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ABSTRACT 

The primary emphasis o f  this thesis involves an investigation 

of techniques for the control and modulation of x-ray radiation 
through acoustic perturbation o f  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 o f  the basic properties of x-ray propagation In solids 

reveals that  practical methods for x-ray control or modulation 

must involve changes i n  the spatial configuration of x-ray 

scatterers. 

Numerical meth 

acoustical 1 y perturbed 

methods special emphas 

i n  thick crystals. 

ds for the study o f  x-ray propagation i n  

crystals are formulated. In developing these 
s has been placed on Borrmann transmfssion 

Modulation and shuttering (on a micro-second timescale) 

of x-rays are experimentally demonstrated. A quantitative inves- 

tigation of the basic interactions used t o  produce modulation and 

shut ter ing is presented. Agreement between the experimental obser- 

vations and the theoretical predictions is w i t h i n  experimental error. 

An analytical investigation of the basic potential and 

limitations o f  x-ray modulation s h u t t e r i n g  and control devices is 
presented. Bask design cr i ter ia  for x-ray modulation devices i s  form- 

ulated and applied t o  practical configurations. 

Nov. 1976 
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INTRODUCTION TO X-RAY OPTICAL PHENOMENA 

1.1 General Introduction. 

1.2 X-Ray Dispersion Characteristics. 

1.3 Basic Properties of Crystal Diffraction of X-Rays. 

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

1.5 Sumnary. 



C 

-2- 

1 .'I GENERAL INTRODUCTION 

As the region of coherent electromagnetic generation has been 

extended from the microwave into the optical regime, the need for  

control and detection devices i n  these regions of the spectrum has 

greatly increased. T h i s  need has produced a variety of electrs- 

and acoustooptic devices that can modulate, shutter, f i l t e r ,  or 
redirect the radiation, usually on a f a s t  time scale. In 

addition, these control devices, i n  conjunction w i t h  appropriate 

feedback mechanisms, i n  many cases form the basis for the coherent 

signal generation i t s e l f . '  "he possibility of generation of coherent 

x-rays and the correlative need t o  better understand x-ray control 

and detection forms the inspiration for the present study. 

~ '. -- I. * 

One prominently mentioned possi b i  1 i t y  for the generation of 

stimulated x-ray emission is the use of a laser produced plasma. 

Large fluxes of incoherent x-ray emission are routinely produced 

i n  laser plasma experiments. -In many cases these x-ray pulses are 

subnanosecond i n  duration. The temporal structure of these pulses 

cannot thus be s tud ied  by conventional detector-oscilloscope measure- 

ment systems. Traditionally very fas t  pulses (qnsec)  i n  the optical 

regime have been studied by the use of either streak camera systems 

or sampling ( shu t t e r ing  or framing) devices. 

graphy techniques have been extended t o  x-ray wavelengths. Thus fa r ,  

_-. ~ 

Recently streak photo- 

however, switching 

demonstrated (even 

useful t o  know the 

or shut ter ing methods for x-rays have not been 

on microsecond timescales). I t  would be very 

basic potential for devices that are capable of 
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sampling the temporal characteristics of a fas t  x-ray pulse. 

Conversely, the very fas t ,  intense b u r s t  of x-rays produced 

by a laser plasma provides i n t r i g u i n g  possibilities for the study 

of fas t  processes i n  sol ids .  

produce very intense shock waves i n  solids ( l ) .  These shocks, i n  

t u r n ,  can produce sol id-sol i d  phase changes. The temporal character 

of such phasechanges migh t  be studied w i t h  the use of fas t  x-ray 

bursts synchronized t o  the main shock inducing laser pulse. 

order t o  evaluate such possibilities a study of the basic nature 

For example, 1 asers can be used to  

In 

of x-ray scattering i n  the presence 

has been undertaken. 

Typically fas t  (subnanosecond) 

of transient 

switching or  

s o l i d  perturbations 

shuttering devices, 

i n  the optical regime, operate through use of some form of the 

electrooptic effect. As discussed below, electrooptic effects a t  

x-ray wavelengths (changing the x-ray polarizability o f  a material) 

would be quite difficult' t o  observe. On the other hand, x-ray wave 

propagation i n  a solid can be markedly affected by changing the 

relative positions of atomic scatterers w i t h i n  the material. A 

simple example o f  this can be obtained by considering ordinary 

Bragg reflection from a crystal. When a collimated monochromatic 

beam of x-rays f a l l s  on a crystal "reflection" occurs when the beam 

makes a certain angle w i t h  internal planes of atoms (i.e. sat isf ies  

Bragg's Law). If the spacing of atomic planes i s  disrupted, the 

reflection of x-rays w i l l  be reduced or eliminated. 
- 
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It is found that changes in the spatial configuration of x-ray 

scatterers is the most effective way of controlling x-ray propaga- 

tion. 

