wave equation

D (1-y) = elut 3 'z; Dy e~2mikyr é E ¥ D exp [-2mix (G+K, )- ]2(2-2‘3)

where G = any reciprocal lattice vector other than H.
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Recalling Bragg's law

and letting H-L=G, Equation 2-23 becomes

- . |
(1-y) D = e'® 20y - 5 vy ) pxo(-2n k)] (2-20)

Inserting this expression in 2-23

1wt 3 =
VXVX [e z (Dy - Z Y D) exp (-2ri ('_(H°L)]

2 .
=1 4z D, exp 2mi(K,r) (2-25)
L atlH S

Recalling the following equivalence for operators,

8/3t > wx
and

Vxvx -+ K xl_(Hx

4

and using these in Equation (2-25)

2
Ky eBy) - By(kyKy) - =% [Ky(KyeD) - Dy (Kyeky)] = By
; (2-26)




"We recall that for transverse fields

Ki-Dy=0
(2-27)
and 50 . Qo =0
Using 2-27 in 2-26 gives
£ v, . [K(K:D) - K2 D | = (kK% - k%) D (2-28)
¥ |5yl - Ky Dy Ky') By

Expression (2-28) is a set of equations that represents the fundamental
laws of propagation for x-rays in anisotropic media. In general, they
could represent a large number of modes EH propagating in the crystal.

Practically speaking, however, there are usually only two modes of

importance for any particular set of boundary conditions. The two modes
can be thought of as the .incident, 50, and diffracted, EH’ although,

in fact, inside the crystal, they are a coupled set and the terms lose
specific meaning.

' In the case of two propagating modes, a very useful geometrical
construction can be used to visualize the behavior of the x-ray wavefield.
This picture is a slight modification of the familiar Ewald reciprocal
space construction(z), illustrated in Figure 2-4(a).In the case of two

propagating modes, two points in reciprocal space are in contact with

the sphere. Full use of these geometrical models will be made below,

but first a modified form of the basic two mode equations is needed.
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Figure 2- 42 Kinematical Ewald construction in reciprocal space.

Figure 2-4b Ewald construction modified for average x-ray
refractive index.
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For the two mode case, the Equation 2-28 reduces to two equations.
Equation 2-28 is a comp]éx expression representing equations for the
real and imaginary parts, respectively. Our first expression is

obtained by the summation of terms for L=0 and L=H.

2

. - . _ 2 - (L. 2
T Do) Ky = W K By * YolkiB) Ky - Yo K By = (k) B

Using 2-27, this expression becomes:
¥, (kD) Ky - ¥ k2D = [k2k.2 (1-¥) | 0 (2-29)
H KyeDo) Ky - ¥y Ky Dy Ky o) | B

The other equation is obtained for the symmetrical case with exchange

of indices o and H. The fundamental system of equations for the two

beam case thus becomes

1) =) . 2 - i 2 2 ¥

Yy (KowBy) Ky - ¥y K)° Dy o % (1-¢)) | o, (2-30a)
. - 2y o[22 )

Y (KyoDo) Ky - ¥y Ky Dy = |K-Ky -1 |3y (2-300)

Each of the two equations 2-30 itself represents two equations, one
for each stgﬁe of po1§rization. To see this behavior, we take the dot
product of 2-30a with go and 2-30b with QH' Using Equation 2-27 in
2-30 and letting:

¥ = angle petween D, and K, we obtain




We thus have:

-

2 . 2 2 -
-1_(o + k (l-wo):lgo_-[k \Fo smy]_QH-O

-y, k2 sin y]go -[_:gHZ - k8 (1-\1:0)] D, =0 (2-31)

Equations 2-31 have been specifically written so as to be compatible
with.the well-known expositions of dynamical diffraction theory(]0’11’]2’]5)
and can be easily transformed into the notation used by -these authors.

The basic equations 2-31 can be transformed into a very compact

and useful:form by defining the folluwing quantities:
ag = (KyeKo)® - k(1-3¥,)
oy = (KoK ) - k(1-4y,) (2-32)

These quantities represent the difference between the magnitude
“of the wavevector in the crystal and the vacuum value corrected for the
average index of refraction.

In order for a solution to exist for Equations 2-31, the deter-
minant of the coefficients must vanish. The fundamental equation

resulting can be written using the product of the parameters in 2-32 as:
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1 2 (sin )2 ezxzz : (2‘ |
o =+ k™ (siny F, F -33
o %H " % nc2my H'H

~ This is a convenient form to utilize in constructing the geometrical
picture of x-ray wave propagation. As mentioned before, the construc-

tion is an alteration of the familiar Ewald sphere, shown in 2-4a.

The average index of refraction in the crystal differs from the vacuum
value and is given by k(1-1/2?0). This shifts the center of the Ewald
sphere, as shown in Figure 2-4b.

We recall that dynamica1 diffraction theory deals with the coupled
interaction or interference of incident and diffracted x-rays. Accord-

ingly, we note that Equation 2-33 predicts the behavior of and EH

50
perturbed from their kinematical values, shown in the simple Ewald
construction of Figurg 2-8a. The product of the deviation of the
magnitude of 50 and EH from their a?erage values inside the crystal
is a constant. |

The locus of points is a two sheet hyperbolic surface known as
the dispersion surface. Figure 2-5 shows the nature of the surface.
The two sheets are usually referred to as branches The left hand sheet in -
Figure 2-5b 1is called the o branch and the right hand is referred
to as the g branch.

The radii of the sections of spheres represented by the dotted
Tines are the magnitudes of K -

-—o
any point where there is an allowed solution for the x-ray wavefield,

and EH in the kinematical case. At

such as the point T, the a's are shown to be the difference in magnitude
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Figure 2-5(&). Geometrical constrhction displaying behavior of
‘ dispersion equation.
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Figure 2-5(b). Enlarged view of the dispersion surfaces in the
vicinity of point Q.
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between the vacuum values and the actual values taking into account all
of the interference effects. Figure 2-5b shows an enlarged view of

the dispersion surfaces themselves, which are the locus of points such

as T in 2-5a, satisfying Equation 2-30.

Remembering that dispersion surfaces are drawn in reciprocal
sbace (or spatial frequency space), the surfaces are locii of constant
x-ray frequency w or w(K) = const.

To follow the propagation of a ray, one now applies the boundary
conditions where the rays enter and exit the crystal. Fortunately,
in the x-ray case, these conditions are rather simple. We first note
that we are ignoring true (Fresnel} reflection by dealing only with
large angles with respect to the crystal surface.Some fascinating effects
can occur when true reflection and diffraction are present simultaneous]y(]3),
but we shall deal here only with diffractive effects. The absence of
true reflection implies that the field vectors (E, D, H, etc.) are
continuous across the boundary. The wavevectors K are chosen so as
to matchtphase fronts across the boundary. This results in the con-

clusion(1°’14) that the change in wavevector across the surface occurs

~only along the normal to the surface.




Thé implications of this are easy to see in Figure 2-4(b).
k is a wévevector in vacuum outside the crystal, while 50
is tﬁé wavevector inside the crystal; the difference must
occur aiong»the'surface normal. The dotted 1ine in Figure
2-5(b) is a section of a sphere centered at (0,0,0) and having
radius equal to the vacuum magnitude of the wavevector. A
vector in direction from L (usually referred to as the Laue
bbint) to (0,0,0) is exactly at the Bragg angle (for free
space conditions). The distance, from L along the dotted
line, of the intersection of the input k is proportional to
the &eviation of the input vector from the Bragg angle.
The choice of the directidﬁ of vacuum wavevector k selects

an operating point T on the dispersioh surface. The point

T is usually




-61-

referred to as the tie point. Once this point has been selected by
the input conditions, it determines a]l»of tne directional and
absorptive properties of the x-ray wavefield. k in Figure 2-5b has
been chosen to illustrate the condition for a ray incident slightly

' off the Bragg angle. A ray incident exactly at the Bragg angle would
extend from L to (0,0,0).

It should be noted here that the surface geometny illustrated
in Figure 2-5 with the normal pointing along,the line LQ represents
the Laue diffraction geometry with the diffracting planes normal to
the entrance surface. The Bragg geometry would have the dispersion
surface rotated by 90°.

We will state one bit of information without proof that will be
valuable in the derivations to follow. It has been shown(lo’ls) that
the direction of net energy flow (poynting vector) for any operating
point on the dispersion surface is along the normal to the surface

at that point. In other words, the group velocity v_ = VK@. where

w is the constant frequency parametric form of the d?spersion surface
equations.

At this point, it is important to note an interesting character-
" istic of the selection of tie points in the Laue case. Because of
the sharp curvature of the dispersion surfaces, a spread in input
angle of only a few seconds of arc fills the region of crystal between
50 and 5H w1th energy. This phenomena 1s somet1mes referred to as.
angular amplification. Auth1er(35) has rigorously shown that energy

fills the region between K and K , which is sometimes referred
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- to as the Borrmann triangle.

Space does not permit a full derivation of all of the diffraction
properties that are of interest to acousto optic effects. The frame-
work of dynamical diffractibn théory has, however, been'presented |
fully enbugh so that the statements made below follow naturally.

A very important parameter that is associated with a tie point
on the dispersion surface is the ratio of diffracted to incident

fiefd strengths DH/Do' We define

For convenience in the present discussion, we will refer only
to the Laue geometry with diffracting planes perpendicular to the

crystal entrance face. From Equations 2-31 and 2-32, we see that:

"2“6 siny -k ¥y sin v ‘
e T e TV (2-33)

g is a very important quantity since it expresses the ratio of
incident to diffracted field. Since we know that the product &%y
is a constant on the dispersion surface, the ratio £ chénges as
we select different input angles corrésponding to movement along
the dispersion surface. The basic behavior is shown in Figure 2-5b.
For’the'a branch of the diSpersioﬁ surface at angles larger than
the Bragg angle,z<1 , for angles smaller than eB,e;}'l. For theB

branch of the dispéréion‘édrface,'the ratios are the exact inverse.




The ratio £ is of fundamental importance since at any point in the
'cnystal, jt represents the diffraction efficiency or reflection
coefficient, the same quantity that was calculated earlier from the
Darwin picture. Rather than rederive the formulas obtained earlier
by the Darwin-Matrix method, we will emphasize other p;aperties of
the wave field that will aid in understanding propagation in acousti-
cally perturbed crystals.

“We first consider the abSorptive properties of the x-ray wave
field and the specific characteristics of the Borrmann effect. In the
EVL picture, absorption is taken into account by expressing the propaga-
tion wavevector as a complex quantity. The intensity absorption factor
is, thus, expressed using the imaginary part and is proportional to the
quantity (K "-r). In all practical x-ray diffr&ction problems, the ratio
of K"/K' isoquite small (of the order of 10'5).The directional informa-
tion is thus,to a good approximation,carried by the real part of the
wavevector and the imaginary part is used only in the absorption calcu-
lations. The boundary condition on K, which requires matching of phase
fronts at the surface, implies that the imaginary part of K will be
atong the surface normal.

Before we proceed with a formal derivation of the equations for
absorption, a few general properties will be discussed. The planes
of constant amplitude (perpendicular to K") are parallel to the
crystal surface. Thus, in considering absorption along any particular
direction associated with a tie point on the dispersion surface, we

must use an effective absorption coefficient:




w =K cos (n,s) (2-35)

where n = unit vector-along the surface normal

S = unit vector in propagation direction.

The quantity u is thus,the component of the imaginary part of the
wavevector along the direction of energy flow. Intuitively, we can
see that this is correct since this quantity represents the degree to
which a ray cuts the atomic lattice planes where the (photoelectric)
absorptive processes are localized. In other words, flow parallel

to the lattice planes would represent minimum absorption. Thus, as
we look at Figure 2-5, we fecognize that modes with ¢ much different
than 1 (well off the Bragg angle) represent large angles with respect
to the Bragg planes and thus, large absorption.

We now obtain an analytic expression for the absorption coeffi-
cient associated with a particular operating point on the dispersion
surface. We will identify a point by the parameter ¢ which can be
directly related back to the input deviation from the Bragg angle.

We need to write expressions for Ko“ and cos (n, s) in terms of
£ and the crystal constants 5 and ¥ (structure factors).

To find an expression for Ko”, we substitute the complex form

for 503 Si’ ?09 w‘l’

=K ¢ ]
Kom k' + 1Ky

KKyt ik




= ' g "
‘I’o ‘l’o +1 ‘!’o
LT "R T
into Equations 2-31.
We recall that IKﬁ{ = IKJl and that the real parts of the K vectors

are greater than the imaginary by about 105. The real and imaginary
parts of each of the equations are then set equal to zero and EH.
and 50' eliminated. We can now express the absorption coefficient
in terms of the field amplitudes

o Y% |- ARy
cos a D

o +DH

(2-36)
where o is the angle of propagation with respect to the
bisector of and EH’ i.e. angle with respect to the
lattice p]anes.

Equation 2-36 is more conveniently expressed in terms of the mode

parameter £ as:

1 - 25 FHII/FOII

BT ¥ T (2-37)

Batterman and Cole(jo) have written this formula in a s}ightly different

form by relating £ directly to the input conditions.

I'/F L]

(2-38)

J1 + Ae sin 0

T = (ezlmcz)(xz/ﬂv)




where the choice of sign in (2-38) is governed by the choice of

the branch of the dispersion surface: negative for the ¢ branch and
positive for the B branch.

‘The angle of propagation with respect to the latticé planes is
obtained through the fact tbatlthe poynting vector is normal to the
dispersion surface. 'Thus, the angle is an explicit function of g.
Hagner(16’17) has shown that for a unit vector, 3, in the direction

of .the poynting vector,

. ‘Ew;z)cos 0g Z - (1-67) sin 6 X].(2-39)
J [|*€4+2§2cos(268)]
where X is a unit vector parallel to the lattice planes and

Z is a unit vector perpendicular to the lattice planes.
The angle that the wavevector of any mode makes with respect

to the lattice planes is thus,
Tan a = =5— Tan 6, . (2-40)

Formu]ps 2-37 and 2-38 constitute a theoretical explanation of
the Borrmann effect. The quantity FH”/FO" is always close to unity.
Thus, when £ is positive and close to one, the absorption coeffi-
cient is greatly reduced from the normal value L These formulae
point up another very important characteristié of the Borrmann
effect. For the other branch of the dispersion surface &<1

(positive sign taken in 2-38), and thus, is characterized by a
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greater than normal attenuation. In the introductory chapter, the
Borrmann effect was ékplained in terms of an x-ray standing wave
pattern inside the crystal. The high absorption case associated with
‘the B8 branch of the disperéion surface thus corresponds to

the.caoe where the standing wave pattern is located with high field
regions occurring at the lattice planes.

Another interesting characterisitc of the Borrmann effect is
contained in the factor F,"/F ". The closer this quantity is to '
unity, the smaller the effective absorption (in the low absorption
case). The quantity FH“/FO"'is an indicator of the spatial distri-
’butioo of absorbing power of the atom and is sometimes referred to
as the effective atomic size. If the atoms were truely confined to
infinitesimal point, lattice sites FH“/FO“ would equal unity exactly.

We can also see froh(2-38)the effect of lattice perturbations
on the absorption.. As a ray begins to violate the Bragg condition,
-the absorption increases. This, of course, leads to a rocking curve
of transmitted or diffracted intensity versus deviation from the
Bragg angle (or change in the 2d lattice spacing). This is analogous
to the Bragg case derived earlier from the Darwin point of view.
However, in the case of Borrmann transmission, the absorption plays

a somewhat more important role than in the Bragg reflection case.




SUMMARY OF ENALD-VON LAUE (EVL) FORMULATION OF DYNAMICAL THEORY

(1) The EVL picture was used to derive results primarily for
the case of Laue geometry diffraction, which is the situation encountered
in Borrmann transmission. The dispersion surface geometry was introduced
as avcompact visua]izatidn'of the fundamental equation for x-ray pro-
pagation, 2-33. |

- Input boundary conditions select a tie point (or operating point)
on the dispersion surface. This tie point then determines both the
directional and absorptive prdperties of the x-ray propagation. The
- tie point is usually indentified by its mode parameter £.

(2) As the angle of input rays deviates from the Bragg angle,
energy propagates at increasing angles with respect to the lattice
planes. The angle of propagation with respect to the lattice planes,
in terms of the mode parameter £, is given by Equation 2-40.

(3) An effective absorption coefficient as a function of the
mode parameter £ is given by Equation 2-37. This allows one to calcu-
late the absorption associated with any particular ray direction.

(4) Equations 2-37 and 2-38 are the essential relations necessary
in order to calculate diffracted intensity vs. deviation from the
Bragg condition. The same type of information is contained in the
"Darwin curve" calculated earlier for the Bragg case. A graph of
tiie variation of diffracted intensity as a function of deviation from
the Bragg angle is referred to (in both the Bragg and Laue cases) as |

the diffraction curve.
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2.6 PROPAGATION IN IMPERFECT CRYSTALS

2.6-1 General Qutline
Interest in x-ray propagation in imperfect crystals was

historically generated by a desire to study intrinsi; lattice defects,
such as dislocations. When x-ray topographs_of crystals are taken,
various mechanisms lead to contrast (eithef an increase or a decrease
vfn diffracted x-ray intensity) giving a type of “image" of the defect
regions. |
- Numerous theories have been proposed to deal with x-ray propaga-
tion in perturbed lattice structures. They can, however, be placed
in one of three general categories:

(1) Refractive theories, usually associated with the original
developers, Penning and Polder(ls).

(2) Diffractive thedries, which are a more exact calculation of
the x-ray wave field and generally referred to under the heading of
Takagis' equations(lg).

(3) More exact theories, based on a quantum-mechanical formu-

lation of the x-ray scattering(zo'zg).

Although these models are
quite rigorous, they are also quite cumbersome and have yet to be
applied to any practical distorted crystal problem.

In addition to these three theoretical aﬁproaches, another
model has been proposed as part of this study exclusively for the
case of Borrmann propagation in acoustically distorted crystals.
It will be referred to as the simple absorption model.

We have applied the first two categories of theory and the simple

absorption model to the case of acoustically perturbed Borrmann trans-




mission in both the one and two crystal cases. Quantitative compari-
sons between these theories and experimental results are described
in Chapter 3. Each of the theoretical approaches is now described
in detail. In addition, the quantitatiVe methods of calculation are
described and'typical calculations are presented. To begin with, we

will discuss the simple absorption picture.

2.6-2 SIMPLE ABSORPTION THEORY - DESCRIPTION AND APPLICATION

When an acoustic wave is introduced into a crystal, a sinusoidal
strain variation results. This situation is illustrated in Figure 2-6.
Rays eniering the crystal spread out into the Borrmann fan (or triangle).
A typical scale for the actual extent of the Borrmann fan when high
absorption is present is shown (labeled "actual path of rays").

Because of the acoustic strain, rays which satisfy the Bragg angle at
the entrance face may pass into regioné where the Bragg law is no |
longer satisfied. ‘

As explained in section 2-5, energy flow fills the Borrmann
triangle when there is a variation of input ang]e (on the order of a
few secondé). As shown in formulas 2-37 and 2-38, rays which propagate
the furthest off axis suffer the greatest attenuation. Thus, in the
case of a thick perfect crystal which exhibits a strong Borrmann
effect, the effective angular spread of rays is limited to somewhat
less than the full Borrmann triangle, as illustrated in Figure 2-6.

It is sometimes said that ihe Borrmann effect results from energy
tfanémiSsioh'baraTiel tb'thé']att{ce plénés; We now see from the

more accurate calculations of dynamical theory that this is true only
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in an average sense. Gerward, using variations of formulas 2-37

and 2-38, has made detailed calculations of the energy flow in silicon
crystals. He has developed a useful formula (based on 2-37) for

the effective éngu1ar spread of rays in the Borrmann fan. He defines
the fan by the rays that have been attenuated to 1/e of the intensity of
the central ray (see Figure 2-6). The following formula for the Borr-

mann fan angleda (see Figure 2-6) results:

o s
Ax £ tan ][(5332%'1) tan (293)] (2-41)

where € = F "/F "
t = crystal thickness
U, = linear absorption coefficient.

We now assume a sinusoidally varying strain is acoustically
introduced along the X axis, as shown in Figu?e 2-6 .Assume that x-rays
are incident on the crystal in an uncollimated, non-monochromatic beam
(quantitative values for‘the parameters will be considered later). At
any particular point on the entrance surface, assume that there is
incident a packet of rays (with central ray exactly at the Bragg angle)
with angu]é} width greater than the (Darwin curve) width of the reflec-
tion. A fan of rays will spread out filling the effective Borrmann
triangle. A ray that spreads off axis will no longer satisfy the Bragg
condition and start to sﬁffer"; greater absorptioh then would be
implied by the mode parameter ¢ of the ray through Equation 2-37.

In order to calculate the overall attenuating effect of the acoustic

strain, we trace an ensemble of rays within the Borrmann fan and
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- estimate the effective absorption of each ray; To perform this calcu-
1atioh; we divide the crystal into thin lamina (parallel to the X

axis and thé crystal féces). At the boundary of each lamina along

the path of a ray, we calculate the strain (or deviation from the
Bragg law) by subtracting the local value of the 2d spacing from that
at the entrance point of the ray on the front surface of the crystal.

The local strain is defined by the following relation.

o = local strain at X referenced with

respect to a ray entering the crystal at Xo.

o =0, sin[ Z—X"} - o, sin{ & on (2-42)
Using this value for the strain, we calculate the attenuation of a ray
in passing through one of the lamina by using formulas 2-37 and 2-38.
A computer ray trace program has been written that traces an

ensemble of rays within the Borrmann fan,calculating the cumulative
absorption in passing through many lamina, An ensemble of rays is
traced for_many different entrance points on the crystal face. The
4number of points on the entrance face is always chosen so that a large
ndﬁber (typically = 20) occur within an acoustic wavelength.

A number of other features are included in the ray trace program
in order to make it as realistic as possible. The choice of the number

of rays in any particular case is governed by the calculation of the

'effeétiQe Borrﬁéhn fan éhg1e from Equation 2-41. The number of lamina
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is chosen so that the lamina thickness is very small compared to the
acoustic wavelength, but larger than an extinction distance. If signi-
ficant strain variations were to occur within an extinction distance,
"diffractive" effects wou]d‘start to occur, which are not predicted by
the simple absorption theory. This problem will be discussed in detail
later.

In addition, the mode parameter { of each individual ray is re-
corded, and used to calculate the relative contribution of the ray to
the diffracted intensity. /

Examples of resq]ts from the simple absorption theory are given
in Figures 2-7 and 2-8 (for the case of uncollimated radiation incident
on a sinusoidal strain variation, as shown in Figure 2-6). These graphs
show the fall off in diffracted intensity as a function of the coordinate
X along the exit face of the crystal.

For illustrative purposes, we trace rays for only one particulér
entrance point on the front face. In the practical cases described
in Chapter 3 (in conjunction with experiment), many points were used.
In Figure 2-7, the entrance point is aligned so that the central ray
passes through a node of the acoustic pattern. Off axis rays in this
case will thus encounter the greatest deviation from the inpuﬁ conditions.
In 2-8, the entrance point is opposite an antinode and shows the much
slower drop off of diffracted intensity as a function of angular deviation
from the central ray.  The diagram in the upper right hand corner of
Figures 2-7 and 2-8 shows the relative relétionship of the effective
spread of the Borrmann fan (1/e points in intensity) and the acoustic

wavelength. In Chapter 3, an extensive series of computer curves will
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be compared with experimental measurements of acoustic attenuation of
Borrmann transmission. “

Since the acoustically induced strain is varying in time, proper
account must be taken of the time averaged attgnuation of the x-rays.
In the simple absorption model, the attenuation in passing through a
single lamina depends only on the magnitude of deviation from the Bragg
condition and not on the sign. Thus, in comparing results of the simple
absorption model with experiment, we take the rms strain level as an

indication of the average deviation of the lattice from perfection.
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2.6-3 REFRACTIVE THEORY OF X-RAY PROPAGATION - DESCRIPTION AND APPLICATION

The simple absorption theory described in the previous section
‘ignores some details pf X-ray propagation in perfect crystals. A
detailed analysis of the energy propagation shows that x-rays passing
through strained regions of a crystal suffer refraction much the same
as an optical beam passing through a medium of varying index. There
is, however, a clear distinction between the x-ray and optical cases.

An i-ray passing through a strained crystal at an arbitrary angle will
suffer no detectable refractive effects. Only when an x-ray is incident
at tertain unique angles (a Bragg angle with respect to some crystalline
plane) can refractive effects be observed. Only when multiple reflec-
tion effects are present is there any sensitivity of x-ray trans-
mission to strains in the solid. From these considerations, we deduce
that the regular lattice structure acts as an intermediary in the
interaction of sound and x-rays. The multiple reflection phenomena

that are set up when Bragg's law is satisfied perturbs the normal x-ray
index. This perturbed value of the index is, in turn, changed by the
acoustic distortion of the lattice.