The primary thrust of the present study is an investigation 

of methods for the control of the propagation of x-rays. 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 in perturbed structures .- These techniques 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 o f  x-rays and acoustic waves. Chapter 3 also descri.bes 

demonstration of several practical applications for both the control 

of x-rays and the use o f  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 1 imitations on x-ray control device 

parameters. 



- 5- 

- 1.2 X-RAY DISPERSION CHARACTERISTICS 

The description of elastic scattering of x-rays by atoms follows 

the classical Lorentz harmonic oscillator model(2) (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 generally 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 index. 

The dispersion calculation proceeds as in the optical case (such 

as appears in detail in many classical  reference^(^)(^)). Only 

a brief outline of the procedure will be given here. The equation 

of motion of the atomic electrons is written as a differential 

equation for a damped harmonic 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 

polarizability 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. 

calculating the dispersion characteristics according to the Lorentz 

model, one finds that in the x-ray regime,the index-of refraction falls 

In 
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n 
REGIONS OF 
ElECTRON IC 

RESONANCES 

w 

Figure 1-1- Real part o f  the refractive index as a function 
of frequency . 
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below unity. T h i s  is the natural outcome of the classical dispersion 

equations for frequencies that are higher than  a l l  or  most of the 

system resonances. 

The simple Lorentz model is adequate t o  predict the general 

behavior of the refractive index i n  the x-ray regime. When more 

detailed information (such as the angular d i s t r ibu t ion  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 w i t h  x-ray wavelengths between .5 A and 50 A. 

In the x-ray regime wavelengths become comparable t o  atomic dimen- 

sions. This requires that interference effects between the scattered 

waves from various electrons w i t h i n  an atom must be taken in to  

account i n  calculating the to ta l  scattering due t o  an atomic species. 

In most cases the scattering process i s  taken t o  be Thompson free 

electron scattering. The d is t r ibu t ion  of electron density w i t h i n  

the atom i s ,  however, obtained from quantum mechanical calculations 

(Thomas -Fermi or Hartree-Fock) . 

0 0 

Tabulations of atomic scattering factors (or  "form factors", 

as they are sometimes referred to)  vs. wavelength and scattering 

angle are found i n  almost a l l  books on x-ray diffraction the or^(^)(^). 
In the vicinity of atomic resonances, such as the energy necessary 

t o  remove a K-shell electron, (referred to  as the K edge), i t  is 

necessary to  add correction factors. These corrections have both 

a real and an imaginary part-The imaginary par t  o f t h e  a W ? c  scat- 

tering factor contains the description of the absorption processes. 
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More will be said about atomic scattering factors i n  the next 

chapter . 
The implications for reflection and refraction of an index 

slightly less than unity are clear. Substantial Fresnel reflec- 

t ions from surfaces can only occur a t  large angles of incidence 

(typically grazing angles of a few degrees). In addition, a t  

very large incidence angles, i t  is possible t o  have total  external 

reflection (since the index of a so l id  medium w i l l  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, 

i n  considering possible x-ray switching, modulation and control 

devices, we mus t  remember that substantial refractive effects 

(i-n the usual sense) cannot be produced. 

The fact that x-ray frequencies are large compared to  most 

electronic resonances has other important consequences . A t  x-ray 
frequencies, most of the electrons appear free, i .e. the energy 

of x-ray quanta approaches the binding energy of most of the 

electrons. Th i s  implies that  the electrons s t a r t  t o  participate 

more or  less equally i n  the scattering of x-ray radiation. 

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, i n  order t o  produce electro- 

optic effects, externally applied fields must  per turb  the whole 

electronic cloud. Th i s  requires electric field strengths of the 

order that  would ionize most or a l l  of the electrons. 

In 

c 
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As an example, consider the difference in x-ray 

--index- for Be f I - n -  5.3 x ) and 6e ( 1-n = 

1.5 x ) +  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 

fast(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, the previous 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, i s  almost entirely due to the 

photoelectric effect. With presently existing laser technology, 

it is possible to rapidly produce high ionization states of small 

portions o f  solid materials. For example, ~alculations(~) 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 cou?d no 

1 onger 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 

I I 
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target consisted of a one micron foil, it would transmit only e-8.1 

(at 44 A). When the aluminum is heated with a flux density of 

1014 watts/an2, he1 ium and hydrogen-1 ike states are easily produced. 