In 1961, Penning and Po]der(15) proposed a theory of-x-ray propaga-
tion in distorted crystals which utilized the concept of a slowly vary-
ing réciproca1 lattice vector. In a local sense, all of the laws of

. dynamical theory apply for tﬁe particular local value of H. The propaga-
tion from point to point was handled by a ray-optic theory. That is,
the spread in wavevector K was small enough that the beaﬁ could be
considered a plane wave; and the lateral extent of the ray smé]l enough

that it could be characterized by a single reciprocal vector H. The
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conditions will be noticed to be quite similar to those employed in the
Eikonal theory of 1ight propagation in inhomogeheous media. In fact,
most of the assumptions are quite similar.

One important difference concerns absorption effects.In the opti-
cal case, the refractive ray bending affects only the directional charac-
teristics. We have shown that the absorptive properties of x-ray propaga-
tion are quite directionally dependent. When refractive effects are
présent and directional changes take place, the operating or tie point
on the dispersion surface changes (see Figure 2-5b). With a change in
tie point, the local value of the mode parameter changes and thus, the
effective absorption coefficient through Equation 2-37. In somewhat
simpler terms, the directional changes lead to a varying angle of
propagation with respect to the lattice planes (larger angles leading
to a greater effective cross section for absorption).

In order to better understand the mechanism by which refraction
occurs, the following phenomenological picture has been constructed.

This picture is specifically based on the sinusofdal strain variation
encountered in acoustic fields, even though other types of lattice
distortion can also lead to refractive effects(22),

In Figure 2-9(a), we summarize some results that were derdved in the
section on EVL formulation. A ray incident on a crystal at greater than
the Bragg angle(dashed 1ine)selects a tie point such that <1 and,thus,pro-
pagates in the upper portion of the Borrmann fan.(We will assume in this
discussion that the cnystal‘exhibits a strong Borrmann effect and,thus,

only one branch of the dispersion surface is excited). Rays incident
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at angies smaller than the exact Bragg angle (broken line) select a tie
point with £>1 and propagate in the lower half of the Borrmann fan.
Suppose now that a strain gradient is introduced into the crystal

such that the portfon of crystal at X=o has the quiescent value of 2d
spacing, while portions at +X0 have a larger than normal spacing, and
those at -X0 a smaller spacing. Consider the ray traces in Figure 2-9b)
and 2-9(c). A ray propagating in the upper portion of the Borrmann fan
enébuhters a portion of the crystal with larger than normal 2d spacing.
As was demonstrated in the upper part of the figure, for a ray incident
onva region with an angle greater than the Bragg angle (which is.equi-
'va1ent to greater than normal 2d spacing) a mode is excited that empha-'
sizes the diffracted radiation. As the ray propagates through the
strained region, the energy flow continues to bend toward the diff-
racted direction, thus giving the ray trajectory shown in Figure 2-9(b).
Rays in the bottom half of the fan éncounter smaller than normal 2d
spacing and according]y,‘are bent downward, as shown in Figure 2-9 (c).
Thus, all rays are bent in the direction of the density or refractive
index gradient (smaller than normal 2d spacing, implying higher than
normal density), as is the normal condition for optical refractive

" effects. The limits of refractive or Penning and Polder theory will
be considered later, but we will say here that the approach is valid as
long as significant changes in the reciprocal vector (such as changes
in the lattice parameter) do not occur within an extinction distance.

We will now consider the refractive theory in a more quantitative

manner and apply it to the specific case of acoustic perturbations. As




was pointed out earlier in this chapter, the group velocity for x-ray

propagation inside the crystal is normal to the dispersion surface.lt

should be remembered that this velocity characterizes the total

field. Inside the crystal, the field is not resolved into incident

and giffracted components, but propagates as one mode characteristic of
. a particular branch of the dispersion surface. .

The fundamental assumption of Penning and Polder theory(]5-]7) is
that the change in direction .of one comﬁonent of the x-ray wavefield,

e.g. Ky, can be written in analogy with the optical Eikonal equation

d Ky = av(H+3) (2-43)

where é = 1/1|vg|
¥g ¢ lvglgj-
Thus, the change in the wavevector K, is governed by the component of
VH along the ray direction:
Recalling the expression for J given in 2-39, it is easy to show(17)

that:

2 L ] L ]
£ V(HeKy) - d]
1+§4+2€2 cos(Zesﬂ
where dl1 = unit length along the ray path.

We now must write the change in H as a function of a given lattice
perturbation. Let r, and r represent the quiescent and perturbed .
positions respectively of the lattice points within the crystal.

(2-45)




We are only interested, however, in a strain component in the direction

of H,» the original value of H. We can now write:

(=9

‘dTﬂ = v[j.v(g_._o)] | | (2-46)

Using this relation in Equation 2-44, Penning and Po]der(]5)have-written.
-what is probably the most useful form of the refractive equation which
gives the variation of the mode parameter ¢ along the refracted ray

path. A slight rearrangement of their formula gives:

& (26%)/x, (K V) (K V) (How)  (2-47)
% { [l+e;4+2£2 COS(ZBBH

where Xy = x-ray susceptibility for H reflection

) T

R = classical electron radius
V = volume of unit cell.
Using the caordinate system shown in Figure 2-9, we can rewrite (2-47)

in a different form.

|u| = magnitude of lattice displacement,

then

eu=ly=2 8
Heu= g _!_5%!__
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Equation 2-47 now becomes:

de | ( 4 sin g )/Xy 2 2 _ i o 324
’ J[(1+€4+252 cos (2953[%593 22 T B (2-48)

aX

It is interesting to conéi&e; th; effect of the two terms within
the brackets in Equation 2-48. As Kato(23) has pointed out, a nonvanish-
ing ya]ue of 3u/3Z represents a tilt of the lattice planes and azu/azz
a bénding. ou/9X represents a change in the 2d lattice spacing,
while azu/axz is a spatial rate of change of lattice expansion or con-
traction. The relative importance of the two terms is governed by the
magnitude of the Bragg angle, 6g-

As a practical case, consider the (220) planes in silicon (which
will be considered experimentally -in Chapter 311 We calculate the
2

quantities cos2e and sin

B eror various wavelength x-rays.

Table 2-1. Diffraction data for (220) planes in silicon.

° ° : .2 2
AA GB( ) sin“eg cos eB

Mok, | =71 | 10.7 .034 .96
Cuk, [1.54 | 23.6
crk, [2.3 | 36.8

Cak, 3.3 | 59.2




We see from Table 2-2 that if refractive effects are to be used to
control or modulate x-rays, that expansion and contraction of the lat-
tice becomes increasing]y important as the radiation becomes softer.

In the experimental work in the present study, acoustic waves
were propagated perpendicular to the lattice planes, thus primarily
causing expansion and contraction. This was done for simplicity and
ease of comparison with theory. Other types of lattice deformation
could, of course, be produced by acoustic disturbances. More will
be said about potential device design procedures in Chapter 4.

We now consider the application of refractive theory to specific
acoustic perturbation problems. We consider a sinusoidal perturbation
along the X axis (along the reciprocal vector). This, of course, is
the geometry often encountered in acousto optic effects in the optical
regime.

The strain du/dX is thus written:

d
X = uo sin[ i’l{x} (2-49)

where A = acoustic wavelength.
In order to calculate the x-ray transmission in an acoustically

perturbed Borrmann transmitting crystal, a complete x-ray refractive

ray trace computer program has been written.




L|

Rearranging 2-39, we can obtain an equation for the ‘'sliope' of

a ray:

2
ax _ ET_-‘ tane 2-50

In the ray trace program, the crystal i; once again divided into
a large number of lamina parailel to the faces (perpendicular to the
lattice planes). At any particular point on the entrance face of
the crystal, an ensemble of rays having different initial mode para-
meters is chosen.

Using Equation 2-49 in 2-50, we obtain:

ae (482 sindoy u)/x, cos[g_-n_x]

ar - J[( 1424422 cos( ZeBﬂA (2-51)

The change in mode parameter in passing through a lamina is calculated
using Equation 2-51 with d1 = dX + dZ within each lamina.The trajec-
tory of a ray within each 1amina is governed by Equation 2-50 with

the value of £ being taken to be the vaiue at the entry point of the
ray into the lamina.

The absorption of a ray, of course, depends on its path with
respect to the lattice planes. The effective absorption coefficient
for a ray is calculated using Equation 2-37, which expresses the
absorption as a function of £. As before, the value taken for £

is the value at the entry to each lamina.
Figures 2-10 and 2_17 show typical examples of ray traces for a
strain amplitude of 1072,
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The sign .of the strain gradient in 2-i0
is reversed from that in 2-11, while in both cases, the entrance point
is directly opposite the node of the acoustic pattern. The cross
hatched 1ines show the unrgfracted paths that the rays would take in
the absencé of a strain gradient. We can see from these plots new
details of the acoustic interruption not contained in the simple
absorption model. We recall that rays with £>1 contribdte more to
the diffracted beam. We, thus, see that the attenuation of the
diffracted beam due to acoustic perturbation will change when the
sign of the strain gfadient changes. In certain cases, the trans-
mission of a ray might be slightly enhanced (refracted so as to propa-
gate more closely parallel to the lattice planes). Since the sign of
the strain gradient reverses once every acoustic cycle, the difference
between 2-10 and 2-11 is averaged out.This situation does point up,
however, the need to carefully consider the time averaging when
making numerical calculations using the refractive model.

When calculating the x-ray transmission vs. acoustic strain
Tevel, complete ray traces (including the full array of points on
entrance surface) are numerically computed for one complete acoustic
‘cycle (2 traces with the strain gradient reversed and amplitude taken
equal to rms value). The resulting transmission is then taken to be
the average of these values. |

In Figures 2- 12and 13yare shown ray traces for entry points
opposite the antinode, but with twice the strain level as that indica-

ted in‘Figures 2- 10and 11. :The strain level of 1075 in Figures 2-10
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was near the threshold for significant attenuation effects to appear
for this particular case ('220 planes of silicon and CuK, radiation).

In Figures 2-12 gnd 2-13, the ‘refrac»tive effects are much more pro-

nounced.
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In Figure 2-14, we see ray traces identical to those in 2-13,
~except that the entry pqint of the fan of rays is now opposite an
antinode instead of a node. The strain gradient béing weaker, the
refractive effects are aléo wéaker. The rays suffer less deviation
from their normal trajectories and, thus, less attenuation. The dis-
tribution of x-ray intensity at the exit face of the crystal will,
thus, be a fringe pattern with high intensity at an antinode and

tow intensity at a node. This pattern can be used to visualize the
complete acoustic field inside a crystal, as will be discussed in

detail in the next chapter.
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2.6-4 LIMITS OF REFRACTIVE THEORY

AND INTRODUCTION TO GENERALIZED DIFFRACTION THEORY

When large strain gradients are pkesent in a crystal (such as
might be induced by high power, high frequency acoustic waves), the
rayoptic approximation of the refraétive and simple absorption models
Secomes increasing]y'invalid. The situation is quite similar to the
case of opticﬁ] propagation iﬁ.a medium whose refractive index is
varying so rapidly that diffraction effects can no longer be ignored.

_As Kato(23) has pointed out, the situation amounts to a breakdown of
the WKBJ approximation. When the strain gradient becomes large,
significant changes in the lattice parameter (and, thus, in the reci-
procal vector) take place within an extinction distance. The propa-
gation can no longer be pictured in terms of migration of the tie point
along one branch of the dispersion surface. In fact, there starts .
to be a significant transfer of energy from one branch of the disper-
sion surface to the other(14). The phenomena is usually referred
to as interbranch scattering and was first observed experimentally
by Lang(24).

One can understand the basic nature of interbranch scattering
by recalling the form of the boundary conditions imposed in the
case of x-ray diffraction. A ray encountering a highly distorted
region in the crystal will behave in a manner similar to a ray en-
countering the boundary of the crystal with Vacuum. The ray will
be resol?ed into its diffracted and direct (forward diffracted) com-

ponents. On encountering, once again, regions of perfection, tie




points will be excited on both Branches of the dispersion surface,
(as is always the caée at an entrance SHrface). In the case of Borr-
mann transmission, this is highly important since the second branch
of the dispersion surface represents a higher than normal absorption
{j.e.'inverse Borrmann effect). Kato(23)’has also noted that rapid
strain variatioh transverse to the ray path can also lead to diffrac-
tive effects.‘ In this case, a region of highly distorted, (poorly
diffracting) crysi:al acts' like a. diffracting aperture.

'At fifsf,»one might think that ordinary diffraction by ah aper-
ture would not be significant because of the very small wavelength.
We must remember, however, that the cfystal diffraction process is
sensitive to angular deflections on the order of seconds of arc.

One second of arc would be the angular position of the first order
of a single slit diffraction‘pattern with the slit width = 21 microns
(for X = 12). This can lead to what is known as a broadening of the
tie point on the dispersion surface. In other words, a single tie
point on the dispersion surface is no longer adequate to describe

the propagation of a single input mode {unique value of £).

In order to deal with queStions of this sort, a complete re-
examination of the foundations of dynamical diffraction theory must
be made. TheAmost widely recognized method (and, thus far, the
only method to be app]ied.to practical calculations) for dealing with
‘this?éifuatidh'héérbéen proposed{by‘Takégi(32).

~In Takagi's theory, the ¢6hcept of a local reciprocal lattice
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vector is retained, but now its variation is explicft]y included in
the fourier expansion of the field quantities and the dielectric
constant.

To begin with, the expansion of field quantities (analogous
to Equation 2-14) is now written as a sum over all possible diffracted

components H:
A = elut ﬁ Ay (r) exp(-2miK,-r) (2-52)

(A = E.D,etc.)

In contrast to Equation 2-14, the fburier coefficient is now a
function of position within the crystal. The primary restriction on
the expansion in Equation 2-52 is that the spatial variation of A,(r)
must be slow compared to the x-ray wavelength.

The modified form of-the Bloch waves (2-43) cannot be interpreted
in terms of a dispersion surface.(35) In addition, there is an
ambiguity in the definition of the incident field K,. In most treat-
ments, it is taken equal in magnitude to n|k| (where n is the average
index of refraction). The expansion expression for the index of
refraction is written as before (2-16) except that the reciprocal
lattice vector H is shown to explicitly depend on position.(32) The
rest of the derivation of Takagf theory parallels quite closely the
development of the EVL formulation in this chapter. In the Takagi
case, however, the final system of propagation equations aré differen-

tial equations, as opposed to the system of algebraic equations given




-98-

in 2-27. In the two beam case, these equations have the following

form.

2o

350 = ~jrke XH A

H
(2-53)

A
oY _ .
v inke x Ay + 12wk 8, A,

H
where
SH’ So are unit vectors in the kinematically
determined directions K, and Ky.
¢ = polarization factor
| {1, Ko perpendicular to .plane of'incidence

cos(ZBB), I(.o parallel to plane of incidence.

B = %-3%-(ﬂ;g)-(Proportiona1 to local deviation
. H

from Bragg condition.)

In order to include absorption effects, both the real and imaginary

parts of the x-ray susceptibility must be included.
x =x"+ix*

Using this in Equation 2-53, the following set of equations is obtained:

[}
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5%;(8) - ke T_X.F + x"G] | (2-54a)
EXL pr— (2-540)
3%#” = gke [x"A + X'B] - 2mkgG (2-54c)
a—g’;(ﬁ) = mke [—Ax' +>X“B] ' 2Tk8F (2-544)
where D, = A + iB

Dy =E+ 18

Once a local value of B due to distortion of the lattice has been
determined, the system of Equations 2-54 can be solved to determine
the complete field distribution inside the crystal. Unfortunately,
Equations 2-54 have analytical solutions only in a very restricted
number of special cases(13). Most of the practical applications(33,34)
thus far, (all of which involve contrast effects caused by natural
crystal dislocations), have employed numerical solution of 2-54.The
computer routines utilized in these numerical routines are quite

large and time consuming to run.

Some useful characteristics of the "diffractive” region of x-ray
propagation (large strain gradients) can, however, be obtained from
Takagi theory without a complete solution of the equations. One
useful property that may be determined in this way is a generél cri-

terion for the magnitude of strain gradient for which diffractive
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‘effects become important. As in the optical regime, there is no
sharp boundary between the "refractive" and "diffractive" regions.
~ The last two terms in Equations 2-54(c) and 2-54(d) are the
perturbation terms due to departure from crystalline perfection.
Authier, Balibar and Epelboin(36) have established the fo1lowin§

criterion for neglecting these terms.

3B T __A -
B 2 lage? e
ext
where
dext = extinction distance.

It is a mathematical statement of the fact that for large
values of las/asol,significant departures from the Bragg

condition occur within an extinction distance.
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_ 2.7 GENERAL THEORY OF X-RAY SCATTERING IN PRESENCE OF LATTICE VIBRATIONS

Historica]ly, only the effect of thermally excited lattice vibrations
on x-ray diffraction has been considered.(z’la) The effect of these
vibrations on the intensity of Bragg peaks is usually lumped into a
quantity known as the Debye-Waller factor. We will derive this formula,
as well as the effect of monochromatic vibrations, in a way that is a
slight alteration of the classical derivation. To emphasize the analo-
gies with optical regime effects, we will couch the derivation in
terms that are used in ordinary optical diffraction problems.

The problem of x-ray diffraction from lattice planes is quite
similar to the optical diffraction by an array of'many slfts (diffrac-
tion grating). When a plane wave is incident on the structure, the loca-
tion of principle maxima is given by the Bragg law. The width of
diffraction peaks is proportional to the number of slits (in the x-ray
case, the number of participating lattice planes). Even the finite
extent of the lattice ptanes (which determines the exact form of the
structure factor) has an analogy with the finite width of the slits
which, in turn, determines the envelope function. The double crystal
;ocking process has its analogy in the situation of one diffraction
grating being illuminated by the diffraction pattern of another identical
grating. Our present concern is analogous to that of the effect of
perturbations (both random and coherent) in the spacing of slits
(lattice planes). .

The diffracted amplitude from an array of N slits is written(zs)

as the following.
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A = e-iK(§-§o) * B-j

(2-56)

LR o

=1

~where S and §o are véctors representing incident and diffracted
_directions. .

55 = position jth slit

The equivalent expression for the x-ray case is written (in the

kinematical approximation(z)) as

N .
A=z £ (KK) - Ry (2-57)
=1 J
where 5§ = positibn of'jth'atom.
We now introduce the quantity A, which represents the instantaneous
perturbation of the position of the jth atom (or slit).

1 = diffracted intensity = AA*

=3 fje-i(L(:'So)-(Rj+Aj)z f o~ (KK )= (Ro4a.)
i ‘ 1.

= % z fi fj ei(ﬁzfo)o(ﬂjfgd) <§i(5750).(A1.Aj{>> (2-58)
J

- where <> = denotes time averaging. '
The term in parentheses is the normal summation leading to Bragg
peaks in the x-ray case and to various diffracted orders in case of
a slit array.The quantity of primary interest here is the term in

time average brackets. We first rewrite the quantity:
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é(ﬁ.ﬁo). (Ai.Aj>= é‘ | K| (wi-wj>

where w = component of vibration or displacement

along K-K . and |K| = =

<e1‘|l(| (wi-wj)> = (idw-w-172 {w-w) 2D+ oo jelKl (2-50)

Since the atomic displacement is always small, we keep only second

order terms and lower.

In the usual analysis of thermal vibrations,(z) the second term
in Eq&ation 2-59 1s dropped, since it is assumed that the motion is
random and, thus, no cbrre]ation exists betweén w; and W; . In order
to understand the effect of correlated motion of the atomic planes,

we must retain this term.

We can noﬁ rewrite Equation 2-58.

=15, f; expl1/2[K] (w )) exp(- 1/2|K]2(w 3)
ij

x exp [|K| (K-K;)+(R;-R;)] x exp(-|K|w;-w))
+ 23 fy fyexp [i]K] (K-K))e(Ry-Ry)] x
iJ

[exp( I,Klz("i"ﬁ))_—]]} | - (2-60)

‘_We identify individual terms:
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>
(]

exp (-1/2|K]| 2<w1. 2))

o
n

o G2

n .
"

exp (-] KI("-; "Wj>)

The terms A.and B are the familiar Debye-Waller factors which

lead to a weak decrease in the Bragg peaks as the temperature (and,

thus. "i ) is elevated The elevat1on of the temperature of a
d1ffract1ng cnysta] 1s, thus:_one method for controll1ng the diffracted
intensity. Typical magn1tudes for this effect will be discussed in
Chapter'4.

The second summation term in 2-60 is usually referred to as the
diffuse scattering component. In the thermal caee,.when W; and Wj are
poorly correlated, there are no contributions from large values of
Ri-Rj, and, thus, no sharp Bragg peaks. This tenh, thue, leads to
a broad diffuse scattering. When the atomic motion becomes correlated,
however, the diffuse scattering is gathered into a peak that represents
the doppler shifted component of the x-rayé. Only recently has it
become possible to observe euch a sharp peak, since in order for it
to be signifieant(27), the monochromatic vibrations must become compara-
ble to the average thermal excitetibn of the mode involved. MNeverthe-
less, a few experiments with acoustoelectric amplification(za) have

produced vibration-amplitudes of this magnitude and peaks are observed.

The next term of interest is that labeled C. In the case of
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random motion it averages to zero. As the motion starts to be

more coherent, the term increases. It represeﬁts a deviation from.

the Bragg condition. A complete analysis of the term would, of

course, employ the exact displacement behavior of the vibration

mode involved (pure compression, etc.) and the acoustic wavelength,

as well as the autocorrelation function of the vibration. A

complete analysis would also oD o Sl multiple reflection

dynamical effects. The foregoing analysis is kinematical (as is

the classical derivation of the Debye-Waller factor). Only very

recently has a complete theory been proposed that includes(20)

all fhese factors. It is, however, of such complexity that it

has only been applied to the special case of thermal vibrations(29).
We can,however,understand the general phenomenological behavior

of term C. We first recognize that the term corresponds to a

strain, i.e. it is only non zero when there is a variation in A

as a function of position within the crystal. Thus, as we saw

earlier in the chapter, only atomic motion that corresponds to

a lattice strain will lead to a deviation from the Bragg condition.

In addition, there must be a correlation in the atomic motions

uj and u In the thermal case (when a large number of modes of

J‘c
the solid are excited), the atomic motion is quasi random and
term C is approximately zero. When a narrow bandwidth acoustic
wave is present, the correlated motion will lead to a strain and,

thus, a contribution from term C.

It should be pointed out here that one theory has been proposed
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to describe dynamical x-ray diffraction in the presence of mono-
chromatic lattice vibrations(37). Unfortunately, it deals only |
with the relatively trivial case of an increase in integrated
infensity when an uncollimated beam falls on a vibrating crystal.

In addition, it is applicable only at low frequencies where the
acoustic wavelength is much greater than an extinction distance.

In such a case, the vibrating-crystal presents a semi continuum

of 2d lattice spacings to the input beam. Therefore, the integrated
intensity will increase in a manner analogous to the case of a

mosaic crystal described in Chapter 1.
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3.1 INTRODUCTION

In this chapter experiments are described in which modulation

, and'shuttering of x-rayé has been demonstrated. This represents

the first use of Borrmann transmission or the techniques of x-ray
interferometry for the modulation and control of x-ray propagation (1).
The emphasis in the experiments has, however, been on obtaining a
basic understanding of the interaction of x-rays and acoustic waves

in crystais.

The most extensive measurements have been made in the single
crystal Borrmann configuration. Experiments have also been performed
with a two crystal x-ray interferometer. The theoretical analyses
developed in Chapter 2 are applied to the experimental situations in
order to predict such characteristics as contrast ratio (or modulation
depth) and total transmitted integrated intensity. The comparison
between the theoretically predicted and experimentally measured para-
meters agree to within experimental error.

The converse application, that of x-ray diffraction investigation
of acoustic field properties has also been pursued experimentally.

A detailed description is given of X-ray topographic mappihg of
acoustic standing waves. Quantitative measurements of some acoustic
field properties are made using x-ray topography.

The topographic method is also applied to the confirmation of

certainiaspécts'of_the"theoretical picture of acoustic Borrmann interrup-

tion.
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An important feature of our work is that the various descriptions
("diffractive", “"refractive", etc.) of the x-ray propagation in dis-
torted crystals can be directly investigated by systematically changing
the acoustic frequency and amplitude. The diffracted intensity distribu-
tion predicted by the various models are of great interest when using
x-rays to study intrinsic defects in solids.

The purpoée of.fﬁe ;résent study was to establish the
orders of magnitude that would be involved in producing

practical x-ray modulating, shuttering and control devices.

3.2 SINGLE CRYSTAL BORRMANN EXPERIMENTS

3.2-1 DESCRIPTION OF EXPERIMENTAL EQUIPMENT AND TECHNIQUES

Borrmann of-aﬁomalgus transmission of x-rays (in the Laue geometry)
is particularly sensitive to perturbations in the crystal lattice. In
the following experiments the perturbations were produced by acoustic
waves. The acoustic waves were excited by bonding a piezoelectric
transducer>to the edge of the crystal, as indicated in Fig. 3-1. As
described in Chapter 2, the perturbed behavior of the x-ray wavefield
in the crystal is particularly dependent on the gradient of strain.
This was controlled by changing both the strain amplitude and the

acoustic frequency. Experiments were performed at 5, 10, 20 and

60 MhZ.
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Figure 3-1 . Configuration used for the excitation of
acoustic waves in Borrmann interruption experiments.




Most of the crystal experiments described in this chapter were
performed with highly perfect samples of Czoicha]ski grown silicon.
For all Borrmann work, the(220)planes of the diamond cubic silicon
structure were used. The silicon samp]és were oriented using the
Laue back reflection technique. (2) Using this technique, it was -
possible to orient the lattice planes with respect to an external
- cut)face to about 1°,

 ‘ Once the samples were oriented, they were cut on a high speed
crystal wafering machine. This produced a much smoother and more
accura£e1y cut surface than either a low speed saw or string abrasion
saw. ' |

The x-ray entrance and exit faces of the crystal were fine ground
and then polished with a very fine optical polish. The samples were
then acid polished to remove surface damage left by the grinding and
polishing processes. At first, the well known CP4 chemical polish (3)
was used, but it was later found that a simple solution of three parts
nitric acid to one part hydrofluoric acid produced a better quality
surface. The literature on work with the Borrmann effect (3,4) indicated
that acid bolishing was definitely necessary because mechanical polishing
damage could extend up to 25 microns below the surface. Tests showed;
however, that only about 15% difference in x-ray transmission was
present between two initially identical samples where only one was
acid polished prior to testing.

The crystal surface on which thé acoustic transducer was bonded

and the_opposite face (where acoustic reflection occurred) were polished
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with very fine optical polish. These faces were made parallel to
tolerances on the order of 10 arc seconds. These surfaces were
specified so that the lack of parallelism and surface roughness were
always less than 1/10 the acoustic wéve1ength for that particular
crystal.

Two types of acoustic transducer were used, 1ead zirconate
titanate (PZT) and 1ithium niobate, both cut for a primary thickness
eipansion vibration mode. PZT is available with hard silver coatings.
for electrodes and thus was convenient to use at 5 and 10 MhZ.
Because of its lower acoustic loss at high frequencies, the lithihm
niobate was used at 20 and 60 MHZ. Electrodes were applied to the
1ithium niobate by evaporating indium onto the surfaces.

Several types of bonding were investigateﬁ. Indium itself can
be used by evaporating onto the active surface. The transducer is
then pressed against the crystal and held firmly in place while the
crystal is heated to slibht]y above the melting point of indium(156°)
The bond that is formed is not very rugged and tends to rupture easily.
The.best general purpose bond was found to be a special low viscosity
epoxy. The epaxy (1SO-Chem. 212)forms a thin,strong bond with accept-
" able acoustic losses when cured for about 3 hours at 130°C.

At low frequencies (5, 10 MhZ), electrical connections were made
with silver epoxy, as shown in Fig. 3.2(a) At higher frequencies, the

silver epoxy tends to be somewhat lossy and the special connection

shown in Fig. 3.2(b) was used.
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| Figure 3-2. Procedures for electrical connection to
to acoustic transducers.
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3.2-2 DEMONSTRATION OF ACOUSTIC INTERRUPTION OF X-RAY DIFFRACTION

The initial experiment that was performed to demonstrate acoustic
interruption is illustrated in Fig. 3-3. |

The transducer excites bulk longitudinal acoustic waves
perpendicular to the(220)diffracting planes. The input beam came
from an effectively broad x-ray source (spot focus on the x-ray
tube) so that the transmission was an integrated intensity.

One possible criticism of this experiment is that reduction in
trapsmitted X-rays may be due to simple gross motion of the crystal
wavering in and out of the Bragg angle.This question was very carefully
investigated. First, the experimental configuration shown in Fig. 3-3
does not have a great sensitivity to angular misalignment. The input
beam is only crudely collimated and small vibrations of the crystal will
only cause a different part of the crystal to diffract. The entrance
slits on the detector are very wide (=1cm) so that all of the x-ray
flux would still be cb]]ected. The macroscopic motion of the crystal
was investigated by taking holographic interferograms with power on
the transducer. These révealed thatfthere was no out of plane motion
(perpendicular to the entrance face) greater than one micron. Overall

motion of the crystal was thus negligible.

3.2-3 VISUALIZATION OF ACOUSTIC STANDING WAVE PATTERNS

The acoustic wave in the crysta]vhas both standing and travelling
wave components.The static portion of the pattern of absorption in the
strained crystal can be readily visualized by taking a Borrmann topograph

6
of the crystal. There are many types of x-ray topography ®) through




S

Q

/ / , | DETECTOR
COLLIMATED ’
X-RAY

BEAM

SHenn

ACOUSTIC
TRANSDUCER

p10° COUNTS/SEC)

N
S
<
S
S
I
x
X
3
N
Q<
e
<
S

0] 02 03 04 05 06 07 08 09 10
INPUT PQWER TO ACOUSTIC TRANSDUCER (WATTS)

Figure 3-3. Acoustic interruption of Borrmann x-ray
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which an image-like visualization of the internal structure of a
crystal may be obtained.

In forming a Borrmann topograph, a distributed source of x-rays is
used. In most of the present experiments, a line source of erays
was used. The configuration for taking Borrmann topographs is given in
Fig. 3-4° Each point on the source will emit a ray that satisfies
Bragg's law at the cnystal. For ray directions other than those
in the plane of incidence the beam is freely diverginé.

o A type of x-ray shadowgréph {or pébjéction) of Ehe-crystal is
thus formed. When defect structure (such as dislocations) is present
in the crystal, the Borrmann transmission is disrupted and absorp-
tion occurs. A shadow-like image of the defect region is thus formed.
The topograph can also be used to visualize the acoustic standing wave
pattern. An extensive experimental program was undertaken with the
purpose of producing better resolutibn and definition in Borrmann
topographs.

The gxcitation potential of the x-ray tube must be carefully
selected. The continuum radiation surrounding the Ka line is also
diffracted and produces a background on the topograph. One would thus
Tike to choose an x-ray tube potential that gives the maximum ratio of
Koo Tine radiation to continuum. This requirement must, however, be
balanced against the need to reduce Background due to scattering
and fluorescence (crystal-and mount).. When the excitation potential
is quite high, hard components of the continuum can penetrate the

crystal causing = background and loss of resolution.
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In addition to considerations 1ike those in the previous paragraph,
there is one fundamental limitation to Borrmann topograph resolution.
At each point on the entrance surface of the crystal, a cone of rays
centered around the Bragg angle is diffracted. As was shown in
Chapter 2, the energy flow for this cone of rays spreads out into the
"Borrmann fan".The resolution is,thus,no better than the total spread
at the exit face of tﬁe ckystal. The shadow or projection-like image
.of a small defect localized near the entrance surface of the crystal
will thus be smeéred out by this divergence. The disturbance caused
by bulk 1ongitudihai wéVes’extends all the way across the crystal
from entrance to exit face.Thus, when the acoustic wavelength becomes

comparab]e to or smaller than the Borrmann fan angle,the contributions

to high contrast from regions near the entrance face are ultimately
smeared out. When the acoustic wavelength becomes very small, the

diffracted intensity distribution becomes uniform (contrast washes °
out completely). There remains an attenuation of the overall total

diffracted flux (integrated intensity).

Figure 3-5 . shows an x-ray topograph of a 10 MhZ
acoustic standing wave pattern in a silicon sfngle.crystal.

The acoustic wave is pure longitudinal(in the 220 direction)and has

a wavelength of about .9mm .




ACOUSTIC
WAVE

Figure 3-5 Borrmann x-ray topograph showing an
acoustic standing wave pattern in a low
dislocation density silicon crystal.

3.2-4 MEASUREMENTS OF ACOUSTICALLY INDUCED HIGH FREQUENCY STRAIN

In order to quantitatively understand the x-ray interruption
phenomena described in previous sections, measurements of the acoustic-
ally induced strain " levels must be made.

Measurement of absolute acoustic strain levels has always been a

difficult task in physical ultrasonics (7). For the present study,
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measufement of the time avérage strain level, as well as the standing
wave ratio,.was desired. Ideally, one would 1ike a direct measure-
ment technique that does not depend on information about acousticail
and electrical impedance matching. Acousto-optic'diffraction offers
such a possibility if the elasto-Optic cdefficient for the materials
of interest are known. Silicon is transparent to both CO2 (10.6u) and
YAG (1.06u) laser wavelengths. The elasto-optic coefficient for the
(220) planes in Si has not been accurately measured. Using information
onkétructuraily similar materials 1ike Ge, GaAS, and InSb, one can
probably estimate the value of the coefficient to within 20%. The
acousto-optic effects are, unfortunately, too weak (in silicon, the
primary material of interest) to be of much value in the present
study. As an alternative to direct acousto-optic measurements, three
other techniques have been employed.

(i) Replicas of the silicon crystals are constructed out of dense
flint glass. Dense flint has approximately the same acoustic impedance
as silicon, so that the acoustic matching characteristics of the two
materials should be nearly identical. The dense flint has a large
elastoroptic coefficient and is transparent to the convenient HeNe 63288
line. Acousto-optic measurements of strain are easily obtained with

dense flint.

Acousto-optic measurements of strain in dense flint glass samples

were made at 5,10,20 and 60MhZ. The samples were cut to the same geo-

metrical dimensions as the silicon crystals.
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Theoretical developments of acousto-optic diffraction (9) show tha;

the time average intensity of light diffracted into the first order is

‘ given by:
1, = 1 3 2V 2(V/a) (3-1)
1 %°r r-1
o3
where V' = EEZB %_e , (3-2)
with L = thickness of material traversed by light
wave ( perpendicular to acoustic propa-
gation vector)
‘A = optical wavelength
p = elasto-optic coefficient
e = time average strain
a = acoustic standing wave ratio.

A pure standing wave has a = 1 and a pure travelling wave has a = = .,
Cook and Hiedemann (9) have made convenient plots of the relation-
ship given in (3-1). Optical measurement of the SWR is made by comparing

the ratio of light intensity modulated at twice the acoustic frequency

to the unmodulated 1ight. This measurement can then be compared to

SWR determinations made by the acoustic pulse echo method.

(ii) Strain Gauges micro-miniature strain gauges are bonded
to the surface of both the silicon crystals and their dense flint glass

replicas. These gauges are connected to an A-C bridge that senses
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only the deviation from equilbrium resistance. (The actual RF time
varying strain cannot bé measured directly because of the piékup of
RF radiated by the transducer.) The bridge circuit filters out the
RF pickup and gives a signal proportional to the time average strain.
An elaborate test procedure was set up to ensure that RF pickup did

not affect the time average strain measurement.

(iii) Bond Transmission A method was devised for measuring the

relative value of the transmission coefficient of the bond between

the transducer and the crystal (and the relative SWR of the crystal
transducer system). The basic principle of the method is illustrated
in Fig. 36 . A second transducer was bonded to the face opposite

the usual power driving transducer (#1). Instead of using the usual
epoxy, the second transducer was attached with phenyl salicylate.

This material melts at low temperature (80°C) and recrystallizes at
room temperature forming an acoustically efficient bond. The advantage
of this method is that the latter transducer can easily be removed
without distrubing the other transducer (or the quality of the face

to which the second transducer is attached). We let t, = the transmission
coefficient of the first bond and t, for the second. If an acoustic
pulse is applied to the first transducer, a series of pulses will be

_ observed at the oscilloscope outputs S1 and 52' A pulse traversing

a singlé pass and observed at SZ suffers an attenuation fT t2. A

double pass observed at $ is attenuated by t12 (1-t2). With these two
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Figure 3-6. Configuration used for experimental
measurements of acoustic bond transmissions.
(a) schematic diagram (b) typical signals
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relationships, the value of the transmission for both bonds can be
solved for.

| In this study, only the relative values of bond transmission
between the crystal samples and the fiint replicas were desired. For
this'application, the double pass measurement alone was found to be
adequate (while assuming that reflection from the second face with no
transducer bonded was = 100%).. The two transducer technique seems to
be, however, a useful new method (8) for the measurement of bond trans-

missions that could also be applied to absolute measurements.




-128-

By comparing measurements made with all three methods (acousto-

.optic, strain gauge, and bond transmission), a quantitative picture of

the acoustic field inside the crystals or glass replicas can be

obtained.

Since different combinations of the three techniques were used at
the various frequencies, the descriptions of the actual measurements

will be categorized by frequency.

5MhZ _At 5MhZ strain measurements were made using each

of the three techniques(strain gauge , replicas,and bond

transmission).

Several samples of dense flint and silicon were prepared and
bonded to'5 MhZ transducers. Optical measurements of the strain in
the dense f]int samples were performed as described above. Strain
gauges were then bonded to both the flint glass and silicon samples.
Optical measurements on the glass samples were repeated after bonding
the strain gauges and it was determined that the application of the
gauge had not altered the acoustic pattern. Optical measurements of the
sz were also made. Knowing the SWR, the position of the strain gauge
within the standing pattern is taken into account in correcting the
strain gauge reading. Fig. 3-7 gives a plot which compares the total
time average strain measurement as made by acousto-optic diffraction

with the strain gauge measurements. The data in Fié. 3-7 was taken

at only one of several resonant frequencies (around 5 Mhiz) and
for one .of two samples of dense flint glass.
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Strain gauge measurements were also made on the silicon crystals.
The results for one of the crystals is presented in Table 3-1. The
quantity'in the final column is the ratio of the strains in the two
matefia]s(silicoﬁ and-"glass) corrected for individual -

sample differerices in bond transmission.

Table 3-1. Strain gauge measurements
Ratio of Silicon

Input Power Strain in Strain and Glass Strains
(electrical) Dense Flint in Silicon Corrected for Bond
(watts) Glass Transmission
.10 7.5x107° .68x107° 7.8
.20 1 x107 1.3 x10°° 7.7
.30 1.4x107 2.0 x107° 7.0
.40 1.6x107 3.5 x107 6.5

The ratio is close to the value one would predict from the differences
in elastic constants between the glass and silicon (6.5).

The strain gauge measurements were thus shown to give accurate
results when compared to the well established acousto-optic technique.
Since the strain gauge permitted a direct measurement of the acoustic-
ally induced strain in silicon, it was used as the primary standard
at 5MhZ.

The position of the strain gauge within the standing wave pattern
was accurately measured by a travelling microscope. This was also
confirmed by taking a Borrmann topograph with the gauge in view. This
js shown in Fig. 3-8. The grill of the gauge, being very thin, does not

show well in the photograph, but the solder dots and connecting wires

are clearly visible.




.

Figure 3-8 . Borrmann x-ray topograph of a silicon crystal
with a bonded strain gauge in the -
field qf view.
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Such photos also confirm the qualitative nature of the acoustic
Borrmann interruption process. The strain gauge Tocation provides an
accurate reference with respect to the standing wave pattern and the
edge of the crystal. The regions of low x-ray transmission are -

found to be at nodes of the standing wave pattern.

10, 20, 60 MhZ

At 10 MhZ the acoustic ::avelength in flint is too small for
accurate strain gauge measurements to be made. The acoustic wave-
length in silicon is somewhat larger but accurate positioning of the
gauge is.7stil]l difficult. For higher frequency acoustic strains,
the acbusto-optic measurements on dense flint were thus used as the
standard. The silicon strain was then determined using the relative

bond transmission (silicon vs. dense flint) measurements.

3.2-5 QUANTiTATIVE COMPARISONS BETWEEN THEORY AND EXPERIMENT FOR ACOUSTIC

MODULATION OF BORRMANN TRANSMISSION

In order to make a quantitative evaluation of the contrast

ratio in the diffracted x-ray fringe pattern and of the reduction in
total integrated intensity, one could take densitometer traces of the
topographs such as that in Fig. 3-8. It proved somewhat difficult,
however, to obtain accurate results this way because Of. uncertainties in
film calibration.

A more accurate method would be to traverse the crystal parallel
to the diffraction vector (reciprocal lattice vector) while using a

collimated input beam. Devices for producing such a traverse while
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accurate}y maintaining the Bragg angle alignment are used in topo-
graph cameras of the Lang type. Such a device was not available for
the present study, so a slightly different method of scanning was

devised. The method is illustrated in Fig. 3-9.

CRYSTAL

DIFFRACTING
«—— LATTICE

PLANES
X-RAY "\ ROTATION
DETECTOR
WITH WIDE
APERTURE
X-RAY POINT

SOURCE |

A§ . O

¢] A

Figure 3-9 . Configuration used to obtain x-ray scans of
acoustic standing wave patterns in crystals.

-
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Essentially uncollimated x-ray radiation (3% divergence) is
incident on the crystal from a point source. The crystal is then
rotated. At any instant of time, the cone of rays accepted by
the crystal has a divergence of about 10'3 radi ans, as governed
by the spectral width of the source (usually CuK, x-ray line). The
region intercepted at the crystal by this cone is narrow compared to
the acoustic wavelength. As the crystal is scanned, the narrow x-ray
beam will traverse the acoustic standing wave pattern. Examples of
such scans are given in Fig. 3-10. As mentioned before, there are
two important parameters associated with such curves.

(a) CONTRAST RATIO, defined as the average ratio of maxima to
minima in the transmitted fringe pattern.

(b) INTEGRATED INTENSITY - a measure of the total x-ray trans-
mission during the scan as indicated by the area under the curve. The
integrated intensity was evaluated in two different ways. The total
photon count during the scan was often taken. This required anticipating
the shape of the curve and where to cut off the count. Integrated
intensity measurements were also taken by graphically and numerically
integrating the finished curve using a programable calculator and
curve digitizer. The latter proved to be the more reliable and accurate

method.

'Figures 3-11 and 3-12 give plots of measured contrast ratio vs.

rms strain level for'two silicon crystals with 5 MhZ PZT transducers
exciting the acoustic waves. Also included are the contrast ratios
as predicted by the simple absorption theory and the refractive (Penn-

ing and Polder) theory.
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Figuré 3-10.. X-fay scans of 5 MhZ acoustic standing wave
patternsvin a silicon crystal.




CONTRAST RATIOS

-136-

44
40-
36-
32-

2.8+ '
SIMPLE_ABSORPTION

THEORY
24+

20+

“REFRACTIVE®
/__(PENNING AND POLDER)

1.6- THEORY

1.2

-

) A 1 i 1 L}

o 1 2 3 4 5 6 7 8
RMS STRAIN x 107

Figure 3-11. Comparison between measured and theoretically
predicted contrast ratios in x-ray scans of
acoustic standing wave (5MhZ) in silicon
crystal #1 {CuKy x-rays).
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| The theoretical and experimental values for integrated
intensities are plotted in Figures 3-13 and 3-14.Integrated
intensities are calculated by summing the contributions (for
all rays in the Borrmann fan) from all entrance points. The
agreement between theory and experiment for these two part-
icular parameters is within the expected error in the strain

5. There is also, however, a systematic

measurements of + .5x10°
trend of higher measured than theoretically predicted values
A fdr both contrast ratio and integrated intensity. This might

indicate that the measurements of strain were consistently low.

The theories themselves are approximate. There are a lim-
ited number of rays traced for each point on the entrance sur-
face of the crystal.For a pure longitudinal (sinusoidal) acoustic
wave one would expect a smooth sinusoidal x-ray intensity dis-
tribution (at the exit face).The scatter(around a sine wave
distribution) in intensity for various rays traced indicate that
the limited number of rays could cause as much as 10% error in
the calculated values for coﬁtrast ratio.

In terms of potential applications the contrast ratio
would be of interest in such areas as acoustic mapping, while
integrated intensity would relate to modulation and shuttering.
For example , in a modulation application, one wbuld want to
minimize the insertion l1oss while at the same time keeping a high

modulation depth. e
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Figure 3-13. Comparison of theoretical and experimental
values for integrated intensities ih X-ray scans
of acoustically perturbed silicon crystal #1

(at SMhZ).
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Acoustic scans were performed with different wavelength
x-rays in order to investigate the variation in interruption
with absorption coefficient. Figure 3-15shows two acoustic
scans of crystal #1 (5MhZ acoustic wave) with chromium K
radiation (A =2.3 A). With chromium radiation the mt
(product of absorption coefficient and crystal thickness)

increases from 25 to 78.




. CrKg (=23A)
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Figure 3-15. Chromium Ka x-ray scans of a 5MhZ acoustic

standing wave pattern in a silicon crystal.
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As shown in Chapter 2, the directional character
of energy_flow within the Borrmann fan (1/2 angle of effective
Borrmann fan) is only weakly dependent on tﬁe x-ray wavelength.
Thus, the effective divergence of rays péssing through an acoustic
pattern remains about the same, and the primary effect is the
increased absorpffbn coefficient.

Data from chart recorder traces such as Fig. 3-15 do indeed
show a greater percentage attenuation for a given acoustic strain level
(than with CuKa).:.In addition to the absorption coefficient, the
"refractive" effects are also slightly changed by using softer
radiation. As seen from Eq. 2-51, Chapter 2, the refraction is
inversely dependent on XH and directly proportional to sin3GB XH is
roughly proportional to the square of the wavelength. Thus, as the
Bragg angle becomes larger for softer radiation, the refraction of
the rays increases approximately as sin QB

Fig. 3-16 gives experimental and theoretical results for the
dependence of Borrmann interruption on x-ray wavelength.

The wavelength dependence is also illustrated in Fig. 3-17,
wheré x-ray scans of the same crystal with strain level held constant
are given for various wavelengths. The x-ray count rate for the
unperturbed crystal was adjusted to be the same in all cases by
changing‘the emission current level on the x-ray tubes.

Such results are a useful guide when choosing the crystal type and
thickness for a particular application. For example, one might wish

‘to maximuze modulation depth while at the same time, minimizing the
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absorption (or insertion loss) of the unperturbed crystal.

The resolution of the scan system is limited by three factors:
a) the finite size of the x-ray source, b) the spectral width of the
x-rays, which determines the cone angle of rays accepted by the

crystal, c) the spread of rays within the Borrmann fan.
Since the entrance siits on the . -
detector must be kept wide open in order to accommodate the movement
of the x-ray beam along the entrance face of the crystal.
fﬁe acoustic wavelength becomes small enough that both factors (a)
and (c) start limiting the resolution. These effects can be seen in
Fig. 3-18, where a typical x-ray scan of a 10 MhZ acoustic standing
wave pattern is presented. The fringe structure due to the acoustic patt-
ern is beginning to be lost in the noise. This scanning method
remains, of course, a perfectly valid method for measuring integrated
intensity.

The best method for performing scans of this sort would be to mono-
chromate the input beam with another crystal and limit its spatial
extent with a siit. In this way, one could 1imit the cone of rays.
accepted on the enfrance face to around 50 microns. This distance
would be small compared to the acoustic wavelength (in silicon (220) )
for frequencies around 20-25 MhZ. In addition, such a system could
1imit the divergence of rays to less than the normal Borrmann fan by
exciting a limited region of the dispersion surface.

The contrast formation in the x-ray topographs is slightly
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Figure 3-18. Illustration of the limitation of resolution in
acoustic scan system due to energy spread in the
Borrmann fan.




different than with the scan system and fringe structure can be -

observed at much higher acoustic frequenciesQ For the reasons
mentioned previously, it is more difficult to obtain quantitative in-
formation with the topographs. They are still useful for qualitative
evaluation of the contrast formation at higher acoustic frequencies.
Fig. 3-19 shows densitometer traces of Borrmann topographs taken(@10MhZ)
with silicon crystal #3 with different acoustic power levels in the
crystal. The measured reduction in integrated intensity agrees to
within about 15% with the results obtained from the scan system.

Results for integrated intensity reduction at 10 MhZ using the
scan system are presented in Fig. 3-20. As expected, they are quite
similar to the 5 MhZ data. This is to be expected since the strain
gradient has not yet reached levels where geometrical optics does not
apply. In other words, there is no transfer of energy to the other
branch of the dispersion surface.

The slight tendency for a greater reduction in integrated intensities
in the 10 MhZ case than 5 MhZ is due to the simple process of rays
within the Borrmann fan penetrating into regions with greater deviation
from Bragg angle. The larger - gradient (for eqdal strain amplitude)
in the 10 MhZ case leads to more refraction and thus, greater reduction
in integrated intensity. Going to higher modulation frequencies, while
maintaining the same rms strain level, will thus gradually lead to
greater reduction in x-ray transmission.

One limitation on going to high frequencies is that in general,

the acouétic 1055 will increase as the frequency is elevated. Below




-149-

0.3 WATT INPUT 0.5 WATT INPUT
POWER TO ACOUSTIC POWER TO ACOUSTIC
TRANSDUCER TRANSDUCER

Figure 3-19. Densitometer traces of Borrmann x-ray
topographs of 10 MhZ acoustic standing
wave patterns in a silicon single crystal.
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100 MhZ, however, there are many useful materials that have a very
small acoustic loss. Silicon, in particular, has very small loss
below 200 MhZ.

As the strain gradient becomes larger, a point is reached where
the simple pictures of x-ray diffraction, such as given in the Penning
and Polder model, are clearly inadequate. Important changes in the
lattice (such as changes in the 2d spacing or bending of the lattice
planes) start to occur within an extinction distance (the character-»
istic distance over which diffraction effects are set up). The transi-
tion is quite similar to the optical case where rapid changes in
refréctive index Tead to a transition from refractive to diffractive
effects.