Once these ionization states have been reached, a significant change 

in the (44 A) transmission of the foil should take place. Such 

0 

0 

a process could be used in probing the instantaneous ionization 

state of a plasma. 

The.angular characteristics of x-ray reflection from sol id 

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 
0 

in the 1-10 A range are described in Compton and 

Studies in the 20-100 A range have been performed by Lukirski(8).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). 

we will rely on the classical predictions. 

0 

In the present analysis, 
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The complex index of refraction is usually written as 

i n = n  + i n  r 

= 1 - 6 - i B  

where nr = 1 - 6 = real part of index 

n = -B = imaginary part of index. i 

Two important relations involving 6 and I3 are easily derived(2) from 

classical dispersion theory . 

6 = 9c2/2 

where 9c = critical angle 

where pe = 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- 

tai ned. 
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Figure 1-2 shows a plot of R vs. the ratio e/ec for various values 

of absorption (6). Such relationships provide valuable information 

for evaluating methods of control of x-ray propagation. 

First, we note that reflectivity is a strong function of angle. 
0 

For example, the reflectivity of Be at 23 A will change from 17% at 

3' (grazing angle) to .25% at 4'. At 4 A the reflectivity of aluminum 

will change from 70% at 40' to 5% at 1'30'. Thus, rather sharp changes 

in reflectivity can be produced by changing the angle of incidence. 

In the next section,methods for producing such changes will be discussed. 

0 

We note also from Figure 1-2 that the reflectivity depends strongly 

on the imaginary part (governed by absorption) of the index for angles 

of incidence near the critical angle. A change in the absorption, such 

as by production of high ionization states (as described earlier) ,could, 

thus, measurably a1 ter the reflectivity. Changing the absorption 

coefficient by an order of magnitude would, however, be quite diffi- 

cult. For lower atomic.number elements (2<20), the change in passing 

through the K shell edge is about one order o f  magnitude. Thus, i n  

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 electrooptic effects) o f  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 well- 

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-ray diffraction that are pertinent to switching, 

modulation, and control o f  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 the crystal was treated as an atomic scale interfer~meter.(~) 

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 0 = A (1-3) 

Differentiating, we obtain 

-L- ~ 

The quantity 6(2d)/2d in Equation 1-4 corresponds to a strain. 

Since a significant change in diffraction occurs only for values o f  

A~lo'~, a strain induced change in the 2d spacing of about 

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 perpen- 

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 
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Figure 1-3. Laue Diffraction geometry (used for observation 
of the Borrmann effect). 
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in solids in both the Laue and Bragg cases. One interesting property 

that becomes evident is the fact that the absorptive character of 

the field can be highly directionally dependent. A striking mani- 

festation of this behavior i s  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(lO). 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. (13) These effects are discussed in detail in Chapters 2 and 3. 

The phenomenon of x-ray crystal diffraction is the result of 

constructive interference o f  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 distance. 

An example of the meaning of an extinction distance, i n  t h e  parti- 

cular case of the Bragg diffraction geometry, is shown i n  Figure 1-4. 

The diffraction process i n  a highly perfect crystal w i l l  be vesy 

effective i n  removing energy from the incident beam (wavevectos 

6)  and transferring it  to  the diffracted beam (wavevector $)- 

The x-ray field penetrates only a small distance into the crystal and 

the diffraction results from contributions from a very t h i n  layer 

near the surface, 

The extinction distance has a quantitative meaning tha t  will1 

be developed i n  Chapter 2, but i t s  qualitative implications are 

clear. The extinction distance ( i n  the Bragg geometry) typically 

varies from about -5  t o  10 microns. This  characteristic distance 

is very important. If acoustic propagation times were the l imi t ing  

factor, these regions can be "addressed" i n  times ranging from 

50 p.s. t o  10 nos. 

The process of x-ray diffraction from crystal l a t t i ce  planes 

is h igh ly  angle dependent. 

o f  diffraction (a quantity analogous t o  a reflection coefficient) 

for a quasi-coll imated, non-monochromatic beam, the principl'e o f  

integrated intensity is introduced(ll). The basic concept of inte- 

grated in tens i ty  fs illustrated i n  Figure 1-5(a)A diffracting crystal 

is rotated (angular rate a) w h i l e  diffracting t h e  uncollimated non- 

monochromatic input  beam. The entrance aperture i s  assumed large 

In  order t o  characterize the efficiency 

enough t o  collect a l l  of the diffracted x-rays a t  a l l  times. 