It was found that the more convenient and interesting way of
investigating higher'strain gradient regimes (from the point of view
of probing fine details of acoustic structure) was to go to higher
frequencies. As described earlier, a LiNbO3 transducer was used at
higher frequencies because of its low acoustic loss. It could also
be operated at higher harmonics {which was not possible with PZT)
so that a range of frequencies could be produced with a single trans-
ducer. |

On exciting acoustic waves at the primary resonance of one trans-
ducer (22 MhZ), a dramatic reduction in x-ray transmission was immediately
noticed. An input electrical power of only about one watt would reduce

the x-ray count rate to near the noise level. (1t might be noted here

that the noise IeveT‘is taken to be the count rate registered when
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~ the crystal is well off the Bragg peak.) Fig. 3-21 shows a typical
result for one of the 22 MhZ experiments. The integrated intensity
has been reduced to less than 20% of the uninterrupted x-ray trans-
mission.

The simple absorption and the Penning and Polder models were
used to calculate the expected reduction in transmission.

The comparison between the analytical mode1 and measured values

for reduction in integrated intensity (at 20 MhZ) is given in Fig.

3-22.Theée’is'a trénd toward divergence bétween the measured and theo-

retical eurves as the strain gradient becomes larger. This behavior can
be explained in terms of the phenomena of interbranch scattering.

There begins to be a transfer of energy to the other branch of the
dispersion surface. In the Borrmann thick-crystal case, this branch

is characterized by very high absorption and thus leads to am
additional redyction in the transmitted x-ray intensity.

The approximate criterion for judging the importance of inter-
branch scattering is given by Formula 2-55, which for reference, is
repeated here.

5%'2‘ << 1'2. ﬁ_z (3-3)
ext
The extinction distance (dext) for the 220 silicon planes is approximately
Zoumicrons(G).Tbe right’ hand side of Eq. 3-3 is thus (for CuKa) about

5 and acoustic frequency of

3.9x10™3. For an rms strain level of 4x10”
20 MhZ, the strain gradient component along S is about 7x10~%.  Observ-

able effects due to interbranch scattering can be seen when the left
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Figure 3-21. High frequency acoustic (22 MhZ) interruption
of x-ray transmission through s111con crystal
#4 (CuK radiation).
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side of (3-3) is more than 10 times greater(]l). The enhanced
reduction in diffracted x-ray intensity seen in Fig. 3-22 can thus
be explained in terms of the phenomenon of interbranch scattering.
A‘rigorous quantitative prediction of the exact amount of inter-
branch scattering requires the generalized dynamical diffraction
theory given by Takagi (and reviewed in Chapter 2).

" The definition in Borrmann topographs remains quite good at 22 MhZ,
as shown in Fig. 3-23. The spatial frequency of the fringes is quite
similar to that found in many high resolution topograph studies of
naturally occurring crystal defects,such as dislocations. This
points up the fact that the techniques developed in the present work |
are appropriate for the study of both the micro-structure of acoustié
fields in solids and also the basic topographic contrast mechanisms
(in the case of rapid spatial variation of lattice parameters). This
will be discussed in more detail below in the section on topography.

Before concluding the present section on single crystal Borrmann
work, remarks concerning the general character of the results in
relation to measurement error are in order. The difficulty in making
absolute acoustic strain measurements provided the major source of
error. In the low frequency case the magnitude of error was estimated
from the scatter in the comparison of strain gauge and acousto-optic
techniques (see for example figure 3-7). The error was seen to be
about +.5102. Although the analytical predictions are within the
expected error, there also seems to be a systematic tendency (which

actually app]ies'at all frequencies) for the interruption of the x-ray
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Figure 3-23.
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transmission to be greater than predicted by theory.

An interesting comparison between theory and experiment is shown
in Fig. 3-24. Here, instead of using values of strain measured in the
conventional way, a different methdd is used according to the following
scheme. A threshold level for any noticeable effect on the integrated
iﬁtensity (approximately 1% reduction) is observed experimentally
and predicted with the simple absorption theory. By taking the value
of strain at this point to be that predicted by the theory, all higher
strain Jeve]s are calculated by multiplying by the square root of the
ratio of electrical input powers. Since we are certainly in the region
of elastic behavior of the crystal, the strain level should be pro-
portional to the squareroot of the electrical power input. Although
the agreement between the measurement and theory improves, the systematic
tendency for the measured values to give lower integrated intensity

seems to remain.

Another possible source of error is the assumption of a pure
longitudinal acoustic wave. This picture is used in all the theoretical
calculations. One has only to consult the x-ray topographs taken to
realize that this is only an approximation. This will be discussed
in more detail later, but it can be said here that densitometer
traces of many topographs at 5 and 10 MhZ show about 1.8% rms deviation

in the acoustic wavelength across the transverse extent of the crystal.
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Figure 3-24. Reduction of integrated intensity in silicon
crystal #1 (with strain levels normalized to
- theoretically predicted threshold).
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The purpose of the present study was, however, to establish the
orders of magnitude that would be involved in producing practical
x-ray modulating, shuttering, and control devices. Within the context
of this viewpoint, the accuracy of the present experiments is

adequate.

3.3 EXPERIMENTS WITH X-RAY INTERFEROMETERS

Although the present experiments have shown that the x-ray trans-
mission can be quite sensitive to acoustic perturbation, in certain
possible applications, it would be desirable to have even greater
sensitivity. It would be desirable to have a larger gradient of
strain along the direction of ray propagation in the Borrmann fan.

In many naturally occurring crystal defects, curvature of planes, and
other complicated distortions, occur in addition to simple compression
or dilation of the lattice planes. If, for example, the acoustic

wave could be confined to certain portions of the cross section of the
crystal (in the plane of incidence), much more abrupt changes in
lattice parameter could be produced. This would,of course,lead to
curvature of the lattice planes, since discontinuous changes in
lattice parameter cannot be produced.

One way that a more abrupt change in lattice parameter can be
realized is shown in Fig. 3-25, where use is made of one type of
x-ray interferometer. The design of the interferometer is a slight

modification of one of several suggestéd by Bonse and Hart(]o). The
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Figure 3-25. Configuration used in the experimentat'ion:

with x-ray interferometers. (a) crystal
geometry ' (b) diffraction geometry
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entire structure was cut out of a monolithic block of silicon.

- The device used in the present experiments was manufactured from
a 1 cm. slab of Czolchalski grown silicon. The sampie was oriented
és préviouéiy described. The channel was machined in the block by
taking repeated cuts with a high speed diamond crystal milling
(wafering) machine. The entire unit was then chemically polished
with thé nitric HF mixture described before. The polishing was
pérformed by looping a length of tefion tape through the channel
and tying it firmly. With this, one could provide vigorous agitation
" that uhiform]y polished all the surfaces. The edges of the upright
arms of the interferometer were optically polished to provide the
surfaces for bonding the transducer and for acoustic reflection. 1In
order to prevent undue stress being placed on the arms during the
polishing process, a special polishing block was constructed. The
acoustic transducers were bonded in the manner previously described.

More care had to be‘taken in mounting the sample than was necessary
in the single crystal experiments. If a strain was introduced in one
arm relative to the other, significant changes in the transmissioh
were observed. This actually was used to advantage in an experiment
described below, where a prestressed condition was used to select
the operating point on the diffraction curve (input deviation from
Bfagg condition).: During the majority of experiments, however, any
nonacoustic strain was removed by using a special mount and soft

silicone rubber bonding.




Although the phenomena of interruption of Bormann transmission
is basically the same in the two crystal case, the specific details
of the processes'are different. As in the case of double crystal
spectrometers, the first crystal acts 1ike a monochrometer and ;o11im-
ator. Although it represents common terminology in x-ray diffrsction
theory, one must be carefui to understand the sense in which the term
collimation is used here. A broad non-monochromatic beam is incident
on the first crystal. At any point oh the first crystal, a ray is
selected for transmission only if its wavelength and angle satisfy
Bragg's law. Radiation fa]ling on the second crystal is tﬁus filtered
o] that at each point, only radiation of the right wavelength and
corresponding angle (satisfying Bragg's law) is incident. Thus, any
change in lattice geometry in one of the arms, such as compression
or dilation of the lattice planes or a tilting of the arm, reduces
the transmission according to the diffraction curve (diffracted
intensity vs. departure from Bragg condition), and is not a function
of the collimation and spectrum of the input radiation.

_ The basic geometry used in the acoustic perturbation experiments
is shown in Fig. 3-26. In the single crystal case, radiation accepted
at each point on the entrance surface satisfied Bragg's law. Now,
consider radiation incident on the second arm of the interferometer.

A ray incident at the node of the acoustic field sees the undistorted
lattice, and Bragg's law is_satisfied.‘ The spread of energy flow in

the Borrmann fan causes radiation to enter regions where Bragg's law is
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not satisfied. This is the same situation that prevailed in the .
single crystal case. A ray entering at the peak of the acoustic field
does not satisfy Bragg's law and starts to be attenuated. As it spreads
out, there is a tendency toﬁard satisfaction of the Bragg condition.
Qualitatively speaking, in the two crystal case, the peaks of the
acoustic pattern, as well as the nodes, are involved in the attenuation
process. Rays entering the crystal at the acoustic peak see much

less strain gradient than at the nodes, and thus spread much less
rapidly into regions of differing 2nd spacing. This implies that

the fringe contrast in the double crystal Borrmann case that is set

up by an acoustic standing wave is reversed (with respect to the single
crystal Borrmann case) with minimum x-ray transmission occurring at

the acoustic peaks. Also, for lower acoustic frequencies (below

the region where interbranch scattering is important), the magnitude

of the strain gradient is somewhat less important, since the whole
acoustic pattern is contributing to the interruption.

In order to form a more quantitative picture, a slight alteration
to the simple absorption ray trace program was made corresponding to
the change in the boundary conditions at the entrance face of the second
crystal. Now, rays enter the crystal at a fixed angle (taken to be
the Bragg angle for undistorted case), regardless of the apoustic
perturbation present at that point.

In order to compare with previous single crystal results, the

same (220) diffracting planes and Borrmann (thick crystal) mode were
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~used. Several other diffracting configurations are possible with
interferometers of this type and will be discussed later. 1In the
measurements presented below, both beams a and b (Fig. 3-25) were
simultaneously collected by the detector. In the thick crystal case,
these two beams should have the same diffracted intensity and thus,
behave the same in response to perturbations. Fig. 3-27 shows chart
recorder traces {6-26 scans) for the case of 10 MhZ acoustic wave
pérturbation. In addition to the sharp reduction in integrated
intensity, there seems also to be a very slight change in the shape of
the trace. This is probably due to residual stresses in the mounting
that introduce a slight nonuniform misalignment of the two arms of

the interferometer. Fig. 3-28 gives a plot of the measured reduction
in.integrated intensity vs. strain for a 10 MhZ acoustic wave. The
theoretical calculation, using the simple absorption model, is also
included. For reference, the measured values for x-ray interruption

in the single crystal case are included in the same plot. Similarly,
3-29 displays the same information in the case of 5 MhZ acoustic
frequency.

. In both cases, there seems to be a rather strong departure from theory
at very low values of strain. A trend in this direction was noticed in
the single crystal case, but the tendency seems stronger in the

double crystal case. The error in strain measurements is greater in this
region, but the difference between the double and single crystal cases

seems explicable only in terms of an inadequacy of the theoretical

model.
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-Figure 3-27. Acoustic interrdption bf x-ray transmission

through a two crystal Borrmann mode x-ray
interferometer.
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Figure 3-28 . Experimentally measured and theoretically
predicted values for integrated intensity
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Figure 3-29. Theoretical and experimental values for

integrated intensity, for SMhZ acoustic

interruption double crystal Borrmann case.
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In the double crystal experiments, the important consideration
to note is the substantial difference in sensitivity of x-ray trans-
mission to acoustic interruption. The qualitative description of
this behavior is based once again on the interferometer model of
x-ray diffraction. When a large number of effective reflections are
involved, a great sensitivity of transmission vs. wavelength is
achieved. The greatest value of x-ray interferometers arises when
mény passes (corresponding to more than two arms or multiple reflections
from the same arms) or effective reflections are involved. These
situations wil] be considered in more detail in Chapter 4.

| In the present experimental situation with two effective reflections
per beam, the primary advantage is obtained by being able to introduce
a discontinuous change in lattice spacing between the two elements or
arms of the interferometer. A single crystal case (with a thickness
equal to the sum of the thickness of the two arms) would involve
the same number of effective reflections from atomic lattice planes.
The single crystal case with uncollimated input radiation, however,
essentially allows for a self-adjustment of the radiation field,select-
ing those portions that satisfy the Bragg relation at the entrance
surface.

The foregoing experiments, with introducing an acoustic perturba-
tion into one arm of an interferometer, essentially constitute a new
way of performing a double crystal rocking measurement. The change in
2d spacing is, of course, transient, but the instantaneous effect is

- 'stil1l the same. One could conceive of introducing DC changes in the
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2d spacing (or orientation of the two arms) in order to select a
_ particular operating point for the interferometer. qusibie
applications will be discussed fn more detail later.

In order to demonstrate some of the concepts behind possible
applications, the foT]owing experiment was performed. -The interfero-
meter was mounted with epoxy in such a way that stress was placed on
one arm of the interferometer. This process was difficult to perform
accurately and was done essentially by trial and error with an
epoxy that was discovered to be partially soluble in hot trichloro-
ethelyene. After bonding, the transmission of the interferometer
was then measured relative to the unstrained case. Fig. 3-30 shows
a 6-26 x-ray scan of the interferometer with stress applied. The
right’side of Fig. 3-30 shows the scan with the interferometer in
the same condition of stress but with the addition of an acoustic wave
excited in one of the arms. As can be seen, there is now a dramatic
increase rather than decrease in x-ray transmission. Since the
epoxy stress could not be applied accurately, the arm was strained rather
far into the wings of the diffraction (rocking) curve. Thus, a
greater acoustic power (and thus, strain) was needed to bring the
transmission back to that of the totally unstrained conditiob than
would be expected from .the previous non-prestressed measurements.
There seems in this case to be a pronounced change in the.shape of the
0-29 scan. We expect this because the zero power condition definitely
haé a large stress applied in a way that is likely to be nonuniform.

Using methods of this sort, one can "tune" the interferometer to a desired
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portion of the rocking curve. For example, an operating point on

the steep edges of the curve_wou]d show a great sensitivity to

further perturbations and produce a greater contrast ratio in switch-
ing and shuttering experiments. In addition, such a tuning capability
could be useful in producing a desired radiation input condition for
x-ray topograph investigations. With respect to modulation and
shuttering concepts, these experiments demonstrate that "turn on"

as well as “turn off" processes are feasible.

3.4 X-RAY TOPOGRAPHY OF ACOUSTIC FIELDS IN SOLIDS

One application that is an outgrowth of the present work is the
use of x-ray diffraction in general and topography, specifically to
map the microstructure of acoustic fields in solids. This information
could, in turn, be used in studies of a variety of acoustic interac-
tions in solids {e.g., acoustoelectric amplification experiments).
Conversely, on introducing various configurations of carefully con-
trolled acoustic perturbations, x-ray contrast formation mechanisms
can themselves be studied. In particular, the transition from
refractive to diffractive regions of x-ray image formation can be
studied. These concepts are applicable to the thick crystal Borrmann
case, as well as to thin, double crystal, and Bragg geometry cases.

One of the first applications of topography in the present study
was an investigation of the fundamental nature of contrast formation

in the Sin§1e“tnysta1 B9rfmahn caﬁé.z»bdr basic model of contrast

h'
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formation that is proposed in this study involves the concept of

rays entering the crystal at the Bragg éng]e and Spreading into

regions where the Bragg condition is no longer satisfied. This picture
is described in detail in Chapter 2 (in the subsection on simple
absorption theory). This model immediately suggests that the

miﬁimum x-ray transmission will occur at the nodes of the acoustic
pattern. Since the edge (opposite the transducer) of the crystal
imposes a minimum on the acoustic standing wave, the presence of a
light or dark fringe in the x-ray pattern at the edge should confirm
the model. It proved, however, difficult to distinguish the edge of
the crystal by simply placing it in the projectéd field (see Fig. 3-4(a)
of the line source. 1In all topographs taken, the edge was very blurred
and it was impossible to determine the fringe structure.

To circumvent this problem, a sharp edge razor blade was positioned
parél?e] to the edges under a microscope and then giued to the sur-
face. X-ray topographs of the crystal showed the edge in sharp detail.
The position of the blade edoe with respect to the crystal edge was
accurately measured with a travelling microscope. The final fringe
at the edge of the crystal was determined to be a white fringe (i.e.,
minima in x-ray intensity), confirming‘the model of contrast formation.

This picture is additionally confirmed by several topographs, such
as shown iﬁ‘Fig. 3-8, which were taken with a strain gauge in view.

The structure of the gauge‘being clearly visible in the topograph
ﬁﬁ;buidjtheﬁ beAéésily refefenced with respect to the standing wave

pattern and the edges‘of the crystal.




Other aspects of the contrast formation can also be investigated
by topography. .The analytical model of contrast thét iS'proposed in
this‘study assumes that the basic mechanism is an increase in absorption
due to én interruption of the.Borrmann effect. Thus, regions of lattice
perturbation cast "shadows" in both the diffracted and direct
(forward diffracted) beams. Moreover, in the thick crystal case,
dynamical diffraction theory predicts symmetrical energy distribution
in the diffracted and forward beams. With the symmetric time varying
nature of the acoustic perturbation, one also expects the same con-
trast behavior in the forward and diffracted beams. This means,of
course;thaf nodes in the acoustic field should represent minima of
x-ray transmission in both of the beams.

In the thin crystal case, a variety of interference effects (some
involving the other branch of the dispersion surface) are possible
that could cause complementafy contrast in the two beams. In the
thick crystal case, there are also subtle details. If the standing
acoustic wave were frozen in iime, the strain gradient would spatiai]y
alternate sign. At one particular:mode; rays in the top half of the
Borrman fan (contributing more to the diffracted beam) might be
refracted away from the lattice planes, causing increased absorption,
while rays in the bo ttom of the fan (contributing more to the forward

beam) would be refractéd_c]oser tovthe lattice planes. When there is,

however, strong Borrmann transmission, the fan of rays tends to converge

around the central ray (para]]eT to lattice planes), making the @is—

tinction between the top and bottbm half of fhe Borrmann fan 1é§sm
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important.

In order to check the relative contrast in the two beams, one
could check the position of fringes in the two beams relative to a
fiducial mark, such as the razor blade used earlier. An even more
accufate method was discovered that utilizes a naturally occurring
defect in the crystal, which itself served as a fiducial mark

The direct . beam, in addition to forward diffraction.also contains
hard components that penetrate the crystal. In order to expose the
forward and diffracted beams on the same plate, this hard cbmponent
must be réduced. This was done by reducing the excitation potential
on the x-ray tube. - This, unfortunately, also reduces the efficiency
of excitation of the Ko line and thus the line to continuum ratio.
This,in turn,results in poorer quality topographs with reduction in
contrast and a slight blurring of once sharp detail. Numerous topo-
graphs of the crystal were taken in order to determine the optimum
value for tube potential to maximize contrast in both the forward
and diffracted beam simultaneousiy. For CuKa; this was determined to
be 13KV. In order to provide good resolution, exposures were taken
on electron-microscope image plates. These provide much better
resolution than no screen film at a sacrifice of about 10 times in
sensitivity. 649 spectroscopic plates would provide the best possible
resolution, but the extremely long exposures necessitated by this
emulsion (about 3 times longer than em plates) were deemed prohibitive.

Fig. 3-31 shows a CuKo topograph of a silicon crystal with an

acoustic standing wave present. The images of both the direct
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Figure 3-31. X-ray topograph of a silicon crystal with
an acoustic standing wave pattern applied.
Dislocation in the field of view acts as a
fiducial mark. (both diffracted and forward
diffracted images are shown).
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(forward diffracted) and diffracted beams are shown. Since the two
exposures are taken on the same plate, the forward.beam is approxim-
ately normal to the plate, while the diffracted beam is incident at
the Bragg angle. This causes the slight difference in the abparent
spacing of the fringes and size of the dislocation. As can be seen
‘from the figure, the position of the dislocation with respect to the
acoustic pattern is exactly the same in both the diffracted and
direct beams. This confirms fhat the contrast formation is the

same in both the diffracted and direct (forward diffracted) beams.

In addition to the study of contrast formation, this method of
topography also lends itself to study of the acoustic field itself _
and its intéfaction with defects such as dislocations. Eié. 3-32. shows
an. x-ray topograph of a region where a dislocation is present. The
two viewsVShow the diffracted image with and without an acoustic
standing wave perturbation present. The right hand photo shows what
seemed to be a standard feature of the acoustic field in the vicinity
of defects. The hbdaﬁ Tines bulge slightly and seem to cause a broaden-
ing of the adjacent ffinge. More will be said about applications
of x-ray acousto-optic effects in Chapter 4.

In ali the experimenté performed in this study, longitudinal waves
were propagated perpendicular to the 220 planes used for diffraction.

The geometry is illustrated in Fig. 3-33.. Silicon has a diamond

cubic lattice structure and acoustic velocities can be expressed

4 : ' 1
simply in terms of three elastic constantsA( 2{




 ACOUSTIC POWER_T'
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“Borrmann X-ray topograph of a silicon smgle
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Figure 3-33. Acoustic propagation in a silicon single
crystal slab.
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011 = 1.66

Cp= 639 x 102 dyne
cm
Cpq = -769 |

For waves propagating in the 110 direction, there are three
possible modes of the lattice, one longitudinal and two transverse,
whose polarizations are as shown in Fig. 3-33. The effective elastic

constants for these modes are:

Lt 12 (Cpy + Cp + 2C4,)

Tyt Cgy

T2: 1/72 (011 'CIZ)

The transverse directions do not fall along the edge of the
samples used in the present study so that the velocity of shear waves
would be some average of vTi and szt

Most of the Borrmann topographs show an acoustic pattern that is
‘more complicated than would be produced by a simple longitudinal
mode. In particular, many of the nodal lines have small perturbations
and waves in them. One possible explanation for this behavior would
be local variation in the microscopic compressibility of the materials.
This, howevér.'seéms uﬁ]ike]y }n the case of the silicon samples used

in the present study. They are carefully grown single crystal samples

with a very low dislocation density. Certain individual perturbations




-181-

in the acoustic pattern might be due to dislocations, but on an
overall basis, the small scale perturbations seem to occur too
frequently (in a spatial sense) to be explained this way. Another
explanation might be the weak excitation of modes other than the
primary longitudinal one. In addition to the characteristic modes
of the silicon lattice, each individual sample, of course, has its
own overall acoustic modes characteristic of its macroscopic dimens-
ions. A1l of the samples used in the present study were in the form
of thin slabs. The problem of acoustic wave propagation in a slab
is analytically soluble if the width of the cross section is large
compared with the thickness.(ls) This is approximately satisfied

in most of the samples used. We note here that at the frequencies
used in the present study, there might be a tendency to excite sur-
face or Rayleigh wave modes.

In order to experimentally determine the nature of the acoustic
field, a large number of topographs (@ 10 MhZ) were taken showing
different views of the same crystal with the same acoustic field condi-
tions. Each topograph showed about .5 cm2 of the crystal. The photo-
graphic plate was aligned accurately normal to the diffracted beam.
The acoustic fringe pattern on the plate thus represents a projection
at the Bragg angle of the pattern in the crystal onto the plate. The
excitation frequency was very accurately measured (+.01%) with a digital
frequency counter.

Several densitometer traces were iaken of each topograph. In

taking some traces, the exit slit height was opened to average (over




the whole width of the pattern). In others, the slit height was
reduced in order to study any localized behavior that might be présent.
The traces, however, produced nearly identical results with respectv
to both the average value and the statistical variation. Table 3-2
displays the results at 10 MhZ and at 22 MhZ, (where fewer topographs
were taken). The calculated and measured values agree to well with-
in the standard deviation of the measurement. This is strong evidence
that the primary acoustic mode was pure longitudinal compression.

This provides a justification for the model used in the theoretical
calculations. It also suggests that if other modes of propagation

are responsible for the detail in the acoustic pattern, that they

are rather weakly excited.
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Two Possible

Standard Calculated Values Calcu-
A (mm) Deviation From Known lated For
f Measured in Elastic Transverse
(Mhz)  From Topographs Measurements Constants . AT] ATZ
10 .884 1.8% .866 .549  .693
21 .429 2.3% .415 275  .335
f= frequency
A= acoustic wavelength

Table 3-2. Analysis of an -acoustic standing wave pattern.

3.5 MODULATION EXPERIMENTS

This section describes experiments which directly demonstrate
modulation and shuttering of x-rays by acoustic waves. Because of the
lTow x-ray power available from the standard Coolidge type x-ray diff-
raction tubes, count rates from the phototube detector are typically
on the order of a few KhZ | In addition, the standard pulse counting
and discriminator c1rcu1ts assoc1ated with diffractometry equipment
respond very slowly to changes in x-ray count level. The diffracto-

\oetry‘equ1pment ava11ab1e for the present work was 11m1ted to count

” rate changes (s]ew rate) of no faster than 100 hZ. In order to

demonstrate fast 1nterrupt1on processes, special samp11ng circuitry
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had to be constructed.