IL 
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Figure 1-4. Illustration o f  the phenomena o f  extinction. 
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Figure 1-5. Illustration o f  the concept of integrated 
intensity and the elementary model o f  a 
mosaic crystal. 
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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 the 

crystal surface. The total energy reaching the detector is an 

integration of the diffracted intensity over the area of the beam 

and over time. Let us define: 

dt = de/dw 

where €3 = angle of incidence of B ray striking 

the crystal. 

1 Then E = ;J IJIdAde 

1 = - .fPdO w (1-5) 

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/P, = IA/Io A, = I/Io 

The quantity &/Po is sometimes referred to as the "integrated 

reflectivity" and is used in the sense of an effective reflection 
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coef f i c ien t  t o  be associated wi th  the x-ray d i f f rac t i on  

process. 

The concept o f  integrated r e f l e c t i v i t y  can be used t o  

explain one very in terest ing aspect o f  x-ray d i f f r a c t i o n  by 

s l i g h t l y  imperfect crystals. Shown i n  Figure 1-5(b) i s  a simple 

model o f  a s l i g h t l y  imperfect crystal .  Each small block contains 

a domain of perfect c rys ta l l i ne  material. The domains are, however, 

s l i g h t l y  misaligned with respect t o  one another. Such a p ic ture 

i s  re fer red t o  i n  d i f f ract ion l i t e r a t u r e  as a mosaic crysta l .  . 

Now, suppose a ray i s  incident on one o f  the mosaic blocks 

but (because o f  -angle o r  A), does not sa t i s f y  Bragg's law. Be- 

cause o f  the small size o f  the block, the ray can penetrate i t  

without suffering much absorption and intercept a block beneath 

tha t  does sat isfy Bragg's law. Thus, a s l i g h t l y  imperfect crysta l  

can, under some circumstances, present a larger e f fec t i ve  angular 

co l lec t ion  aperture than a perfect  crysta l  and, thus, have a 

greater integrated re f l ec t i v i t y . .  I t  i s  possible t o  introduce im- 

perfections tha t  resemble the mosaic p ic ture through the use of 

acoustic waves. T h i s  s i tua t ion  w i l l  be discussed i n  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(6). At elevated 

temperatures, the atoms in a solid execute large deviations from 

their equilibrium lattice posiJions. This process smears out the 

atomic lattice planes and leads to a cancellation of the coherent 
- --. 

x-ray interference. 

present study, the atomic vibrations will have a spectrum closer 

In most of the cases to be considered in the 

to 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 is 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) would 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 following 

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 sol ids 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 

small er. 
0 

Consider the case of reflection of 5 A radiation from a flat 
0 

highly polished aluminum surface, If 5 A x-rays are incident on 

the surface at a grazing angle of .68O, they are 70% reflected. 

Now, suppose, as illustrated in Figure 1-6, that a sine wave pertur- 

bation of the surface i s  introduced. If the amplitude of the wave 

were about 200 A with a wavelength of 1 micron, a ray incident at 

a node would have its angle of incidence changed by 7.Z0 (with 

0 

respect to the initial condition of a flat surface). The reflectivity 

for 5 A incident on aluminum at 7O (grazing angle) i s  less than 1%. 
0 

The surface acoustic perturbations will, thus, act 1 i ke 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 4. 

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 

o f  acoustooptic interactions. X-ray acoustooptic effects for the 

purpose of control, modulation, and shuttering have not been pre- 

viously studied. 
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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 x-ray scattering in dynamically 

perturbed structures. 

entirely new technique has been developed for the solution of the 

basic propagat on equations. Numerical (computer) methods have 

been developed for analyzing acoustic interruption of Borrmann 

transmission. These methods have been used for specific quanti- 

In one case (Bragg diffraction geometry), an 
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tative comparison with experiment. A phenomenological description 

of the effect of vibrational spectrum on acoustic perturbation of 

diffraction is presented. 

In Chapter 3, various techniques for modulation and shuttering 

of x-rays are experimentally 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 

described in Chapter 3 represents the first use o f  the Borrmann 

effect for the study of acoustic waves in solids. The technique 
- . -  . - -. .~ 

developed here has very recently been employed by another author (14) 

to study important properties o f  acoustoelectric amp1 ification. 

Several other applications of this sort are described in the ensuing 

chapters. 

In Chapter 4, a fundamental analysis of the potential and 

1 imitations 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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and Application 

2.6-4 limits of Refractive Theory and Sntroduction to 
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2.7 General Theory of X-ray Scattering in the Presence of Lattice 
Vibrations. 
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- 2.7 INTRODUCTION TO THE THEORY OF X-RAY DIFFRACTION I N  CRYSTALS 

For the majority of x-ray diffraction work such as materials’ 

structure analysis, a simp1 ified approach known as kinematical theory 

is used. 

good approximation the directional characteristics of the x-ray field 

and gives a rough approximation of the intensity. Kinematical theory 

does not take i n t o  proper account the effects of multiple x-ray reflec- 

tions or of absorption. 

reflection i t  is assumed that there is no multiple scattering and that 

the process of diffraction negligibly perturbs the propagation of the 

In  general, i t  can be said that this theory predicts t o  a 

For example, i n  the well-known picture of Bragg 

i n p u t  beam. 

crystals under consideration have a large degree of perturbation of the 

Ironically, this approximate theory works best when the 

regular l a t t i ce  structure. In such a case mul t ip l e  reflections do not 

bu i ld  up  over a significant number of atomic planes and absorption 

can be dealt w i t h  by simple exponential factors. 

When a crystal has a high degree of regularity and s ta r t s  t o  

approximate the ideal la t t i ce  structure, m u l t i p l e  reflections (scatter- 

ing )  become important and significantly affect the prapagation of the i n p u t  

beam. The situation begins to approximate the operation of an interfer- 

ome.ter. In fact, the simplest development of the multiple reflection 

phenomena (Darwin)(’ 

layer optical t h i n  films. 

is closely analogous t o  the analysis of mu1 t i-  

As i n  the case of optical interferometers when the number o f  

effective reflections (or interfering beams) increases, the resolution, 

or resonant sel ecti v i  t y  , a1 so increases . Viewed from a different 
I ,  
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perspective, the h i g h  resolving power a l so  implies that  for a mono- 

chromatic beam, there is a h i g h  degree of sensitivity to  changes i n  the 

periodic structure of the interferometer. In the case of a diffracting 

crystal, a change i n  the characteristic spacing o f  l a t t i ce  planes 

sharply changes its angular and wavelength reflection characteristics. 

When the la t t ice  structure of a perfect crystal is perturbed, a 

variety of effects can occur, and the integrated intensity might 

increase or decrease. We are primarily concerned here w i t h  dynamic, or 

time dependent perturbations introduced by acoustic waves and la t t ice  

vibrations. In this chapter we w i l l  first present the formal deri- 

vation of the complete equations of dynamical diffraction theory. The 

case of Bragg diffraction ( la t t ice  planes parallel to  the entrance 

face) w i l l  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 t h i n  film theory. 

The Laue geometry problem (diffracting planes perpendicular t o  the 

crystal entrance face) w i l l  be developed using the more rigorous 

Ewald-von Laue picture. In us ing  both of the major theoretical 

approaches, we develop the f u l l  range of techniques needed t o  deal 

w i t h  a l l  of-the interesting cases t h a t  w i l l  arise la ter  when dealing 

w i t h  imperfect crystals. 

Bragg problems i n  the simplest and most physically i n t u i t i v e  forms. 

In add i t ion ,  we are able t o  s ta te  the Laue and 

The Darwin matrix and Ewald-von Laue theories are next extended 

to  describe distorted crystals. In the case o f  slightly distorted 

crystals, two theories have been developed. A computer ray trace 
, ,  
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program based on a lamellar model of the crystal is described. This 

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

x-ray propagation i n  slightly distorted crystals developed by Penning 

and Polder. (15) T h i s  picture takes into account refraction of x-rays and 

. 

has many similarities t o  Eikonal theory i n  ordinary optical propagation 

theory. 

When very large strain gradients are present, both of the above- 

mentioned theories fa i l  and more sophisticated techniques are required. 

This regime is described theoretically and related t o  experimental 

observations i n  Chapter 3. 

Finally, a t  the end of the present chapter, we describe the 

effects of various types of crystal la t t ice  vibrations (including the 

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

In order t o  give a quantitative description of the effect  of 

acoustic perturbations on x-ray diffraction, i t  is necessary t o  employ 

one o f  t h e  formulations of dynamical diffraction theory. 

The simplest, and historically the earliest, treatment o f  dynamical 

x-ray diffraction theory was given by i n  1914. He dealt 

w i t h  the simple picture of Bragg diffracting planes parallel t o  the 

face of a crystal. 

Darwin’s solution of the problem involves three basic steps. 