In order to demonstrate low frequency modu]ation-of x-rays, the
basic diffraction geometry shown ih Fig. 3-3 was used. Fig. 3-34
shoyls the abrupt "turn on" and "turn off" of the acoustic perturbation.
As the transducer was energized and de-energized, monitoring was both
by a strain gauge bonded to the surface and by the x-ray transmission
through the crystal. Likewise, Fig.3-35 shows sine wave modulation
of the x-ray transmiésion through the crystal. The RF power driving
the acoustic transducer was amplitude modulated at a rate of a few
hertz. The left side of Fig. 3-35 shows the sin wave modulation of
the acoustic strain as monftored by the strain gauge.

To observe transient (shutter-like) interruption on a reasonably
fast time scale (of order of microseconds), the slow discriminator
circuit used above was completely inadequate. Instead, a new sampling
type measurement system was devised. A block diagram of the circuitry
is given in Fig. 3-36. In typical experiments utilizing this circuit
the transdﬁcer was excited with 10-20 micro second bursts of 10MhZ
carrier frequency. The leading edge of each burst triggers the time
to amp]itudé convertor (TAC); The next pulse from the x-ray-
detector "stops" the‘TAC which,in turn,outputs a pulse whose amplitude
is propoﬁtiona] to the interval between start and stop pulses. By
tuning the pulse height fi]ter, one thus obtains a plot of the probability
of an x-ray~phpton pasSing through the crystal vs. phase of the inter-
rupting acoustic signal.. (A multi-channel analyzer could perform the

tuning process automatically and immediately provide a histogram of
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Figure 3-34. Strain and x-ray transmission signal response‘é

to a burst of RF power applied to acoustic
transducer.
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Flgure 3-35. Sine wave modulation of x-ray transmission
- . (Borrmann mode). AM modulated RF power is
applied to the acoustic transducer.
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Figure 3-36. Electronic configuration used to observe transient
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number of pulses vs. pulse height and thus delay with respect to the
exciting signal).

Fig.3-37 shows a typical trace obtained with the sampling system.

 The duration of interruption of x-ray transmission is slightly more

than that of the acoustic burst, since one acoustic»ref1ection passes
" back through the x-ray transmitting region. This also explains the
somewhat slower fall time than rise time. Only one acoustic reflec-
‘tion was important, as was later confirmed by acoustic reflection

pictures like those presented in the strain measurement section.

[ -
P

F-25uSECH

TRANSMITTED X-RAY INTENSITY

—p

PHASE OF ACOUSTIC PULSE TRAIN

Figure 3-37. Borrmann x-ray transmission through a silicon
crystal as a function of the phase of an
acoustic pulse train. ‘
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4.1 METHODS OF EXCITATION OF CRYSTAL PERTURBATIONS

The theme of the present work has been an investigation of v
changes in x-ray propagation induced through perturbation of the
structure of the x-ray scattering material or, in other words,
changes in the spatial configuration of x-ray scatterers. Ideally,
sdhﬁ a study could encompass molecular structure changes that can
cause significant x-ray diffraction effects in liquids or gases(1)(2).
We will, however, 1imit the discussion to perturbations of crystal
lattiée;structure in the case of bulk x-ray diffraction and .to simple
to macroscopic surface perturbation in the case of surface scattering
of x-rays.

Certainly, one of the characteristics of x-ray modulating and
shuttering devices that is of particular interest is their ultimate

speed. We have demonstrated shuttering and modulation in the micro-

second regime experimentally in the present study. This speed can
certainly be improved upon, and calculations will be presented in
this chapter indicating the fundamental limitations on temporal charac-
teristics that x-ray shuttering and modulation devices might be expeé-
ted to have.

Going to higher frequencies offers the possibility of achieving
a higher strain gradient, which, as we have seen in Chapters 2 and
3, is the primary parameter of interest for controlling x-ray diffrac-
tion.

With these objectives in mind, in the present section we present

an analysis of the basic vibrationa] properties of crystalline solids.




This analysis deals with the typical frequencies (bearing on potential
strain gradients) and bandwidths (relating to potential speed of
excitation) which characterize lattice vibrations.

. With the basic framework for the study of lattice vibrations
having been laid, the question of methods of excitation (and their

lTimitations) is then addressed.

4.1-1 TYPICAL FREQUENCIES AND BANDWIDTHS OF LATTICE VIBRATIONS

In analyzing the vibrational properties of solids, we are dealing
with a broader class of phenomena than is implied by the word acoustic.
We are treating the general case of the relative motion of the atomic
x-ray scattering centers in the solid.

Any solid has two types of vibrational resonances associated
with it. First are vibrational modes associated with the macroscopic
dimensions of the solid. (This characteristic is primarily appli-
cable to x-ray modulating devices using steady state or quasi steady
state ultrasonic waves and will be discussed in the next section.)

In this section, we will be primarily concerned with the microscopic
'perturbations to the lattice structure.

The atomic lattice structure of a solid possesses a large number

of vibrational modes (the number of modes being equal to number of

atoms composing the 1attice(2)(3). The frequency spectruﬁ involved

extends from 0 HZ to around 1013 HZ, and in many cases, well above

1013 HZ. The compTete description of the vibrational spectrum of

‘bbmplex‘sbiids‘conétitutes a very complex problem, many aspects of
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which are still areas of active research.(3) Many of the general
characteristics of the vibrations can, however, be predicted by _
rather simple models. We find these models adequate to characterize
the general constraints on speed of excitation that would be present
in x-ray shuttering devices.

The two simplest forms of a lattice are monoatomic (with one
atom per unit cell) and diatomic (with two atoms per unit cell)
models. These idealized models are discussed in all text boaks on
solid state physics.(4)(5) One usually assumes interatomic forces
to act only betwéen nearest neighbors and only along the lines between
atomic centers. The problem of the vibrational spectrum reduces
to that of an ensemble of coupled harmonic oscillators to which plane
wave solutions are sought. Figure 4-1(a) shows examples. of typical
dispersion curves that result for monoatomic and diatomic lattice
structures. A distinct feature of these curves is that the diatomic
dispersion characteristic has an additional branch not present in
the monoatomic case. This additional branch is referred to as the
optical branch. This terminology arises from the fact that adjacent
atoms vibrate in an opposite sense, so that if the binding is such
that charge separation is caused by this mode, an electromagnetic
wave could couple energy in directly. The frequencies involved

generally correspond to the far infrared.(s)

The type of motion implied by these lattice modes is illustrated
in Figures 4-1(b)and 4-1(c). An example of a typical scale that would

be assigned to dispersion curves, such as those in ?19.4-1 is shown
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Figure 4-2. These values were experimentally determined(7) for a
simple cubic (salt) lattice structure. Resonant frequencies are on
the order of 2x1012 HZ for the acoustic modes and about 4x1012 for
the optical modes. In some other solids, there can be as much as
an order of magnitude difference in the frequencies of acoustic and
optical modes.(3)

The frequency of vibrational modes depends on the type of
intgratomic binding (and, thus, the energy level structure of
fhe solid) which affects the force constants to be used in the simple
model described abovef4) on' the mass of the atomic species, and on
the characteristic spacing of the atoms.

A limited amount of detailed information is available on the
bandwidths of individual vibrational modes. Experimentally, these
quantities are usually determined by Raman scattering. In addition,
the simple lattice models have proved adequate to make rough estimates
of vibrational bandwidths!s) Eckhardt has estimated that bandwidths
will usually lie between 6x1010 and 2x1012 sec™!,

An interesting example of the vibrational bandwidth of an
optical mode is the so-called A, mode of calcite (which is composed
of an in plane expansion and contraction of the carbonate (C03)2‘ rad-
ical). This is of particular interest because a very detailed experi-
ment(g) has been performed on the optical excitation (by stimulated
Raman scattering) of this mode of calcite. Krishnon(]o) has studied
this mode and concluded that the vibraticnal frequency is about

3x10'3 HZ and a bandwidth of 10'2 HZ.
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Figure 4-2. Experimentally determined dispersion
curves for simple cubic lattice structure.
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In a solid one is, thus, usually dealing with vibrational modes
that range in frequency from about 101247 to few times 10]3HZ and band-

12 7. Thus, it would seem that the

widths between 10]0 and 3x10
lattice could potentially be excited with rise times ranging from
1 to 100 picoseconds. This is, of course, critically dependent on
the method of excitation.

The complete lattice spectrum extends over many modes and a
very large frequency bandwidth. The thermally excited spectrum
of solids has been studied experimentally with the use of x-rays
and neutrons(]o)and usually extends from OHZ to wetl over 10‘3HZ.If
we excite a large number of modes in the solid(such as by raising the
temperature), a broad vibrational spectrum will be involved and,thus,
the processes can probably be excited rapidly. On the other hand,
the atomic motion produced by such a process is quasi random. In

this case, the only reduction in x-ray diffraction will be due to

the Debye-Waller factor, as outlined in Chapter 2 (section 2.7).

4.1-2 OPTICALLY IRDUCED SOLID PERTURBATIONS

If fast rise time switching and shuttering were the primary
consideration, optical excitation methods would probably be the
only practical ones. Sub-nanosecond pulse technology is well devel-
opedAin ihe optical regime, wheré laser mode locking, in conjunction
with other electrooptic technology, can be utilized. Since the most
likely applications for fast x-ray switching would be associated

with laser systems, the logical control mechanism would be ultra




N

fast laser pulses. Probably, the best known methods of optical
excitation are the stimulated scattering processes and laser induced

shock waves.

4.1-2(a) STIMULATED BRILLOUIN AND RAMAN SCATTERING

Lattice vibrations in solids may be excited optically through
‘the processes of stimulated Brillouin (SBS) and stimulated Raman
scattering (SRS). In solids, the distinction between Raman and
Brillouin scattering is that the former occurs when optical modes
are excited, while the latter involves the excitation of acoustic
modes .

Bri]louin(]z) first suggested that one could observe an optical
frequency shift from thermally excited acoustic modes. With the
advent of lasers and the very high power densities they can produce,
stimulated scattering processes have become possible. When stimulated
effects occur, particular vibrational modes are excited by the
input light field. A parametric process is, thus, established
where energy is fed from the input light into a shifted electro-
magnetic mode whose frequency differs from the input by the vibra-
tional frequency.

The_coupling of the optical field to the lattice in the case
of SBS is different than SRS and the two processes will be discussed
separately.

With stimulated Brillouin scattering, the coupling of the

field to the lattice is accomplished via the phenomena of electro-
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striction. An electromagnetic wave propagating in a medium can

create an acoustic wave through the phenomena of electrostriction.(13)(]4)

Electrostriction is a second order effect in electric field strength
and occurs in all dielectric media, regardless of crystal symmetry.

The electrostrictive pressure can be expressed as

2

p=+E (4-1)
where y = D%%

e = dielectric constant

p = density

In cgs gaussian units, Y is of the order of unity(14) (for most
materials). We have tabulated (Table 4-1) the strain that would
be induced in severé] avai]ab]g single crystals as a function of
optical field strengths. The elastic modulus that has been used
in these calculations is the bulk modulus. In particular scattering
experiments, it would, of course, be more appropriate to use elastic
constants associated with a particular crystallographic direction.
Our purpose here, however, is to provide an estimate of the strain
levels that can be achieyed using electrostriction.

The smallest strain that would be of value in shuttering experi-

ments is probably of the order of 10'6. As can be seen from Table 4-1,




MATERIAL FIELD FLUX STRAIN
STRENGTH DENSITY
(VOLTS/cm) (WATTS/cm
10* 108 6x1071°
| 10° 108 6x1078
SILICON ]06 10]0 6x10-6
107 1012 6x10
10t 106 3.9x107°
10° 10° 3.9x1077
et 10° 100 3.9x107
107 1012 3.9x107
10 10° 8.7x10"1°
. 10° 108 8.7x108
L 10° 1010 8.7x10"°
107 10'2 8.7x10™

Table 4-1. Stimulated Brillouin Scattering.
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very high flux levels are required to approach this level with
electrostriction. The damage level for most optical materials is
below 10]0 NATT/cmz. A more detailed discussion of optical damage
levels is given in the latter part of this section.

The second question that must be answered in relation to the
use of SBS for production of lattice perturbations involves the
speed with which the acoustic waves can be excited. Chiao, et al.(]4)
have noted that if frequencies at both the primary and shifted
(w Tight + Q acoustic) are present in the input beam, a resonant
shock is applied to the solid. They estimate that the strain builds
up to a very significant level in the reciprocal of an acoustic
cycle. Since acoustic frequencies in typical SBS experiments
are around 20 GhZ, we would expect a rise time of the acoustic
fields to potentially as fast as a few tens of picoseconds.

Stimulated Raman experiments (in which optical branch lattice
vibrations are excited) have been performed in a variety of so]ids.(s)
The frequencies bandwidths are much larger (as much as an order of
magnitude greater than acoustic branch) than the SBS case. The
rise times that are potentially available, thus, start to approach
a few picoseconds.

In addition to higher frequencies, SRS also offers the advantage
of potentially more efficient coupling of optical energy into vibration
(compared to SBS). The sequence of processeé that lead to stimulated
Raman scattering is the following. A strong input optical wave

is scattered by a particular thermally excited optical vibration mode.
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The scattered wave which is shifted in frequency beats with the input.
This beat frequency modulation can in turn directly couple into énd
drive the vibrationa] mode in a type of feedback process. If the
input is strong enough, a net amplification can occur, thus, leading
to very large vibration and high conversion efficiency of input to
scattered light. .

In parametric processes such as SBS and SRS, the coupling
efficiency of optical into vibrational energy is limited by the
phase matching conditions implied by the Manley Rowe relations(]4)
(or, in other words, by the ratio of optical to acoustic frequencies).
Going to the higher frequencies allowed by Raman scattering should,
thus, permit greater efficiency of transfer of energy to the vibra-
tions.

In the experiment performed by Giordmaine and Kaiser(9) in calcite,
they estimated that the displacement of the oxygen atoms (in the
stretch mode of the 0032‘ ion) to be 2x10‘6 2 for a power density
of 107 HATTS/cmZ. Although the type of motion occurring in this
experiment would not be appropriate for controlling x-ray scattering
‘(most of the x-ray scattering power is primarily concentrated in
the calcium atoms, for example, for{(211) reflection fca~15, fc~3.4,
f°~6), it gives one a good idea of the magnitude of vibration ampli-
tude thai could be reasonably excited.

Stimulated Raman scattering would, thus, seem to be both more

efficient and have a potentially faster rise time (2-10 times) -

than stimulated Brillouin processes.
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The flux levels required to excite SBS and SRS are neér the
damage level for most materials. In fact, SBS and SRS are often
cited as possible mechanisms producing optical damage.(]s)

Since 1ittle information seems to be available on optical damage
levels in semiconductors(]s)(]7) (silicon being of prime interest
in this study), an experimental test of laser damage thresholds
was performed as part of the present study. The experimental
configuration used is shown in Figure 4-3. A single 100-200 p.s.
pulse from a mode locked Nd glass laser was focused onto the surface
of a silicon sample. The energy varied between 5-40 millijoules.

The damage was evaluated primarily by investigation of the sample
under a microscdpe.VYObservation of the uniformity of transmitted
light (from a CW Yag laser) through the sample was also used.(ls)
The threshold for damage seemeq to occur at the relatively high
Tevel of 5x10° WATTS/cm. For SBS, we see from Table 4-1 that this
flux level corresponds to the relatively low strain magnitude of
6x1077.

In closing this section on stimulated scattering processes,
we note that laser damage studies on glass and some crystals(]s)

indicate that the damage was primarily due to acoustic phonons of

frequency toward the higher end of the acoustic phonon spectrum.
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CW Nd -YAG
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INSERTION OF VIEWING
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SINGLE PULSE
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A MODE LOCKED Nd- : 200 MICRON
GLASS LASER OSCILLATOR "THICK SINGLE
TIME DURATION 100-200 PS. CRYSTAL SILICON
ENERGY 5-40 mJ SAMPLE

Figure 4-3. Experimental configuration used to
determine the optical damage threshold
in silicon single crystals.
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4.1-2(b) -PIEZOELECTRIC EFFECTS

By far, the most common way of exciting acoustic perturbations

in solids is the use of the piezoelectric effect. By reason of
their symmetry, many crystalline solids can have a strain inducgd

in them through direct application of an electric field.As contrasted
with electrostriction, piezoelectricity is linear in the applied
field. The following equation is traditionally written to describe
the piezoelectric effect.(lg)(zo)

Ty = Cxx Vu - e, Ex - (4-2)

T = stress, Vu = strain, E = electric field.

The constant quantities C and e in 4-2 are, in general, tensor
quantities. We write 4-2 for the simple case where an E field applied
along the x direction results in a strain along the same axis.

When no externally applied stress is present, the quantity d=e/c
relates the piezoelectrically ‘induced strain to the applied field.

A typical value for d in quartz(lg) is 3x10'2 cm/volt.(Many materials
have much higher d values, BaT'iNO3 being two orders higher.) A

field strength of 104 v/cm would, thus, produce a substantial strain
of 3x10'6. (The field strength of 104 v/cm is equivalent to an
optical flux density of 106 HATTS/cmz.)

Unfortunately, it is not possible to couple optical energy (with

v=5x10]4) directly into piezoelectric strain efficiently. Optical




frequencies are far above any lattice resonances, and, thus, can
only cause slight perturbations.Several metheds exist(2})(22) nhowever,
fof rectifying subnanosecond optical pulses. Subnanosecond electrical
pulses can also be produced by optically induced switching techniques(23).
One that is of particular interest(ZI) uses the pyroelectric effect
(which is quite similar to the piezoelectric effect). A polarization
is produced due to the heating of the lattice, caused by the input
subnanosecond optical pulse. Given that it is possible to produce
intense subnanosecond rise time electrical pulses, the question that
does'not seem to have been considered is: How fast can such a pulse
excite piezoelectric strains in a solid?

The answer to the question of piezoelectric strain rise times
1ies in an analysis given by Jacobsen.(zo)ln'this paper, he analyzes
the spatial location of the sources of acoustic waves in a piezo-
electric solid perturbed by an electrical pulse. He has rewritten

the elastic wave equation in a form that shows clearly the nature

of the driving term.

2 2 82u
V,“u - v v Vx[éxx E, (tﬂ (4-3)

QU

From 4-3,_yek§ee that it is the}spatial gradient of (d E) (piezo-
electric stresS)rthat‘is the source of acoustically induced strain.
Norma]Iy,_when an"g]ec;rjca] pulsé is applied to a solid, the strong-
est graﬁiéht‘in.thé‘sffé55’is at the surface, where an approximately

diﬁéoﬁfindods changé in the stress occurs. Jacobsen was primarily
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considering the case of a tone burst (of microwave power) applied
to the solid. In this case, he showed that in order to have any
other acoustic source comparable in strength to the surface effect,
the spatial gradient (of the envelope), the field would have to

be of the order of the acoustic wavelength.

We are interested in non-modulated bursts of the order of
10710 sec. For such a pulse, an effective acoustic wavelength would
be of the order of 7000 X. At any instant of time, the spatial
extent of 10-10 sec electrical pulse is 3 cm, which clearly produces
no significant spatial field gradient. '

A 10'70 second laser induced electrical pulse applied to a

piezoelectric solid would, thus, produce the following effects.
As the electrical pulse passes by any particular point on the solid
surface, a sharp shock is applied to a very thin layer near the
surface. A region of the order of the acoustic wavelength is, thus,
affected almost instantaneously. Thereafter, the acoustic disturbance
propagates into the interior of the solid at the acoustic velocity.
One would like to know if the surface effect represents the
¥undémenta1 limitation on pulsed excitation of piezoelectric strain.
The limitation of surface generation could be removed if strong
internal'field gradients could be produced. A suggestion for the
production of large fier gradients is proposed as part of this
study. The fundamental nature of the idea is indicated in Figure 4-4.

The beam from a mode locked, frequency doubled Nd laser would be

split in two and recombined inside the crystal to form an inter-
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F1gure 4-4. ITlustration of a method for the production of
bulk acoustic perturbations by a piezo-
electric interaction.
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ference pattern.The rectifying layer is separated from the diffracting
~portion since most of the schemes for producing optical rectification
require a doping of the crystal that would probably interfere with
the x-ray diffraction process. The interference pattern would lead
to a large spatial gradient in field (over a few thousand angstroms)
and, thus, bulk generation of acoustic waves. The volume over which
interference occurs would be located very close to the undoped
diffracting layer for two reasons. The close proximity would pre-
vent a significant spreading of the electrical field pattern (and,
thus, avoid averaging out of the spatial gradient). This will also
prevent any significant dispersion broadening of the pulse.

Another method for establishing large field gradients would
be to establish an internal grating-like structure of charge carriers.
Such an experiment has been performed by Shiren(24) and others.
Such structures are produced initially by acoustic waves and the
resultant charge separation caused by propagation in a piezoelectric
medium. The structure, once established, will remain for long
periods if the solid is cooled to liquid He temperatures by acoustic
waves. It has been demonstrated (although on a much slower time
scale than that which is of interest in our proposed x-ray switching
applications) that such a structure will produce bulk acoustic
generation when an r-f burst is applied. Since the process involves
the conduction electrons of the solid, it would probably not signi-

ficantly affect the x-ray scattering properties.In addition bulk waves

have been demonstrated’ -in several crystals that can easily be grown
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with adequate perfection for x-ray diffraction work (for example,
GaA, which has the same diamond cubic structure as silicon and
gemanium). A particular drawback to the use of this method, however,

is the need to keep the crystal at 1iquid helium temperature.
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4.1-2(c) " THERMAL HEATING OF DIFFRACTING LATTICE STRUCTURES

In this section, we present calcuIations that characterize
the limitations on the control of x-ray propagation through heating
of the lattice. The transfer of heat energy by absorption of a laser
pulse could, for example, take place on a very fast time scale.

It has been experimentally shown that absorbed laser energy could
be transferred to lattice energy in a time interval on the order
of 20 picoseconds.(zz)

As a control mechanism itself, however, lattice heating would
usually be too inefficient to be practical. A study of the processes
is,'however, a crucial step in understanding the limitations on x-ray
switching and shuttering processes.

.Calculations in the present section are based on the Debye-
Waller factor(l), as shown in Equation 2-60. Experimental(zs) and
theoretica1(25) results indicate that this factor is only an approxi-
mation to the behavior of x-ray diffraction in real solids. In a
complete analysis, two corrections to the Debye-Waller factor must
be considered(zs). First, the exponent in the Debye-daller factor
must be multiplied by a weakly temperature dependent correction
factor. Secondly, a correction factor that accounts for multiple
reflection (dynamical) effects must be considered. However, the
normal (kinematical) Debye-Waller calculation is sufficient to
estimate the performance limitations of thermal processes in modi-
fying the x-ray diffraction from a crystal.

Consider the diffracting geometry illustrated in Figure 4-5.
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Figure 4-5. Thermal Heating of Diffracting Crystalline
Material.
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A crystal slab 1 cm x 10'2 cm X 10'3 cm is shown diffracting in the
Bragg geometry. This represents a typical useable diffracting
volume, such as one might encounter in an x-ray spectrometer.(27)
To calculate the required temperature rise for given reduction
in diffracted intensity, values for the Debye-Waller factor tabulated
{n the International X-ray Crystallography Tab]es(zs) were used.
The required heat depostibn for the volume of crystal shown in
Figure 4-5 was calculated using known specific heats. Table 4-3
shows the results of these calculations for silicon and NaCl.
As expected, the reduction in diffraction becomes larger for atomic
planes with small 2d spacings (i.e., reflections with large values
of sin 8/1).

3

-2 joules 1in the 10'5 cm” on

It is possible to deposit 10
a subnanosecond time scale. Such an experiment requires, however,

a large pulsed laser system. The large amount of energy needed
could, thus, not be thought of as a switching beam (i.e., auxiliary
to other laser heating experiments). X-ray diffraction from a laser
heated medium could, however, have other useful applications, which
will be discussed in Chapter 5.

Our primary interest here is in the magnitudes of perturbation,
shown in Table 4-2. The magnitudes of rms atomic displacement were
calculated from experimental data for silicon(zs) and NaC1(]). We
define the following quantity, which, in some textbooks(5) on solid

state, is referred to as an effective "strain".




MATERIAL REFLECTION TEMP./HEAT - RMS EXCURSION OF

"STRAIN", e

9

RISE DEPOSITED  ATOM (PERPENDICULAR  CAUSED BY
TO REDUCE DIFF-  TO LATTICE PLANES)  ATOMIC
RACTED INTENSITY ABOUT LATTICE POINT  MOTION
BY 1/2 AT ELEVATED TEMP.
0
(°C / Joules) (A)
o -2
SILICON 220 5800"/ .10 .340 6.9x10
440 920/1.6x10"2 A7 5x1072
444 43077 .5x1073 13 4x1072
NaC1 400 1550" /3x10-2 *,175 4.3x1072
800 8507/1.65x10"2 *,133 8x1072

*Average of Na and C1 movement.

Table 4-2. Effect of elevated temperature
on diffraction.
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- d(T) - d(300)
2d

[Rms atomic displacement
where d(T)

at elevated temperature
T .

b

d(300)

placement at

"Rms atomic dis-]
L300° K

2d reflection involved

[Zd spacing of particular]
The quantity e is a useful parameter that can be compared with the
genuine strain induced by narrow bandwidth acoustic waves.