1) First,the Fresnel diffraction problem for a plane studded 

w i t h  discrete scattering centers (atoms) i s  solved. T h i s  gives an 
effective (complex) reflection and transmission coefficient for x-rays 

incident on the atomic planes a t  a particular scattering angle e. 
T h i s  is i l lustrated i n  Figure 2-1. The reflection coefficient 1s 

i q  where 

e2 Xf(2e) 
mc (sine) 

. q = ~  M 

The quantity e 2 2  /mc i s  simply the Classical electron radius, 

while M = number of atoms/unit area i n  the plane. 

f = atomic scattering factor a t  angle e for the 

parti cul a r  atoms involved . 
The transmission coefficient through the plane of atoms is  ( l -h+iqo) .  

The quantity h is a phenomenological absorption term representing the 

loss a ray suffers i n  passing through a plane of atcnns. The quantity 

l+iqo represents the primary beam p l u s  the forward scattered component 
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LATTICE 
/PLANES 

Ti If R j 
Tj tJv Rj+r 

MULTIPLE REFLECTION PICTURE OF 
BRAGG GEOMETRY CRYSTAL DIFFRACTION 

Figure 2-1. Illustration o f  the Darwin difference equation 
formulation o f  the Bragg reflection problem. 
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(at scattering angle PO). 

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 below. The situation is indicated in Figure 2-1. 
Y 

3) Finally, in the original Darwin formulation, an approximate 

analytical solution to these difference equations is found. 

. One o f  the purposes of the present study is to exploit and develop 
analogies between interferometric and acousto-opti c techniques (.Bn 

the optical regime) and similar techniques at x-ray wavelengths. 

this vein, it is very interesting to compare the Darwin approach to 

In 

general theories of wave propagation periodically stratified media (3,495) 

such as are applied to problems in multilayer coating work. 

to emphasize these relationships, a derivation o f  the Darwin results 

using a matrix approach i s  presented. 

In order 

We make the following identifications of Coefficients in the Darwin 

equations. 

A E iq 

B (1-h+iqo) e -i$ 

C 5 (iq) e -219 

The Darwin equations are now written as 
I 

Rj = ATJ + B Rj+l (2-Y 1 a 
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Tj+l = BTj + C Rj+l 

So lv ing  f o r  T .  i n  2 t l ( a )  and s u b s t i t u t i n g  i n t o  2- l (b) ,  
J 

T -+1 -CR .+l 
R j  = A [ ] + BRj+l 

or. 

S u b s t i t u t f n g  this expression f o r  R .  back i n t o  Z- t (a )  
J 

- A T + [B - -Rj+l = AT + BRj+l B j+l f 

from which 

, (2-1) b 

C - - R  T j = - T  1 
. B j+l B j+l 

Using 2-2 and 2-3, we may write t h e  fol lowing matrix equat ion.  

B -AC 
(2-4) 

- - 
M - - 

The matrix M expres ses  t h e  r e l a t i o n s h i p  between t h e  r e f l e c t e d  and = 
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transmitted waves a t  one plane i n  terms of R and T a t  the next 

adjacent pl ane 
I t  is he lpfu l  a t  t h i s  point t o  introduce a new variable 

v = -  2Td (sin e - sin eB) x (2-4)a 

which is essentially a deviation parameter indicating the departure of 

the incidence angle from- the nominal Bragg angle. As s h m  by 

Warren (2),  Bragg's law may now be written: 

2 d ~  sin e 
x = rmr+qo+v (2-5) 

Equation (2-5) incorporates the usual form o f  Bragg's law plus a 

correction for  the average index of refraction of the crystal. Using 

the parameter v the elements o f  matrix M may now be written: = 

A = i q  

The quantities qo  and q represent the scattering a t  the angles 0 and 8 

respective1y;of a single plane o f  atoms. They are small quantities of the 

order of - loo5. The deviation parameter, v, i n  typical situations is. 
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-4 also o f  the order o f  10 . We, thus, make approximations for the 

phase factors, 

(e-*') e -'*(qo+vf (1-2q-2iv). 

The quant i ty B may, thus, be wr i t ten  

B = ( l+iqo) ( l - iqo- iv)  

= 1-iv-h 

ignoring higher powers of small quant i t ies as compared €0 unity. 

Likewise, we may express the quantit ies: 

2 B -AC =- 

(1-h-iv)? - ( i q )  2 (1-2iqo-2iv) 

= 1-h-i (2v) 

Matrix M may now be wr i t ten as: = 

1 
I -h- iv l-h-i(2v) J (2-7) 



-38- 

The usual quantity that is of interest i n  t h i n  film and crystal 

problems is the rat io  of incident t o  reflected field amplitude a t  

the boundary of the material, i.e., the effective reflection coeffi- 

cient of the structure. In order t o  obtain t h i s  information, Bound- 

ary conditions must be imposed on the equations. Normally, one as- 

sumes tha t  there is a finite extent t o  the layered medium w i t h  no 

reflected wave coming from the substrate. Thus,  a t  some layer, 

j=f, q = O ,  and Tf i s  totally transmitted i n t o  the substrate. If 

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

where (MJn is the n t h  power of the matrix i n  Equation 2-4. Letting - 

r is an effective amplitude reflection coefficient for the crystal Jhe 

fundamental difference between the multilayer film problem and x-ray 

diffraction i s  that  i n  the fonner'case the number of layers involved 

i s  a definite,'fixed, known quantity. In this case the reflectfon 

. 
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coefficient of the stack is obtained by exponentiation of the matrix 

- M. In the x-ray case, however, the usual assumption (as in Darwin's 

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

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

ftnes the interaction to a finite number o f  atomic layers. Thus, 

- 

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

assume a f ixed 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. 
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- 2.3 APPLICATION OF DARWIN-MATRIX PICTURE TO CALCULATION OF 

CHARACTERISTICS OF INTEREST IN ACOUSTIC PERTURBATION STUDIES 

In order to obtain the reflection coefficient for a crystal, the 

matrix M must be raised to the appropriate power n where n = the number 

of atomic layers involved. A computer program has been written to 
= 

numerically evaluate the exponentiation of the matrix IC M. This routine 
4 can efficiently calculate powers of 0 M as high as 3x10 . The intensity 

refll'ection coefficient R i s  then obtained from the fol7owing formula. 

Let us consider a typical example of the 200 reflection in NaC1. 

For this reflection q=h10°4 and h (the loss in passing through a 

single plane of atoms) is - 8 ~ 1 0 ~ ~ .  We will first calculate the reflection 

coefficient for a ray incident exactly at the Bragg angle (that i s  v=o). 

Figure 2-2 

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 o f  x-ray diffraction can be quite efficient. 

Of course, in most practical cases, there is a deviation from the Bragg 

condition, (An uncoll imated non-monochromatic beam will of course, 

show less reflection.) 

shows a plot of the computer calculations of reflection 
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0.6 
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NUMBER OF LATTICE PLANES x ioo3 

Figure 2-2 . Numerical (matrix) calculation of the x-ray 
intensity reflection coefficient as a function 
o f  the number of lattice planes in the crystal. 
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The second important character ist ic o f  Figure 2-2. i s  t ha t  the - 

r e f l ec t i on  coef f i c ien t  asymptotically approaches unity. This i s  a 

manifestation o f  the phenomenon o f  ext inct ion. The d i f f r a c t i o n  process 

e f f i c i e n t l y  re f l ec ts  energy out o f  the incident beam thus l i m i t i n g  i t s  

penetration i n t o  the crystal.We see from Figure 2-2 

14x10 l a t t i c e  planes, almost a l l  o f  the energy has been transferred 

from the incident t o  the ref lected wave. Thus, the m a t r i x  approach 

eas i l y  lends i t s e l f  t o  a numerical calculat ion of the ext inct ion d i s  

tance once athe quantit.its q and h are known. 

t ha t  a f t e r  about 
3 

An analy t ica l  expression f o r  the ext inct ion distance can be ob- 

tained by using the or ig ina l  method (Darwin) o f  solut ion of the basic 

Equations 2-1. Darwin assumed an analyt ic solut ion o f  the fonn: 

Darwin found tha 

~. 

j TJ = X 

where X i s  a polynomial. 

X can be adequately approximabed by: 

X + 1 / X  = 2 + q 2 + (h+iv)  2 

(2-10) 

The typ ica l  convention for def in ing the ext inct ion distance i s  t o  calcu- 

l a t e  the distance f o r  the primary beam t o  f a l l  t o  l / e  o f  the input  and 
to use the approximation tha t  v=O. (2) (18) 

Usfng t h i s  convention and the solut ion given by Z-IO, the fot- 

lowing expression f o r  the ext inct ion distance may be obtained. 
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(2-11) - 
dext -.* - 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 
0 

(200) planes in salt (for A =lA) to be 0.91 microns. As may be seen 

from Figure 2-2, the l/e point as calculated by the matrix technique is 

approximately 1.08 microns (recalling that the 2d spacing is 2.8 A). 
0 

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 l/e reduction in intensity due to normal (photoelectric) ab- 
0 

sorption. For NaCl (X=l.l A), the absorption coefficient is(2) about 

26 cm". The'l/e distance is, thus, 380 microns.We, thus, see that 

under certain circumstances, extinction can be a much stronger effect 

than ordinary absorption. 

tion and absorption distances will be calculated and discussed in rela- 

tion to potential device parameters. 