A large rms vibration of the atoms is, of course, always present
at room temperature. As can be seen from the last column of Table
4-2, however, even the change in rms amplitude due to elevated
temperatures results in effective strains (compared to ordinary
acoustically induced strains).

The reason for the small effect on x-ray scattering is
essentially one of coherence. - First, a large part of the thermal
energy goes into motion that has no effect on any particular reflec-
tion (such as in plane motion of the atoms). Even taking this into
account,_however, ihe rms displacement normal to the lattice planes
is still very large. The random displacement of the scattering
centers Teads to an averaging out of any disruption of the x-ray
interference. The situation is analogous to a random array of

diffracting apertures, which still leads to a sharp Fraunhofer

s

diffraction peak.




We, thus, see that the highly random motion that is induced
by thermal heating is not as effective in reducing diffracted x-ray
intensity as monochromatfc strain. We have seen earlier that mono-
chromatic strains of the order of 10‘5 can reduce diffracted intensity
by about .5. The atomic motion in such a case is, thus, far less
tﬁan the thermally induced atomic displacements shown in Table 43 .
The thermal process involves excitation of the full vibrational
spectrum of the solid, and, thus, represents the largest bandwidth
excitation mechanism possible. Thus, in evaluating a method of
lattice perturbation, an important consideration is the number

of modes that would be excited by the process.




4.1-2(d) LASER INDUCED SHOCK WAVES AND SHOCK INDUCED SURFACE EFFECTS

Recently, several papers have been pub]iShed(29l(3U) describing

the use of high power lasers for exciting intense shock waves in solids.

When a high power laser pulse is absorbed in a thin layer near the
surface of a solid, a large thermal gradient can be created. This
results in a strong shock wave being propagated into the unheated
solid material. With subnanosecond pulsed lasers, it is possible
to deposit energy in very short periods of time, thus producing
temporally very sharp shocks. Shocks with subnanosecond rise times
have been produced in this way(29). Laser induced shock waves pro-
vide a possible method for fast switching of x-ray radiation.

The potential rise times of solid shock waves are limited by
the impulse response of the solid, described earlier in this chapter.
Excitation of a large number of modes of the solid lattice (as will
happen with a thermally induced shock) is not a severe limitation
(in terms of x-ray effects) in this case. Large (multi<kilobar)
pressure gradienté can be established(zg) which would provide strain
in any specified direction. One expects shock rise times of at
least 100 p.s. to be attainable.

Even though temporally sharp shock waves can be excited, the
time required to affect a region that is diffracting or scattering
x-rays is still essentially limited by the acoustic ve]ocity; As
shown in previous sections, however, the dimensions of such regions
can (in many cases) be quite small. Limitations imposed by acoustic

transit times will be discussed in Section 4-2.




A special method for producing laser induced shock waves has been
described by Auth(31). He proposes interfering two optical beams on
the surface of a solid or liquid. The preferential heating caused by
the interference pattern will induce very large thermal gradients that
will relax into acoustic waves. We propose here a use of the same
experimental configuration for a somewhat different purpose.

Consider the two laser heating schemes, shown in Figure 4-6, In
Figure 4-6a, the laser radiation is absorbed over a substantial volume
of the solid. The regions of high thermal absorption (high field)
expand, beginning the process that leads to acoustic wave propagation.
We are interested here only in the initial stages of the first cycle of
this process. Formation of sine wave pattern will require one transit
(at acoustic velocity) of the acoustic wavelength A. This transit time
interval represents a delay with respect to the exciting laser pulse,
and not the rise time of the process. |

As was shown in Chapter 1, surface perturbations of the order of a
few hundred angstroms are useful in diffracting x-rays. At this point,
let us consider typical orders of magnitude. With a frequency doubled
Nd laser (A=.56u), one should be able to produce fringe spacings of
about 0.4u. For typical acoustic velocities, this implies a frequency

0
of about 12.5 GhZ. The acoustic rise time for a 200 A perturbation

wauld be about:

2x'IO'6 cm

t =
5x10%° cm/sec

r
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The second method for producing acoustic waves is illustrated in
Figure 4-6b. Here, the optical absorption is confined to a thin layer
by coating the solid with a film specially prepared to enhance optical
absorption. With a thickness of only a few hundred angstroms,the film
could be made to neg]fgib]y absorb x-rays.In the regions of high field,
micro shocks will be applied to the surface. In this situation, no

delay time would be involved.

4.1-3 STEADY STATE AND PULSED MICROWAVE ULTRASONICS

In the experimental part of this thesis,tests were described that
employed cw  acoustic waves of frequency up to 60 MhZ.With techniques
that have been developed over the past ten years, this frequency can
be increased to about 5 GhZ(32) without great difficulty. The most
common method employs a block of piezoelectric material cut to be an
integral part of a microwave cavity.(zo) The field and piezoelectric:
stress gradient across the free surface of the material forms the source
of sound.

Such techniques provide the methods needed for ultra high frequency
modulation of x-rays, as will be described later in this chapter. The
basic limitation to increasing the frequency is the largef acoustic
absorption encountered at higher frequencies(32). Nevertheless, there

are materials that exhibit low loss (the most widely studied are LiNb03

and LiTa03(3 2)) at frequencies up to 5 GhZ, and can be grown with a
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reasonable degree of crystalline perfection. Operation at frequencies
‘higher than 5 GhZ generally requires cooling the material to cyrogenic
temperatures.

Keeping in mind the application of acoustic wave diffraction of
x-rays, we show in Table 4-3 the acoustic wavelength for longitudinal
propagation in various materials. We see that frequencies between one
and five GhZ are required to obtain periodic perturbations with wave-

lengths of the order of a micron.

Table 4-3. Acoustic wavelengths at 1 GhZ.

MATERIAL ACOUSTIC WAVELENGTH
at 1 GhZ (MICRONS)

LiNb0, [11-20] 6.57
Fused Quartz 5.95
Silicon [110] 8.90
LiTa0, 6.19

-We next consider the magnitude of steady state strain amplitudes
one could reasonably expect to excite. Consider the geometry. shown in

Figure 4-7. Assume the LiNbO3 to be oriented so that the input electrical
field excites pure longitudinal waves along the X axis, as shown. The

rms strain can be simply related to the acoustic power density(lg).

e =¥ ZI/DVP (4-4)
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p = density

v, = acoustic velocity.
For a strain of the order of 5x10'5,an input(acoustic)power of about
20 watts for a travelling wave (the input power can be considerably
reduced by establishing a standing wave).Assuming a poisson ratio of
0.3, the surface perturbation would have an amplitude of about 150 X.
On a quasi CW (long tone burst) basis,the micro wave power requirements

are, thus, rather modest.

SUMMARY OF LATTICE EXCITATION METHODS

We can conclude from the analysis of Section 4.1 that subnanosecond
switching or shuttering of x-rays will probably have to be a
surface effect. The magnitude of optical field strengths needed to
produce useable amplitude lattice vibrations were seen to be 108 T
10° NATTS/cmZ. Such large fields can only be produced in a limited
spatial volume. ' The methods utilizing total external reflec-
tion are by their nature surface effects.

Very high frequency (steady state)modulation effects can involve
more of the bulk of the solid. At room temperature, acoustic losses

and limitations on microwave power generation would seem to limit the

frequency to about 5 GhZ.




-
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4.2 X-RAY DIFFRACTION CONSTRAINTS ON DEVICE PARAMETERS

The basic principles involved in the use of x-ray diffraﬁtion for
modulafion and shuttering have been studied théoretical]y in Chapter 2
and experimentally in Chapter 3.In the present section,this information
will be used to formulate the general principles that govern the design
of diffraction devices to control x-ray propagation.In addition, the

basic limitations on device parameters will be outlined.

4.2-1 CRYSTALLINE PARAMETERS AND THEIR RELATION TO DEVICE DESIGN

In Chapters 2 and 3,the sensitivity of x-ray diffraction to lattice
perturbations was shown to be governed by the width of the diffraction
curve. We will refér to the sensitivity of the diffraction process
to lattice perturbations as diffraction sensitivity. Experimentally,
in the Borrmann case(where diffraction curve width depends strongly on
absorption, as shown in 2-34), strains of the order of 10'5 were found
to be needed to reduce the diffracted intensity by factors of.] to .5..
The diffraction sensitivity in the Bragg geometry is shown by formula
2-14 to be directly proportional to FH.Thus, in both the Bragg and Laue
(éorrmann) geometries,the diffraction sensitivity is inversely related
to the diffraction efficiency. These are the kinds of tradeoffs that
must be considered in designing x-ray modulating and shuttering devices
for any particular application. Table 4-4 lists the various crystal

parameters that are at the disposal of a designer.




-225-

Table 4-4 . Effect of crystal properties on modulator design.

CRYSTALLINE
PROPERTY

BASIC NATURE

RELATION TO MODULATOR DESIGN

———

(1) Diffraction
Curve Width,
A8

(2) Diffraction
Efficiency

(3) Extinction

Distance, doxt

(4) Absorption
Distance, d

(5) Lattice Spacing,
‘2d

abs.

(a) ProBortional to
FpA®/sin &in the
Bragg geometry

(b) Proportional_to.
[ 1 ]1/2; FiA2/singg
in Borrmann mode.

Inversely propor-
tional to A6,

Proportional to

AF (thus, becomes
larger as A8 becomes
larger).

Roughly proportional to
Z (Atomic number) of
crystal. In Borrmann
mode, diffraction
sensitivity directly
related to dabs.

Since ,A = 2d, as

. sin
2d increases, Ap also
increases.

Diffraction
sensitivity is
directly proportional
to this quantity.

This quantity (plus
absorption in the
Borrmann mode) governs
"insertion loss" of a
modulator or shutter.

Governs characteristic
distance over which
diffracted field is
established.

In fast shuttering
applications, this
quantity governs the
important depth over
which fields are
absorbed.

A must be < 2d and
convenient configurations
have A 20.48(2d).




We will now investigate the behavior of the fundamental parameters
in Table 4-4 in typical situations. In the present section; we will
emphasize the Bragg geometry.

The crystals that are most commonly available in highly perfect
form are a family of semiconductor materials with diamond cubic struc-
tureWe will use three of these,Ge,Si,Insb,to illustrate the behavior
of the parameters in Table 4-5.(Another very familiar member of this
group, GaAs, has almost i@enticaI x-ray scattering properties to Ge

because of nearly identical lattice constant and atomic weight).

Table 4-5 . Typical diffraction parameters.

A
MATERIAL  REFLECTION  2d DIFFRACTION EXTINCTION ABSORPTION
SPACING  CURVE DISTANCE  DISTANCE
0 WIDTH (MICRONS)  (MICRONS)
(A) (RADS)
e ———
SILICON m 6.26 3.2x107° 4.8 69.0
220 3.82 2.2x10"° a1 :
440 1.91 .74x10"° 6.1 .
GERMANIUM m 6.52 8.2x10™" 1.7 27.4
_5 .
220 4.00 6.3x10 1.4 "
40 2.00  2.2x10°° 2.1 N
InSb m 7.50 8.8x10‘5 12.1 6.5
220 4.57 6.6x10"° 10.8 "
-5
440 2.29 2.5x10 17.5 "

: o
A1l calculations for CuKa (x = 1.54 A) & Bragg geometry.
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In examining Table 4-6,we see first that in order to increase the
diffraction sensitivity (decrease 48),we can use higher index diffracting
planes. The diffraction efficiency(which is directly proportional to
A6 for an uncollimated incident beam) is proportionally reduced. In
addition, higher index planes will only accommodate harder radiation
(since A must be < 2d).

The extinction distance will gradually increase with higher index
planes, although not monotonically (see Table 4-5)-Thus,by increasing
the diffraction sensitivity (through going to higher index planes),
the region of the crystal that must be perturbed (i.e., perturbation
volume) is increased.The exact requirements on the perturbation volume

depend on the particular acoustic field configuration employed.

4.2-1(a) FAST SHUTTERING

Very fast shuttering methods were shown to be limited to surface

effects. The implications of this requirement in the Bragg geometry

are illustrated in Figure 4-8(a).
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If a layer near the surface is disrupted(e.g.2d spacing changed)
the radiation merely penetrates this layer (suffering absorﬁtion) and
is diffracted from the undisturbed layers below.Only if a region with
a depth of the dimension of an ébsorption distance were disrupted would
a significant decrease in diffracted intensity occurlf acoustic transit
times are the fundamental limitationan absorption depth can be addressed
in a time period of the order of 10 nanoseconds.Thus, in order to have
subnanosecond switching effects uti]izing'crystal diffraction, the
effective participating layer must be limited to a region of the dimension
of an extinction distance. One method of accomplishing this would be
the use of thin single crystal films.Techniques have been demonstrated(34)
for growing highly oriented thin films on a substrate.

Another method for limiting the diffraction to a thin layer near
the surface is shown in Figure 4-3(b) A high frequency acoustic stand-
ing wave is excited, as shown. Only the regions of the crystal near
the nodes will have an undisturbed 2d spacing. Suppose, for example,

the strain amplitude is 107

and the acoustic wavelength 40 microngan
acoustic frequency of about 100 MhZ).The strain will rise to'10”5(great-
er than a typical diffraction curve width) in a distance within one
micron of the surface. Thus, effective diffraction will be Timited
to a thin.surface layer. The acoustic pattern could be maintained
essentially stationary with respect to any subnanosecond events.

A region lying at the first node away from the entrance surface
will also diffract effectively. The radiation will, hbwever,,have to

pass through 40 microns of absorbing material. If the diffracting
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crystal is InSb, (and A = 1.54 R),a ray diffracted from the region of
the second node suffers absorption which reduces it to 5% of its {nput
value. Therefore, in this case, the effective contrast ratio (or
modqlation depth) is limited by the acoustic field configuration and
crystal properties to about 95%.

It would be difficult to apply the Borrmann mode to surface effect
techniques. High modulation depth relies on a ray passing through
sufficient (= .5 mm) material in order to suffer a large integrated

absorption.

4.2-1(b) HIGH FREQUENCY MODULATION

While surface perturbations in the Bragg geometry are most useful
for transient modulation (i.e., shuttering) applications, continuous
wave high frequency modulation is best suited to the Laue (Borrmann)
geometry.

In the Bragg geometry, the modulation depth is governed by the
steepness of the strain gradient at the entrance surface of the crystal.
For very small extinction distances, rather large strain gradients |
would be required.

In the Borrmann mode,the fundamental limitation on modulation depth
is also the acoustic strain gradient However,the important considera-
tion is fhe magnitude of the strain gradient in relation to the spread
of rays within the Borrmann fan. In the Borrmann mode, the entire

acoustic field is utilized, not just a portion of it near the surface.
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4.2-2 CONTROL OF DIFFRACTION SENSITIVITY

_ In this section, we address the general question of the basic poten-
tial (other than those based on crystal properties) for increasing diffrac-
tion sensitivity. An increase in diffraction sensitivity will lead to

greater modulation depth for a given strain gradient.

In Table 4-6, we 1ist diffraction configurations (not involving

crystalline parameters) and their relation to modulator design.
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Table 4-6. Characteristics of various diffraction
configurations. ‘

DIFFRACTION
CONFIGURATION

BASIC PROPERTIES

RELATION TO
MODULATOR DESIGN

(1) Asymmetric
Bragg
Diffraction

Decrease A8 by
cutting entrance
surface at an angle
with respect to
lattice planes.

Can be used to enhance
diffraction sensitivity.

(2) Multiple
Crystal/X-ray
Interferometers

Multiple X-ray
reflections in
both Laue or Bragg
geometries.

Can significantly increase
fall off in tails of diff-
raction curve. Can, thus,
(with properly chosen
operating point) create
greater diffraction sensi-
tivity.

(3) Single Crystal
Multiple Reflec-
tion

Two or more sets of

lattice planes parti-

cipating in reflec-
tion.

Same advantages as multiple
crystal arrangements.

We will now discuss in detail the first two methods in Table 4-6.,

beginning with multiple crystals and x-ray interferometers.

The experiemntal work in Chapter 3 showed that the use of a double

crystal Borrmann configuration increased the sensitivity. The use of

'two crystals has long been recognized as a method of achieving greater

resolving power in x-ray spectrometers.

A major breakthrough, however,

occurred when Bonse and Hart(34)fabricated a device where several x-ray-

reflections could be achieved within one monolithic block of crystalline

materia].ThiSZeffec;ive]y opened up the new field of x-ray interometry.
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The first arrangement use by Bonse and Hart was essentially the same as
that used in the experimental part of this thesis and shown in Figure 3-23.
The only difference in the Bonse-Hart case is that lattice planes parallel
to the interferometer arms are now employed.The situation is illustrated
in Figure 4-3.

J The basic effect of the multiple reflections is to greatly decrease
the energy in the wings of the (Darwin) diffraction curve.The result is
rthat the edges of the diffraction curves become very steep.In the case
of five reflections (for 220 planes in Silicon),a change of 3 orders of
magnitude in intensity can occur for an angular change of one arc second
(4.8x10'6 RAD). As was shown in our experiments(Chapter 3)one can ad-
just the operating point on the diffraction curve by applying a mechani-
cal prestress to the interferometer. This can also be accomplished by
a DC bias when the interferometer is constructed out of piezoelectric
material. Once an operating point on the steep portions of the diff-
raction curve has been established, further perturbation by acoustic

waves can lead to very large changes in diffracted intensity.

It should be noted that the multiple reflection phenomena can be
achieved without the use of multiple crystals or interferometers. For
example, double reflection involves two separate sets of lattice planes
(with diffgrent Miller indices). The phenomena is usually referred to
as Umweganregung(]).Diffraction sensitivites comparable to those pos-
sible with Bonse Hart type devices have been achieved.(35)

As can be seen from Figure 4-9, the multiple reflection proéess

tends to greatly increase the fall off in the wings of the diffraction
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curve while leaving its width about the same.A narrowing of the width

of the diffraction curve can be accomplished through the use of asymmetric
reflection, which occurs when the entrance surface of the crystal is cut
at an angle with respect to the diffracting lattice planes. The effect
can easily be seen in the Bragg case by referring to the dispersion sur-
face diagram, as shown in Figure 4-10. In the left hand portion of the
figure, the entrance surface of the crystal is normal to the diffracting
planes. In the Bragg case, the angular width is proportional to the

| distance AB, corresponding to tie points T.I and T2 on different branches
of the dispersion surface.The right hand portion of Figure 4-10 displays
the situation when the entrance surface is cut at an angle with respect
to the lattice planes (as shown in the bottom of the figure)Once again
the distance AB corresponds to the angular width of the reflectionwhich

is clearly less than for the left hand diagram.It can be:shown(z) that

the width of the diffraction curve is given by:

W=W -
0 sin(6g+e)

where wo = width of the diffraction curve for an
entrance surface.normal to diffracting planes
@ = angle of the entrance surface with respect

to the lattice planes.

Cutting the entrance surface of the crystal in this manner is,thus,

another technique available for increasing the diffraction sensitivity.
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curve through the use of an asymmetrically cut
entrance surface.




-237-

4.3 TYPICAL MODULATOR DESIGN

In this section, we will outline the design of a specific'x-ray
modulator. The design will utilize the general procedures and criterion
developed in section 4.2. To illustrate as broad a range of design problems
as possible,a compound device util#zing both the Bragg and Laue geometries
is presented.

The basic configuration is shown in Figure 4-11 Bragg reflection
precede; and follows Borrmann transmission through the central element.
Acoustic perturbation can be applied to either the Bragg sections or the
Borrmann element. The multiple reflections will result in a sharp fall
off in the wings of the diffraction curve similar to the pure Bragg |
case discussed above. The operating point on the diffraction curve can
be selected through "tuning" the central element by applying a force,
as shown in Figure 4-11. If even greater diffraction sensitivity is
desired, the device can be cut so that the final Bragg reflection is
asymmetric.

To illustrate the general behavior of the diffraction sensitivity
of the compound device, we will base our considerations (for the moment)
on a uniform change in 2d spacing (uniform compression or tension across

. the whole crystal) of the lattice planes. The diffraction sensitivity
is calculated by multiplying the two Darwin diffraction curves (charac-
terizing the Bragg reflections) by the Borrmann diffraction relation
given by Equation 2-38. An example of this calculation, for the case of
the 220 planes in silicon, is illustrated in Figure 4-12. The thickness

of the Borrmann transmitting element is such that ut = 25.
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Several interesting characteristics of the behavior of this struc-
ture as a modulator can be seen from the curves in 4-12.The éharp fall
off in the wings of the compound curve (R]ZRZ) can easily be seen. For

example, in going from Ae=4x10"% to Ap=10"7

-the diffracted intensity
falls by 3 orders of magnitude. The curve R]ZR2 is, thus, used to esta-
blish the contrast ratio (or modulation depth) for a given amplitude of
acoustic perturbation.

- We also note, from Figure 4-12 that the unperturbed diffraction
(A6 = 0) is considerably greater for Bragg reflection than for Borrmann
transmission. Thfs is, of course, due to the fact that x-rays passing
through the crystal (in the Laue geometry) always suffer some absorption,
even when there is no perturbation to the lattice (as can be seen from
Equation 2-38).

The Borrmann mode, however, offers two advantages.First,the Laue

geometry provides the convenience of transverse acoustic perturbation
as the modulating mechanism. The surface to which the acoustic trans-
ducer is bonded (see Figure 4-11) and the acoustically reflecting surface
can be carefully polished by optical techniques.In the:.Bragg case, the
x-ray diffraction occurs from the acoustic reflection surface. This
necessitates the use of complicated chemical polishing techniques that
will maintgin the surface flatness (for acoustic reflection)and lattice-
perfection (for x-ray diffraction). The second advantage of the Borrmann
mode is a more rapid fall off in the wings. The rate of fall off can
be increased by incréésing”the ut' of the crystal. Thus, the Borrmann

mode, in general, offers a greater potential contrast ratio{relative to
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brass reflection) at the expense of a higher insertion loss.

The operating point on the diffraction curve can, to a small degree,
be selected by tilting the Borrmann diffkacting element. The structure
must however, be cut so:that this process does not introduce significant
strains into the region where Bragg diffraction is occurring.

then using the Borrmann element as the "control" element, different
design procedures will be required depending on the acoustic wavelength.
At very low frequencies, the strain field will be essentially constant
over the extent of the Borrmann fan (see Figure 4-11)For the 220 planes
of silicon and a frequency of 1MhZ,the:acoustic wavelength is.about lcm,
which would satisfy this requirement.In this case,the curves in Figure 4-12
can be used directly to predict the modulation depth for given acoustic
amplitude.

At higher frequencies, there will be strain variation within the
Borrmann fan. In this case, the more detailed ray trace calculations
(used in Chapter 3) must be applied. These calculations will produce
correction factors to the dependence shown in 4-12. The basic behavior
of the diffraction sensitivity is, however, still described by the graph
in Figure 4-12.

The rise time of the device is essentially limited by the.spatial
extent of the Borrmann fan. The acoustic time of transit through the

Borrmann fan represents the shortest interval over which the x-ray field

in the crystal can be perturbed.




-242-

From Equation 2-41, we may write the average width of the Borrmann fan as:
" 172
W =(t/2)tan"] ,[_.2_112_] / tan(ZBB); (4-4)
uoet-l

where t = thickness of crystﬁl.

We can now write an expression for the rise time.

(ag
n

W/v, (4-5)

where v, = acoustic velocity.

For the 220 planes in silicon, v, = 8.9x10° cm/sec and
tr = 15 n.s.

When perturbation of the Bragg reflections is used, the rise time

is given by:
t. = dogt/ v,
~In the case of 220 reflection in silicon

tr = 4.5 n.s.

When used as a free running shutter (or chopper), much higher fre-

quency operation is possible. In the steady state, the local strain at
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at any point in the solid is varying at the acoustic frequen;y.
The x-ray transmission is, thus, also modulated at the acoustic
frequency.

The rise time of one cycle of such a device could be extremely
fast. As an example, let us use the diffraction sensitivity given
in Figure 4-12. A strain of approximately 10-5 would be required
to change the device from an “"on" (diffracting) state to an “off"
state. If the strain amplitude of the acoustic wave were 10'4 at

a frequency of 1 GhZ, the device would be turned "off" in 100 p.s.
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CHAPTER 5

CONCLUSIONS & SUMMARY

The contributions presented in this thesis can be placed in one of
two broad categories:

’ 1) The investigation of techniques for the modulation and control
of x-ray propagation through acoustic perturbatijon of solids.

.- 2) The use of x-ray diffraction and x-ray optical techniques for
the study of acoustic propagation and atomic motion.

The primary emphasis was placed on the first category of investi-
gation.

Through the analysis in Chapter 1, we have established the general
direction that investigation of x-ray modulation and control techniques
must take.

The control of x-ray propagation through perturbation of the elec-
tronic structure of scattering atoms was shown to be quite difficult.

It was, however, shown that in special circumstances, it would be possible
to produce detectable changes in the imaginary part of the x-ray index.

Significant changes in x-ray propagation can be effected by acoustic |

. perturbation of such processes as crystal diffraction and total external
refiection. The analysis in Chapter 1 established that practical methods
for the control of x-ray propagation must involve changes in the spatial
configuration of x-ray scatterers.

In Chapter 2, the basic theoretical framework for the study 6f

X-ray propagation in acoustically perturbed crystals was derived.
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With respect to the Bragg geometry, a new technique (matrix) was
presented for solving the fundamental (Darwin) equations of propagation.

The solutions obtained by this technique were then used to demon-
strate important characteristics of x-ray diffraction. The phenomenon
of extinction was shown to 1imit the depth of penetration of x-ray
fields into the crystal (in the Bragg case). The extinction distance
was, thus, seen to be the characteristic spatial interval over which
the diffracted field is established. The extinction distance, thus,
establishes the region of the crystal that must be perturbed in order
tb significantly change the diffracted intensity.

The solutions to the Darwin equations were also used to analyze
the diffraction sensitivity (which was defined as the variation of
diffracted intensity as a function of lattice perturbation).

Numerical methods were developed that predict the detailed charac-
teristics of x-ray propagation in acoustically perturbed crystals.

In developing these methods, special emphasis was placed on Borrmann
transmission in thick crystals. In particular, (in the case of small
strain gradients), these techniques were used to calculate both the
trajectory and attenuation of rays propagating in a crystal containing
an acoustically produced sinusoidal strain gradient.

Finally, a general analysis of x-ray diffraction in the presence
of crystal lattice vibrations was presented. This ana]ysis'presented
a derivation of the effect of thermal (quasi random) and monochromatic

lattice Vibrations in one unified treatment.




Chapter 3 presents experimental demonstration of x-ray modulation
and shuttering. This represents the first use of crystal diffraction
techniques for the modulation and control of x-rays(1). The primary |
thrust of Chapter 3 was a basic quantitative investigation of the x-ray-
acoustic interactions that were used to produce modulation and shuttering.

Special experimental techniques were developed for the measurement
of high frequency (acoustically induced) strain that should be of general
value in acoustooptic investigations.

In the case of single crystal Borrmann transmission, it was found
that for longitudinal acoustic plane waves, propagating perpendicular
to the diffracting lattice planes, a time average strain amplitude of
about 10'5 (at 5 and 10 MhZ) was needed to produce a measurable decrease
in diffracted x-ray intensity. The measured decrease in diffracted
intensity agrees with the theoretically predicted values to within
experimental error.

It was found that at higher values of strain gradient (approximately
3x10'5 amplitude at 22 MhZ), the decrease in diffracted intensity for
a given strain amplitude shows a divergence from the theoretically pre-
dicted values. This departure is due to the phenomena of interbranch
scattering.

The diffraction sensitivity of a two crystal x-ray interferometer
was also investigated. It was shown that this configuration had a
greater sensitivity to acoustic perturbation than the single crystal
case. Experiments were performed with one arm of the interferometer

intentionally misaligned (through the use of a special mount). This

K




experiment demonstrated that the operating point on the diffraction

curve can be selected at will.

Through the use of specially designed electronic circuitry,
shuttgring of x-ray transmission on a microsecond time scale was
demonstrated.

" The technique of Borrmann topography was shown to be useful in
the detailed study of acoustic fields in solids. A quantitative
evaluation of the structure of a longitudinal standing wave was per-
formed in this way.

Chapter 4 presents an analytical investigation of the basic
potential and limitations of x-ray modulation and control devices.
It was shown that subnanosecond x-ray switching processes would
have to be limited to surface effects. The spectrum of crystal
lattice vibrations was demonstrated to limit x-ray switching to rise
times of greater than 10712 sec.

Chapter 4 also presented a formulation of the basic design
criteria for x-ray modulation devices. Special examples of the

application of these criteria to practical devices were presented.
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APPENDIX

FURTHER APPLICATIONS

This basic study of x-ray acoustic interactions provides the
basis for several practical applications. Chapter 4 emphasized
applications involving the control of x-ray propagation. In the
present appendix, we will briefly review applications which are not

directly related to x-ray modulation and shuttering.

A-1 ACQUSTIC FIELDS IN SOLIDS

In Chapter 3, it was demonstrated that Borrmann topography
can be used to study the detail of high frequency acoustic fields
in solids. The Borrmann method has a particular adavantage (over
thin crystal diffraction techniques)in that it works with thick
crystals that are closer to structures of most interest in solid
mechanics. With refinement of the numerical contrast analysis
techniques (developed in Chapter 2), it will be possible to very
accurately map the strain fields present in an acoustic standing
wave pattern.

More complicated three dimentional fields can also be analyzed
by this method. By using different sets of diffracting planes,
one can probe the field along numerous different directions in
analogy with x-ray tomography.(T) For example, the 220 silicon
planes (used in the Borrmann work in Chapter 3) are but one of
six identical sets of planes rotated by 30° around the 6 fold (111)

axis of symmetry, as illustrated in Figure 5-1.
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PLANE NORMAL
ALONG 111> DIRECTION

Figure A-1. X-ray topography of acoustic fields.

By using each of these sets of planes, one may probe the acous-
tic standing wdve at 60° intervals over a full 360°. In addition
to using different crystal p]anes, one can also change the angle
of diffraction by us1ng different wavelength x-rays. There is,

thus, a great deal of flexibility available in the quantitative

topographic probing of acoustic fields.

Thé'utilization df reduction in Borrmann transmission, ori-
ginal]y‘proposed as part of tﬁis siudy, has recently been applied
to the study of'veny intensg p@onon’fields produced by acousto-
e]ectr1c amp]1f1cat1on.l‘} | -

X-ray techn1ques developed in this study should also be useful




in the study of surface acoustit waves. Surface or Rayleigh wave
propagation usually results in surface perturbations that are some-
what lower in amplitude than would be useful for shutte;ing or modu-
lation. For example, Nhite(3) has estimated that a 15 x surface
protrusion resulted in a typical Rayleigh wave experiment. Ray-
leigh waves tend to have lower propagation velocities than bulk
modes. A 1 GhZ surface wave in quartz has an acoustic wavelength
of about 3 microns. At an amplitude of 15 ﬁ, this would lead to

a change in the angle of incidence of about 2°. This could lead

to several per cent change in x-ray reflectance. Although such

a change would not be very practical as a shuttering method, it
could be useful as a surface probe technique.

Pulsed x-ray sources (such as a laser produced plasma) also
make possible the study of transient acoustic phenomena. Very
short duration (100 p.s. or less) x-ray pulses can be produced
by laser plasmas. Since the x-ray pulse is produced by laser
irradiation of a target, it can be conveniently synchronized
with other laser matter interaction experiments.

Transient x-ray diffraction analysis can be used to study the
generation and propagation of very high pressure laser ihduced
shock waves. A strong shock wave propagating in a crystal would
_create én instantaneous perturbation similar to a naturally occur-
ring fault plane. The Takagi method for'anaIysis of x-ray pro-
pagation in distorted crystals has’been applied to this case.(4)

The very high pressures produced in laser initiated shocks

can be expécted td indhce phase changes in solids. .Phase changes




can also be expected when large amounts of heat are deposited in
solids. An example would be a ferroelectric crystal (such as
BaTiO3) heated above its Curie temperature. Transient x-ray diff-
raction techniques offer the possibility of time resolved study
of such processes.

Transient x-ray diffraction could also be used to study other
types of optically induced solid perturbations. Stimulated scat-
tering processes (such as SBS and SRS) have been shown to produce
lattice perturbations that are potentially observable by x-ray
diffraction (see Chapter 4). The natural extension of such studies
would be in the investigation of optically induced damage mechanisms.

There is also an interest in the interaction of acoustic waves
with naturally occurriné defects in so]ids.(s) X-ray topographic
visualization of the interaction of acoustic standing wave and a
dislocation was demonstrated in Chapter 3. Such a technique is
equally applicable to transient interaction in the case of a travel-
ling acoustic wave. The high pressures available in laser induced
stress waves could be applied to the study of acoustic perturba-
tion of dislocations. Kittel(s) estimates that certain dislocations
can be moved by an applied stress of less than 105 dynes/cmz. From

the analysis in Chapter 2, we can see that such a stress can easily

be produced by SBS.




-
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A-2 PLASMA DIAGNOSTICS

X-ray diffraction could be a useful diagnostic of the initial
stages of laser heating of solids. Laser heating of a solid target
is primarily due to electron avalanche ionization followed by in-
verse bremsstrahlung. The initial deposition of energy is, thus,
into the electrons. A finite time period is required before energy
is transferred to the ions (lattice). During this period, the
regular arrangements of ions (that characterized the original
c}ystal lattice) might continue to diffract x-rays. Such a situa-
tion has, in fact, been proposed as a possible feed-back mechanism
for an x-ray laser.(7)

In order to analyze the behavior of the diffracted x-ray

signal, theories of x-ray propagation in distorted crystal struc-

tures (such as those discussed in Chapter 2) will be needed.




-257-

APPENDIX REFERENCES

Gordon, Richard, "Image Reconstruction from PrOJect1ons“
Sci. Am., 233, (4), p. 45, (1975).

LeRoux, S.D., and Colella, R.L., "Effects of Acoustoelectric
??ono?s on Anamalous Transmission of X-Rays", 37, (16), p. 1956,
976

White, R.M., "Surface Elastic Waves", Proc. IEEE, 58, (8),
p. 1238, (1970)

. Indenbom, V.L., and Chukovski, F.N., “Problem of Image Formation
in X-Ray Optics", Soviet Phys. Uspk., 15, (3), p. 298, (1972).

Beyer, R.T., and Letcher, S.V., Physical Ultrasonics,
Academic Press, (1969).

Kittel, C., Introduction to Solid State Physics, 3rd ed.,
Wiley, (1966).

Horvath, G., Fizikai Szemle (Hungarian), 167, p. 169, (1974).




United States Patent 19
Hauer

3,991,309
Nov. 9, 1976

[11]
[45]

METHODS AND APPARATUS FOR THE
CONTROL AND ANALYSIS OF X-RAYS

Inventor: Alan Hauer, Rochester, N.Y.
Assignee: g:%venity of Rochester, Rochester,

[54]

{751
(73]

122}
- 121}

Filed:  July9, 1975
Appl. No.: §94,846

(521

{31
(58)

250/272; 250/273;

250/505; 250/514
GOIN 23/20
250/272, 273, 274, 275,
250/277, 505, 514

References Cited
UNITED STATES PATENTS
4/1968
4/1968
T N
10/1973

us.a

Int. (02
Field of Search

-----------

(56}

3,376,415
3,381,127
3,591,803
3,769.507

Primary Examiner—Craig E. Church
Attormey, Agent, or Firm—Martin Lukacher

[57) ABSTRACT

Fast X-ray excitation such as occur during
nuclear fusion reactions where high energy laser
pulses hit a target, as for the purpose of stimulating
atomic emission, may be analyzed by interposing a
crystal in the path of the X-rays. The X-rays are trans-
mitted through this crystal by means of the anomalous
transmission or Bormann effect. A periodic strain field
is established in the crystal to enable or inhibit anoma-
lous transmission. The transmitted radiation is re-
ceived by a measurement system which is operated in
synchronism with the strain field. A solid state shutter-
ing mechanism is obtained which rapidly interrupts
the X-rays 3o that they can be measured even when
produced by fast X-ray excitation processes. Various
methods and apparatus for producing the periodic
strain field are described, particularly electrostrictive
techniques, piezoelectric techniques using separate
transducers mounted on the crystal or the piezoelec-
tric properties of the crystal itself and techniques for
stimulating acoustic vibration by means of an optical
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1

METHODS AND APPARATUS FOR THE CONTROL
AND ANALYSIS OF X-RAYS
The present invention relates to methods and appara-
tus for the control and analysis of x-ray radiation and
particularly to improved methods and apparatus for
. providing x-ray shutter and modulation mechanisms.
The invention is especially suitable for use in the
control and analysis of x-rays produced by very fast
x-ray excitation processes. Such processes occur in a
laser produced plasma resulting when a high intensity
laser puise strikes a target of material of moderate
atomic number (e.g., deuterium or tritium). The inven-
tion is also applicable for the control and analysis of
X-ray emission from other X-ray sources, and particu-
larly when an understanding of the temporal character-
istics of the X-ray radiation is desired.
The analysis of very fast excitation has
presented a challenge both in the field of plasma phys-
ics and optical physics. X-ray emission characteristics
.may enable laser plasma mechanisms to be better un-
-derstood. For example, the temporal profile of the
intensity of X-ray radiation may be related to the ab-
sorption of laser power in the thermonuclear fuel ele-
ment used in a laser fusion reaction. The X-rays ema-
nating from a laser produced plasma occur in fast
bursts and their measurement must take place in corre-
spondingly short periods of time. The devices which
have been suggested for the purpose of making mea-
surement of these fast and short lifetime X-ray emis-
sions are principally of the type known as “‘streak”
cameras. These are complex electro-optical devices
available only as costly laboratory instruments. Further

5

10

information respecting streak cameras may be had by 3¢

reference to an article appearing in the Review of Sci-
ence Instruments, Vol. 43, No. 12, December, 1972,
pps. 18-19, by M. Y. Scheleb, M. C. Richardson, and
H. A. Alcock, entitled *“Operation of a Grid-Shuttered
Image Converter Tube in the Picosecond Region™.
Electromechanical X-ray shutters (see, ¢.g., US. Pat.
No. 3,643,095) are too slow to follow fast X-ray excita-
tion processes.

Certain effects on X-ray radiation have been ob-
served in crystal structure. For example, the control of
X-ray transmission by diffraction effects has been sug-
gested (see US. Pat. No. 2,853,617). Optical energy
has been modulated by means of changing the internal
structure of a crystal (see U.S. Pat. Nos. 3,365,581;

3,509,489, 3,665,255; and 3,869,197). It has also been S0

observed that anomalous or Bormann transmission of
X-rays through a crystal is affected by strains and ele-
vated temperatures within the crystal. Reference may
be had to an arnticle by P. P. Ewald, entitled “Crystal
Optics for Visible Light and X-rays”, appearing in Re-
views of Modern Physics, Vol. 37, No. 1, January, 1965,
Pp. 46, for a detailed discussion of the Bormann Effect.
An article by L. P. Hunter entitled “X-Ray Measure-
ment of Microstrains in Germanium Single Crystals™,
appearing in the Journal of Applied Physics, Vol. 30,
No. 6, June, 1959, discusses the effect of strain on
Bormann or anomalous transmission in crystals. An
article by B. W. Batterman entitled “Effect of Thermal
Vibrations on Diffraction From Perfect Crystals, 1. The
Case of Anomalous Transmission”, appearing in the
Physical Review, Vol. 126, p.1, May, 1962 discusses the
effects of temperature on anomalous or Bormann
Transmission.

s
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It has been discovered., in accordance with the inven-
tion that where the strains are introduced temporarily
in a crystal, and particularly where the strains are peri-
odic in nature as in the form of acoustic waves, very
fast switching or shuttering of anomalous or Bormann
transmission of X-rays can be obtained. The periodic
waves may be piezoelectrically excited acoustic waves
(say shear or compressional waves) having a displace-
ment in a direction perpendicular to the diffracting
lattice planes in the crystal. The periodicity of the
strain field which is stimulated in the crystal is prefer-
ably less than the extent of spreading of an X-ray as it
passes through the crystal. The requisite periodicity

1s may be obtained by exciting extremely high frequency

vibrations in the crystal; for example, of the order of |
MHz to 1 GHz, thus providing a wavelength of the
vibration such that the lattice planes of the crystal shift
and do not remain at the nodes of a standing wave

20 pattern produced in the crystal by the incident X-rays.

The atoms of the lattice planes are then capable of
absorbing the X-rays. It should be understood of
course, that this invention is not limited to any theory
of operation such as the theory set forth above whereby

25 anomalous transmission and the Bormann effect is

explained by reason of a critical match between a
standing wave electric field and an extended path of
perfect periodicity in the crystal, when X-rays incident
to the lattice planes of the crystal form the Bragg angle

30 with the lattice planes.

In accordance with the invention the periodic strain
field may be established by means of a transducer
mounted on the crystal which launches an acoustic
wave in the crystal. By acoustic wave, it is meant a
vibrating condition in the crystal at any frequency in-
cluding, but not limited, to frequencies in the audibie
range. Thus a suitable acoustic wave may be intro-
duced by applying high frequency electric signals, say
of the order of 10 MHz, to the transducer. Alterna-

&Y tively, acoustic waves may be launched in the crystal by

applying microwave pulse energy to an end face of the

crystal or by applying a high voltage pulse across the
crystal in a direction perpendicular to the lattice

45 Planes; the crystal having piezoelectric properties. It is

desirable when extremely fast rise time acoustic waves
are needed, to excite such waves by means of a high
intensity optical beam which i incident on the crystal
in the same region as the X-rays.

The anomalous transmission of X-rays through the
crystal may be measured synchronously with the
launching of the acoustic wave. Alternatively, the
acoustic waves may be launched and measurement of

ss the generation of the X-rays as by, or simultaneously

with the output of a laser which excites the emission of
the X-rays as by means of a laser produced plasma.

A temporal profile of the intensity of the X-ray emis-
sion may be obtained by means of a plurality of crystals

60 disposed to receive X-rays which emanate from a target

in different ones of a plurality of directions. Acoustic
waves are launched in these crystals sequentially so as
to interrupt anomalous transmission through different
ones of the crystals in sequential order. X-ray detectors
responsive to the X-ray transmitted through each crys-
tal provide signals which vary in amplitude in accor-
dance with the variation in intensity of the radiation
emanating from the target with time.
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4 :
This crystal may suitably be a rectangular body of sili-
con. Thccrynalmaybcgmwnfmmamelttluuughthe

3

It is therefore an object of the present invention to
provide improved methods of and apparatus for con-
trolling the transmission of X-ray radiation.

It is another object of the present invention to pro-
vide irnproved methods of and apparatus for shuttering
and/or modulating X-ray radiation.

It is a further object of the present invention to pro-

vide improved methods of and apparatus for the analy-
sis of X-rays, particularly X-rays produced by fast exci-
tation processes.
It is a still further object of the present invention to
provide improved methods of and apparatus for analy-
sis of X-ray radiation from plasmas produced as a result
of laser irradiation of targets.

It is a still further object of the present invention to
provide improved methods in apparatus for switching
X-rays on and off.

It is a still further object of the present invention to
provide improved X-ray shutter apparatus.

It is a still further object of the present invention to
provide improved methods of and apparatus for con-
trolling Bormann transmission to provide an X-ray
shuttering mechanism.

hisa snll further object of the present invention to
provide an improved method of and apparatus for elec-
tromagneucexcnauonofcrystalsmamannenooon-
trol X-ray transmission of the anomalous or Bormann
type wl\etcby to provide a fast X-ray shuttering mecha-

The foregoing and other objects and advantages of
the present invention will become more apparent from
a reading of the following description in connection
with the accompanying drawings in which:

FIG. 1 is a schematic diagram illustrating an X-ray
shuttering mechanism provided in accordance with the
invention;

FIG. 2 is a block diagram of apparatus provided in
accordance with the invention for the analysis of X-
rays produced by a laser produced thermonuclear reac-

FIGS 3 and 3A are schematic diagrams of solid state
X-ray shutters in accordance with embodiments of the
invention wherein acoustic waves are produced by

10

15

piczoclectrically exciting the crystal itself with voltage -

pulses and with microwaves;

FIG. 4 is a block diagram illustrating apparatus for
interrupting anomalous or Bormann transmission
through a crystal and measuring such transmission, all
in accordance with the invention;

FIG. § is a block diagram illustrating apparatus for
measuring the temporal profile of X-ray transmitied
from a target;

FIG. 6 is a schematic diagram illustrating an X-ray
shuttering mechanism which makes use of an optical
beam, in accordance with another embodiment of the
invention;

FIG. 7 is a block diagram illustrating apparatus in
accordance with the invention for controlling and mea-
suring X-rays emanating from a laser produced plasma
wherein the X-rays are controlied electro-optically,

and
" FIG. 8 is a block diagram schematically illustrating
apparatus for measuring the temporal profile of X-rays
emitted from a target on which laser pulse energy is
incident.

Referring more particularly to FIG. 1, there is shown
a crystal 10 suitabie for use in X-ray control and analy-
sis apparatus, which apparatus embodies the invention.

use of the Szolchalski . The crystal is pulled
from the melt while rotanngthepulhng device. This
results in a cylindrical body. The body is cut along
planes perpendicular to its axis to provide the opposite
ends 12 and 14 of the crystal. Cuts are made parallel to
the longitudinal axis of the cylindrical body so that the
2, 2, 0 lattice planes are to the front face
16 and rear face 18 of the crystal. The crystal is ori-
entedfordnﬁracuonmthelavegeomeuy so that
incoming X-rays }; arrive at the Bragg angle, &, to the
2, 2, 0 plancs. The dimensions of the crystal are se-
lected such that the bending of the lattice planes is
small. Suitable dimensions are S centimeters in length,
1.2 centimeters in width and 2 millimeters in thickness.
The thickness dimension is shown in FIG. 1 as being the
dimension between the front and rear faces 16 and 18.
The length dimension is the dimension between the

20 ends 12 and 14.

Due to multiple reflections from the planes, energy
from a single ray will spread in a direction perpendicu-
lar to the planes as this X-ray energy travels through
the crystal between the faces 16 and 18. In other words,

25 the energy spread is in a direction between the ends 12

and 14 of the crystal. The dimension of the energy
spread is indicated in FIG. 1 as A,. As shown in the

drawing, the X-rays pass through the crystal and are
transmitted and diffracted; the transmitted rays being

”mdmtedasl,andthedlﬂ'mctedrayscb.Tmmu—

sion and diffraction takes place through the crystal in
accordance with the Bormann effect and is also known
as anomalous transmission. The mechanism of such
transmission is described in the above referenced publi-

35 cations, particularly the article by Professor P. P.

Ewald. In accordance with the invention, a periodic
strain field is introduced into the crystal and has a
displacement in a direction perpendicular to the lattice
planes (i.e., in a direction between the ends 12 and 14

40 of the crystal). This periodic strain field is illustrated as

a sine wave 20. In accordance with the invention the
periodicity or wave length, A, is comparabie to or less
than the distance A, of the energy spread of the X-rays.

This periodic strain field is an acoustic field, which is

43 meant that vibrations are established in the crystal .

having the desired periodicity or wavelength. The use
of the term acoustic should not be taken as restricting
such vibrations to audible frequencies. A suitable
acoustic frequency, for example, is 10 MHz which

50 affords a wavelength of about 0.8 mm (viz.,, A= 0.8

mm). This wavelength is obtained considering the ve-
locity of propagation of acoustic energy in the crystal
to be 10%m/sec. Inasmuch as the energy spread of the
X-ray radiation is greater than the wavelength of the

55 acoustic strain field, the lattice planes in the crystal are

displaced such that Bragg's law is no longer satisfied
when the acoustic strain field is present. Theoretically,
it is believed that the lattice planes are displaced such
that they do not remain at the nodes of a standing X-ray

60 wave pattern. Absorption of the X-ray energy can then

take place in the atoms of the crystal which are located
at the lattice planes.

By exciting the acoustic strain field in the crystal,
there is provided a shuttering mechanism for control-

65 ling X-ray radiation. By means of the crystal, the X-ray

radiation may be controlled quickly, such that fast
X.ray excitation processes may be analyzed through
the measurement of X-ravs which are transmitted
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through the crystal, either before or after the acoustic
strain field is applied. Means provided by the invention
for establishing and applying the acoustic strain field
and for the measurement and analysis of the X-ray
radiation transmitted through the crystal are discussed
- Referring now to FIG. 2, there is shown a system for
measuring and analyzing X-ray emission from a laser
produced plasma which results from a thermonuclear
or laser fusion reaction. A high power pulse laser 22
produces a high energy laser pulse which is incident
upon a target of moderate atomic number material,
such as deuterium or tritium, in a target chamber 24.
For further information respecting high energy puilse
lasers and appparatus for providing a laser fusion reac-
tion, reference may be had to U.S. Pat. No. 3,723,246
issued to Dr. M. J. Lubin on Mar. 27, 1973. X-rays

ing from the laser produced plasma are incident
upon a crystal 26 which is oriented for Bormann or
anomalous transmission. Such transmission is indicated
as lyemanating from the rear face of the crystal 26. The
crystal 26 may be of the same type as described in
connection with FIG. 1. Acoustic waves are launched
by means of a transducer 28 and propagate through the

crystal in a displacement direction perpendicular to the 25

lattice planes. This transducer is a body of piezoelectric
material, such as PZT, which is bonded to an end of the
aynal(enhenheupperenduonhelowetendl&u
illustrated in FIG. 1).
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Referring to FIGS. 3 and A, there are illustrated
other crystals 48 similar to the crystal 10 described in
connection with FIG. 1 and the crystal 26 described in
connection with FIG. 2, except that the crystal 48 is of
piezoelectric material, suitably quartz. A periodic wave
may be launched in the crystals 48 by exciting the
crystal with a high voltage pulse of short duration as
shown in FIG. 3 or with microwave pulses as shown in
FIG. 3A. The pulse may be intermittent or repetitive, as
when repetitive shuttering action is desired. In FIG. 3,
excitation of the crystal is implemented by a pulse
generator 50 which produces pulses either when trig-
gered or repetitively at a certain rate, say 1000 pulses/-
sec. These pulses enable a voltage amplifier 52 which
may be a tube-type amplifier of the type used in televi-
sion cathode-ray tube deflection circuits and which
genetatesaluhvoltagepuhe This high voltage pulse

is applied between electrodes 54 and 56 bonded to

ends of the crystal 48 (viz.,, ends which are

parallel 10 the lattice planes in the crystal). In FIG. 3A
the pulse is obtained from a microwave pulse generator
49, ¢.g., 2 pulsed magnetron and coupled to an end face
of the crystal by a wave guide 51 and matching hom 53.
An acoustic wave is launched due to the contraction
and expansion of the crystal at the leading edge and
trailing edge of the high voitage pulse or by the micro-
wave pulse. This acoustic wave operates to disrupt
Bon:;nnormmloustmmmthroughdncrys-
tals

An oscillator 30 affords a source of high frequency 30 Referring to FIG. 4, there is shown apparatus for
sinusoidal signals. Thus the transducer 28 is excited  measuring anomalous transmission of X-rays through a
with the continuous wave A.C. signals. The oscillator  crystal 60 during the intervals that such transmission is
30 is connected to a gate 32 which is normally enabled.  switched off by means of an acoustic strain wave which
1'heoutputofﬂ:egme321sampllﬁedmannmphﬁer34 propagates through the crystal. The crystal is oriented
and drives the transducer 28. A continuous wave 35 for Laue diffraction such that anomalous transmission
acoustic signal having a frequency of 10 MHz is there-  of X-rays, Iy, through the crystal is incident on a photo
fore launched and exists in the crystal. Bormann or  detector 62. The photo detector 62 may be similar to
anomalous transmission through the crystal is therefore ﬂsedctectorﬂducnbedmeonmcuonwnhﬂc 2.

The acoustic waves are launched in the crystal 60 by a

Whmﬁlehserpuhesgenmted 8 portion of that 40 piezoelectric transducer 64 mounted on onc end

pulse is diverted by means of a dichroic mirror 36 to a
photodexectoru‘mephotodetectortr@euuqm
ve generator 40, such as a one-shot. The

the square wave generator 40 inhibits the

H

-
£q

26 for the period of the pulse from the
wavemnmrlﬂ.k:hownbythewaveform
output line from the amplifier 34, the
vhg:ignahppbedtotheﬂ’uuduceruaconmm

BI8EEF
;ggg
8

pulse from the square wave generator 40. This
is initiated by the laser pulse (viz., in synchro-
i anomalous

[Hi

thereof A high frequency oscillator 66 generates a
continuous wave, suitably at 10 MHz. A square wave
mmrﬁsprodueesaupctmve pulse train having a

rate, say of 1 KHz. A gate 70 is enabled by

cuts off the continuous wave excitation of 45 the pulses from the square wave generator 68, such that

a repetitive train of bursts of high frequency signals
each of duration T, to T, is applied to the transducer
64. Anomalous transmission to the crystal is terminated
or at least substantially reduced for the duration of

say of 10 MHz, interrupted during the period of 50 each burst.

The leading edge of each pulse from the square wave
triggers the start input of a time-to-pulse

generator

therewith) and permits amplitude converter. The output of the photo detector
transmission through the crystal 26 for the duration of 62, when it reaches a certain level of voltage which
this pulse. 55 corresponds to a certain X-ray intensity, is applied to
The X-rays due to the anomalous transmission the stop input of the converter 72. The photo detector
through the crystal, are applied to an X-ray detector 42 output level which provides a stop trigger to the con-
whnhmaycomofamﬁlhungcrysulmdapholo verter 72, may be suitably a level equal to twice the
level of the photo detector output under conditions
mhﬁedmmmphﬁ«“mdmmhdw&ﬂeawmunm“u-mmmeww

. . the beam in a Cathode Ray Oscilloscope (CRO) 46.  The time-to-pulse amplitude converter 72 may be a
~ The time base on the oscilloscope is initiated by the = commercial instrument which provides an output pulse

. leading edge of the square wave pulse from the square . of amplitude cotresponding to the interval between the

-. . wave generator 40, Since the amount of deflection isa - start and stop trigger pulses which are applied thereto.
function of the intensity of the X-ray radiation anoma- 65 A suitable instrument may be procured from Ortec,

lously transmitted through the crystal, the display on Inc., oanklhdgeTcnnme.tlmrModel‘S‘lThe
ﬂ!eosculloccopeaﬂemponlpmﬁkofthex-nypuke outputoftheconvenernsapphedtommpntofa
envelope. , comparator 74. A reference voltage, which may be

e
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adjustable, is applied to the other input of the compara-
tor. When the amplitude of the converter output pulse
equals the reference voltage amplitude, a pulse is pro-
_duced by the comparator 74 which is counted in a
counter 76. The count registered in the counter is a
factor related to the probability that an X-ray photon is
transmitted through the crystal 60 by the anomalous
transmission mechanism during the intervals T, to T,
when the acoustic strain field is established in the crys-
tal 60, and is therefore a measure of the shuttering
efficiency of the crystal 60.

Consider that the acoustic wave requires a finite time
to propagate through the crystal, for example, an
acoustic wave propagating at a velocity of 1 sec
requires about 50 nano seconds to cut off anomalous
transmission to the crystal. During the period from T,
until a time thereafter when anomalous transmission is
cut off, the X-ray shutter provided by the crystal is
open. Thereafter the shutter is closed. The tion
time may be reduced or substantially eliminated by the
use of optical means for stimulating the acoustic wave,
as will be described hereinafter in connection with
FIGS. 6 10 8. :

A temporal profile of the X-ray radiation, as when a

. 8

at T, by the leading edge of the first pulse from the
pulse generator 116. The crystals 82 to 88 are each
open for anomalous transmission for short, successive
periods of time. Each crystal transmits the X-ray radia-
tion from the target 80 during each such successive
intervals of time. Since the X-ray radiation is sampled
successively by each of the crystals, the total radiation
which is measured and displayed on the oscilloscope
120 is a temporal profile of the X-ray intensity varia-
tions of the X-rays produced when the laser pulse L,
strikes the target 80,

A faster shuttering action may be obtained through
the use of the radiation pressure to directly excite
acoustic fields locally in a crystal in a region where the
X-rays are incident. Such radiation pressure may be

by an intense el ic beam, such as
a light beam produced by a laser which is incident on
the crystal in the region where the X-rays are incident.
FIG. 6 illustrates an embodiment where the light beam
is incident on an edge 101 of a crystal 103 so0 as to
excite an acoustic field 105 in a region transverse to
X-rays which are incident on a front face of the crystal.
FIGS. 7 and 8 illustrate embodiments where the light
beam and X-rays are both incident in the same area of

laser pulse L, strikes a target 80 may be obtained by the 25 the front face of a crystal. The crystals are oriented for
apparatus shown in FIG. 5. A plurality of crystals 82, anomalous transmission of X-rays which are incident
84, 86 and 88 are disposed about the target, each for - upon the face of the crystal in the same region as the

transmitting X-rays emanating from the target in a
different direction. While four 82 to 88 are

light beam. It is believed, without inferring or implying
any limitation to any particular theory, that acoustic

shown, a larger number as indicated by the dash lines in 30 fields of fast rise time, since they are not dependent

FIG. 5, may be provided to obtain a higher resolution in
measurements of the X-ray tranamission characteris-
tics. Each of the crystals 82 to 88 is oriented for Laue
diffraction of X-rays in a different direction. The X.
rays which are anomalously transmitted by each crystal
are detected by separate detectors 90, 92, 94 and 96,
which may be scintillating crystal photo multiplier de-
tectors of the type described above in connection with
FIG. 2. A source of high frequency, say 10 MHz oecilla-
tions, such as an oscillator 98, &s connected through
separate gates 100, 102, 104 and 106 to drive separate
transducers 108, 110, 112 and 114 on one end of the
crystals 82 to 88. The gates 100 to 106 are enabled by
pulses produced by a timing pulse generator 116. The
leading edge of these pulses occur after successive
periods of time. The leading edge of the first puise
occurs at time T,, the second at time T,, the third at
time T, and the last at time T,. The pulses are overiap-
ping such that even the first occurring pulse T, does not
terminate until after the termination of the last puise
Ta- The last pulse T, terminates at the end of the mea-
surement interval. The first pulse T, is applied to the
gate 100 so that an acoustic wave is launched first in
the crystal 82. The next occurring pulse T, enables the
gate 102 so that the high frequency driving signal is
next applied to transducer 110 of the second crysta) 84.
Each of the crystals successively receives the high fre-
quency driving signals at its transducer and the anoma-
lous transmissions of X.rays through the crystais are
successively cut off.

upon acoustic propagation, occurs due to a stimulated
Brillouin effect, by means of which the optical beam
creates an acoustic wave in the crystal by locally gener-
ated electrostriction. Such acoustic fields may build up

35 very rapidly and be of extremely small wavelength,

such acoustic frequencies may be greater than 10 GHz.

The apparatus shown in FIG. 6 is operative in the
streak mode. A laser 107 produces an optical pulse
having a fast rise time and relatively long duration,

40 guitably several microseconds, as by holding the flash-

lamps on for that period of time. A strip of X-ray sensi-
tive film 109 or an array of X-ray detectors detects the
anomalous transmission Iy through the crystal as it is
cut off by the optical pulse. The pattern or the film 109

43 s a streak in the direction between the edges of the

crystal which follows the progressive cut-off of anoma-

lous transmission during the optical pulse period.
Ahternatively the crystal 103 may be oriented with

respect to the incident X-rays, 1;, at an angle which

50 differs slightly from the Bragg angle. When the optical

pulse, which is preferably a short pulse, say less than
one microsecond duration, but having fast use time, is
incident upon the crystal edge 101, an aperture for
anomalous transmission through the crystal is opened

55 which moves in the direction between the edges of the

cryntal thereby exposing 2 streak on the film 109,
FIG. 7 illustrates X-ray control and analysis appara-

tus which uses a laser beam to launch an acoustic wave

in a crystal 130 which is oriented in the path of X-rays

60 from a laser target in a chamber 132 30 as to interrupt
The outputs of the photo detectors 90 t0 96 are ap-  the anomalous transmission of these X-rays. A photo

plied to a summing junction of a summing amplifier detector 134 oppasite the rear face of the crystal 130
118. This summing amplifier also integrates the signals  detects and measures the intensity of the anomalously
applied thereto. For eample, it may be an operational  transmitted X-rays. The output of the photo detector is
amplifier having a capacitor connected in feedback 65 amplified in an amplifier 36 and applied to the Y de-
relationship therewith. The integrated output is applied  flection input of a cathode ray oscilloscope 138.

to the Y deflection input of a cathode ray oscilloscope A timing generator 140 uses two successive timing
120. The time base of the oscilloscope 120 is triggered pulses at successive times T, and T,. These pulses en-




13,991,309

able switches 142 and 146 which apply a voltage to the
muml“mdlsom'amam laser lSZanda

flash lamps which receive voltages from

capacitor
banks (the voltages being indicated at +V) s0 as to S

flash the lamps. -
Uponoccunemeofﬂlcﬁmﬂahattime'l',.the
pumped and a laser pulse, focused by
aluer fuel material in target chamber

56, hits
132, X-rays are then produced. Shortly thereafter at 10
time the

mtchl“uopentedandlaserl“p

ity. During the period between T, and T,, the X-rays

which are anomalously transmitted are displayed on 20

the oscilloscope lss.mmncbaseoftheoscdbscope
.eouuneneesatlhemnc'l‘.meensmggeredbythe

first timing pulse at time T,. Accordingly, a temporal
display of the X-ray emission characteristics, resulting

from the laser lasmaproclm:eclatttu:targetl:ythe25

‘pulse from the main laser 152, is displayed and may be
measured.

+ - Referring to FIG. 8, a laser 160 provides a pulse of
high intensity which is focused and made

10
a display corresponding to the temporal profile of the
X-ray pulse envelope by the laser fusion
reaction of the target 162 will be generated on the
oscilloscope 180.

mmmmmelw:synchronmdbythebeamto
the earliest operating one of the crystals 170 by means
of a photo detector 190 which receives a portion of the
laser beam which is incident on the crystal 170. The
crystal 170 is the first of the crystals in which anoma-
Jous tranamission is interrupted. Immediately prior to
the interruption of X-ray transmission through the crys-
tal 170, the photo detector 190 generates a signal. This
signal triggers a pulse generator 192, which may be a
one-shot, the output pulse from the one-shot is applied
to trigger the time base (or X axis sweep) of the oscillo-

scope display.

methe description it will be apparent
that there has been provided improved methods of and
apparatus for controlling, analyzing and measuring
X-ray radiation, and particularly X-ray radiation which
results from fast X-ray excitation such as can
occur in a laser produced plasma as may result from a
laser fusion reaction. While various embodiments of
the methods and apparatus provided by the invention
have been disclosed, it will be appreciated that varia-
tions and modifications thereof within the scope of the
invention will suggest themselves to those
skilled in the art. Accordingly, the foregoing descrip-
nou:houldbeukenmlysillumauveandnotm

incident on & target 162 by a lens 164 30 as to produce 30 any limiting sense.

a laser atomic particle emission reaction which gener-
ates X-rays. These X-rays emanate from the target in
different directions. A plurality of crystals, only three
crystals 166, 168 and 170 being shown to simplify the

illustration, are disposed along different ray paths and 3s

oriented for anomalous X-ray transmission to photo
detectors 172, 174 and 176.The outputs of these photo
detectors 172, 174 and 176 are applied to an integrat-

ing summing amplifier 178 which operates a cathode -
ray oscilloscope display 180 in the same manner as the 40

summing amplifier 178 and the cathode ray oscillo-
scope 120 described in connection with FIG. 5.
Amxﬂmmmmthroughdlccrymkl“.

What is claimed is:
1. The method of analysis of X-ray radiation which
comprises the steps of

orienting a crystal in the path of said radiation to
enable anomalous transmission therethrough in
accordance with the Bormann effect,

introducing temporarily different conditions of strain
in a direction transverse to the lattice planes of said
crystal whereby to enable and inhibit the anoma-
Jous transmission through said crystal, and

measuring the X-ray radiation transmitted through
said crystal.

2. The invention as set forth in claim 1 wherein said
of introducing different -eonditions of strain is

step
laser 182 which is pumped by optical energy from the 45 carried out by transmitting acoustic waves through said

main laser 160. Such energy is diverted to the laser 182
by means of a dichroic mirror 184. Accordingly, imme-
dmelylﬁcrﬂnhletlﬂlpmduoesmpuke the laser

lunlphtmtoaplmkw
on the front face of the crystals 166, 168 and 170 by a

crystal in said direction.
3. The invention as set forth in claim 2 wherein the
wavelength of said acoustic waves does not exceed the

optical pulse produced by the laser  distance in said direction over which X-rays from a
of beams which are incident 50 point source incident on one face of said crystal spread

as said X-rays pass through said crystal to the face

Jens 184 and echelon 186 arrangement. The lens 184 thereof oppotite to said one face.

and echelon 186 are disposed to provide ray paths of

successively longer length to successive ones of the

4. The invention as set forth in claim 1 wherein said
step of introducing said different conditions of strain is

crystals 166, 168 and 170. The ray paths to the crystal 35 carried out by temporarily applying strain to said crys-

. fupting crystals.
: ,Smeedneuypuhmthecmkl“,t“andl‘mm
longer, thex-nytmm_nmmwnlll?em-

176, and summed and integrated in the amplifier 178,

tal in said direction for a certain period of time which
is short relative to the period when said strain is re-
moved.

§. The invention as set forth in claim 1 wherein said

60 step of introducing said different conditions of strain is

carried out by continuously applying strain in said di-
rection, and ing said strain for a period of time
whic_h‘sshoﬂrelaﬁvetothcpeﬁodwhcnsaidstnhis

65 6. The invention as set forth in claim 3 wherein said

step of transmitting acoustic waves is carried out by
periodically applying bursts of acoustic waves 10 said
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7. The invention as set forth in claim 3 wherein said said measuring step incl&dzcs measuring the anoma-
step of transmitting acoustic waves is carried out by lous X-ray radiation transmitted through each of
continuously applying acoustic waves to said crystal, said crystals.
and periodically cutting off the application of said 21. The invention as set forth in claim 20 wherein
acoustic waves. S said strain introducing step is carried out by the step of

e i T T D L
ekc;rical!y exci}ingsaidcrysta{ with'elecu-ical signals. :le:eof. sl
9. The invention as set forth in claim 8 wherein said 22. The invention as set forth in claim 21 wherein
electric mhveaf:’eq;e&cy in & range much 10 gid acoustic waves are launched by generating a peri-
ranwgem upper en acoustic frequency  odic signal having a wavelength in said crystals less
10. The invention as set forth in claim 3 wherein said  |oon o aeies: 1 2 fitection pert "d,p,e'cw.d- wpau:.
crystal is of piezoelectric material and said step of ap- hgmmesaidcry;t:lhadkeczrmﬂdzuid
plying acoustic waves is carried out by applying and 15 planes and electrostrictively exciting different ones of

removing a high voltage electric ficld extending be-  bys ¥ ;
> ends of smd ich ends are said crystals separately with different successively oc-
substantially coplanar with said lattice planes. cuz?%&“?:&mnmfmmcmmnmm

11. The invention as set forth in claim 3 wherein said _  ¢.i4 acousti P ;
is of piezoelectric material and said step of ap- 20 d acoustic waves are hedbygenegatmgaplu—
mc".’mg P.m“vz"k'c .tenal B rality ofhgl}t beams, dlﬂgum onesqt‘ wlpch occur at
of mi mwave uponwanmd end of said  which wccee;l::ld ul:itervals of time, ant:e dlrec.tmg different
is substantially coplanar with said lattice planes. :';‘" Gh;fb‘:id“‘”ﬁm hey are incident upon
12. The invention as set forth in claim 3 wherein said e o ones Of sad crvitals in approximately the
step of applying e e ey gy 5 ::cml:mt. tion on crystals as where said X-rays are

ing a beam of optical energy upon said crystal in a s oo
l;, -n‘el £ adi ; f said X-rays are incident, th::h::panm for the control of X-ray radiation
5 invention as set forth in claim 12 wherein mpmnses = |

said optical energy is directed 10 be incident upon an STyl having lattice planes spaced from each other
ipe of said 1 at a location which is in i 30 from one end of said crystal to an opposite end

mately the same plane as the X-rays which are incident ". iereof, f . .
uponafaoeofs:idcrysul. v said crystal being disposed in the path of said X-ray
14. The invention as set forth in claim 3 wherein said radiation o that said X-rays are incident on one
sep of applying tic waves is carried out by direct- faoeofmdcryﬂalnang!e_tosaxdlamceylanesto
ing a beam of optical energy to be incident upon a face 35 enable anomalous transmission through said crystal

of said crystal in approximately the same location on from said one face to the face thereof opposite to
nidfacewhensaidx-mysarzyhcﬂem. said one face in accordance with the Bormann
15. The invention as set forth in claim 12 wherein effect, and . o
said optical energy beam is in the form of a burst. means for exciting a strain field in a direction be-
16. The invention as set forth in claim 3 wherein the 40 tween said ends of said crystal for selectively inhib-
step of transmitting acoustic waves through said crystal iting and enabling said anomalous transmission
in said direction is carried out with the aid of an elec- whereby to control said X-ray radiation.

trostrictive transducer mounted on an end of said crys- 25. The invention as set forth in claim 24 wherein
tal which is substantially perpendicular to said direc-  $aid crystal consists of piezoelectric material and said
tion, and including the siep of applying periodic signals 45 €xCiting means comprises means for gencrating a high
to said transducer. voltage electric pulse, and means responsive to said

17. The invention as set forth in claim 16 wherein  pulse for generating an electric field in a direction
said step of applying periodic signals includes the step ~ between said ends of said crystal for exciting acoustic
of applying said signals in a burst. vibration in said crystal.

18. The invention as set forth in claim 16 wherein the 50 26. The invention as sct forth in claim 24 wherein
frequency of said signals is of the order of 10 MHz. said means for exciting said strain field comprises

19. The invention as set forth in. claim 18 wherein ~ Means for launching an acoustic strain field in said
said signals arc applied to said transducer in bursts,  CTystal having a wavelength in said direction less than

which bursts occur repetitively. the distance in said direction which X-ray radiation
20. The invention as set forth in claim 1 wherein said 55 spreads as it passes between said faces of said crystal.
X-rays emanate from a target, and wherein said orient- 27. The invention as set forth in claim 26 wherein

ing step consists of the step of orienting a plurality of  said launching means comprises means for exciting said
crystals in locations spaced from each other about said  transducer into acoustic vibration at a frequency of at
target t0 enable anomalous transmission of X-rays  least 10 MH2.
which emanate from said target in a plurality of direc- 60  28. The invention as set forth in claim 24 wherein
tions, the X-rays emanating in different directions  said exciting means comprises an electroacoustic trans-
being incident upon different ones of said plurality of  ducer mounted on said one end of said crystal, and
crystals, ‘ means for applying periodic electric signals to said
said strain introducing step consists of the steps of  transducer. ‘
sequentially introducing a like change in the condi- 65 29, The invention as set forth in claim 28 wherein
tion of strain in different ones of said crystals, the  said applying means includes means for generating
changed condition of strain existing for successive bursts of high frequency electric signals which occur
periods of time, and repetitively.
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30. The invention as set forth in claim 28 wherein  ing different ones of said crystals successively, and
‘said applying means includes means for generating a  means responsive to anomalous X-rays transmission
continuous wave high frequency signal, and means for  through said crystals for providing an output signal.
inhibiting said signal for a predetermined period of s representing the intensity of said X-ray radiation from
time. - said source.
31. The invention as set forth in claim 30 wherein 37. The invention as set forth in claim 36 wherein
?y‘d ’lfi:hay’ are m;:t:fdm a target n.:l l::"::lm‘ed said exciting means eomp‘e'n;es a %I:;fralny of em
a energy pul energy, a apply-  strictive transducers mounted on a different one i
ing means includes means for detecting said laser puise,  plurality of transducers at said one end thereof, a
mtoﬁ;;m“‘-"ﬂtg a “&mlmm! wg::“m 10 yource of high frequency oscillations, and means for
predetermined pe n successively connecting said source to diff f
laser pulse is detected, and means for applying said saldu'al:il&:en. said crentones o
control pulse to said inhibiting means. , 38. The invention as set forth in claim 36 wherein
u?dzemn:'m:m':w & c‘a":_" 4 ""‘F"‘: s 5aid exciting means comprises a laser which produces a
g mcans I L BT s G high intensity pulse of light, and means for splitting said
g‘“k‘rﬁmm‘wwml “““rmﬁ‘;‘;’sw laster pubse into a plurality of beams, along paths of
33. The invention as set forth in claim 32 wherein dl_ﬂ'erent length, CEnEE RO (LI e Pf
: o : . said crystals in the same region thereof where said
said exciting means includes means for generating a X-rays are incident thereon 5
beam of said optical energy which is incident upon an 20 ™59 gy invention as set forth in claim 38 wherein
edge of said crystal, the location of incidence of said aaid. o . " .
» bl splitting means includes an echelon disposed in the
beam and X-rays being in the same plane mutually e .
perpendicular 1o said edge and said one face path of illumination from said laser.
a0 ! 8 O A . 40. The invention as set forth in claim 24 including
34. The invention as set forth in claim 32 wherein f ine the X radiation
said optical energy provided by said exciting means isa 25 eans for measuring the anomalous X-ray radia
beam, said beam being inci on said face i tnnsmmedthroughsaldcrystalsothatthetempoml
5 g incident on said one in “stics of said radiati be anal
about the same location as said X-rays. characteristics of said radiation can be 4 y”dhe .
35. The invention as set forth in claim 34 wherein m“};:fm:"m as set forth in claim 40 wherein
said X-rays are provided by a first laser which uces e YL Do T
a pulse o);'shigh intensity ly;gm which is incidz::don a 30 ducer mounted on said one end of said crystal, a source
target, said first laser having pumping means operative  Of pulses having a certain repetition rate, a high fre-
when enabled to provide said high intensity pulse, said ~ Quency oscillator providing A.C. signals of frequency
exciting means comprising a second laser having pump- ~ much higher than said repetition rate, gate means oper-
ing means operative when enabled to cause said second  ated by said pulses for applying said A.C. signals to said
laser to produce said pulse of optical energy which is 35 uuuducerfonhednnnonot‘saidg(ulses,andwherein
incident on said onc face of said crystal, means for  3aid measuring means includes an X-ray detector dis-
successively operating said first laser pumping means,  posed lﬂ:; path Of‘::ﬂnﬂlqllf X-ray transmission
and said second laser pumping means, and means for  through crystal providing an output in re-
measuring the anomalous X-ray transmission through  sponse to said anomalously transmitted X-rays, means
said crystal during a period commencing when said first 40 for converting the intervals of time between the onset
laser pumping means is operated. of each of said pulses and said outputs into output
36. The invention as set forth in claim 24 whereina  pulses having amplitudes corresponding to the duration
plurality of said crystals are provided each for receiving  of said intervals of time, and means for counting each
X-rays emanating in a different direction from a source « of said pulses which exceed a certain amplitude.
thereof, said exciting means includes means for excit- 0 © 000 )