In Chapter 4, typical values for both extinc- 

The second property of crystal diffraction that is of vital interest 

is the angular width of the reflection orsin other wordssthe diffracted 
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i n tens i ty  as a function of deviation from the exact Bragg angle 

(corrected f o r  the average ref ract ive index). 

the angular behavior using the M a t r i x  technique, we must re tu rn  t o  

I n  order t o  calculate 

Equation 2-7 and include the parameter v which i s  a measure o f  deviat ion 

from the Bragg angle. The input data t o  the computer matrix exponen- 

t i a t i o n  rout ine i s  now updated t o  include the parameter v. 

As a numerical example, we w i l l  once again base our calculat ion 

on the@OO)reflection i n  NaC1. Figure 2-3 displays a p l o t  of 

dif fracted in tens i ty  vs. angular deviat ion f rom the Bragg condition. 

We f ind t h a t  t o  reduce the diffracted in tens i ty  by 1/2 o f  the peak 

(v=o) requires an angular deviat ion Ae=1.52~10-~ rad. Such a sensi- 

t i v i t y  i s  typ ica l  of the crysta l  d i f f r a c t i o n  process where angular 

deviations o f  only a few seconds o f  arc s ign i f i can t l y  reduce the x-ray 

d i f f rac t ion .  

Darwin's solut ion o f  the fundamental equations y ie lds  an analyt ical  

expression for dif fracted i n tens i t y  as 'a function o f  the devtation 

parameter v. Using the solut ion given i n  2-10, Darwin f inds the 

re la t ionship t o  be: 

. (2-12) 

* 
Using t h i s  formulation (with R it] [ 21 ), we f i n d  tha t  t o  reduce 

the d i f f r a c t e d  in tens i ty  by 1/2, ~#=1,8xlO '. The agreement between 

the matr ix and analyt ical  solutions t o  the fundamental Equations (2-7) 

i s  thus once again qu i te  satisfactory. For reference, we also note 
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BRAGG ANGLE IN RADS ~ 1 0 - 5  

Figure -3 . Numerical [tnatrix) calculation .o f  the x-ray fntensity 
reflectiog coefficient as a function of angular 

di?viati’on from the exact -Bragg .angle. 
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the following useful approximation for the angular w i d t h  of the d i f f -  

raction curve as derived by Warren") from the analytical solution 

of the fundamental equations, 

(2-1 3) 

where F = crystalline structure factor. 

From the point of view of modulation and control of x-rays, 

strains on the order of loo5 i n  the crystal l a t t i ce  will be re- 
quired t o  significantly affect the diffraction. Of course, a simple 

change i n  the 2d spacing is not the only possible type of la t t ice  

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

t i ce  planes can also be introduced by an acoustic wave. The 

effect o f  such a perturbatl'on is not, however, easily treated by 

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

must resort t o  "refractive" theories t h a t  are described la te r  i n  

t h i s  chapter. 

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

EQUATIONS 

A new approach (Matrix) t o  the solution of the Darwin equations 

has been presented here primarily i n  order to  emphasize the analogies 

between the phenomena of  x-ray diffraction and interferometry Sn the 

optical regime. The method, however, has an inherent value i n  its own 

r i g h t .  Darwin's original analytical solution yields the two convenient 

h 
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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 solution 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. 

raised to large powers, techniques from thin film work can be utilized 

in order to save computer time. 

In addition, when the matrix must be 

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, 

accomnodate 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 Ewaldyon Laue formulation of dynamical theory (to be discussed 

in the next section). 
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- 2.5 EWALD4OM LAUE FORMULATION OF DYMAMICAL THEORY 

Although the Darwin-Matrix formulation has an engaging simplicity 

and lends i t se l f  t o  very useful analogies w i t h  optical interferometry, 

it is not of sufficient generality t o  t reat  a l l  of the problems of 

interest i n  x-ray diffraction. For example, the picture of multiple 

reflections is very diff icul t  t o  apply t o  the Laue geometry where the 
diffracting planes are perpendicular t o  the entrance face of the crystal. 

In addition, when the crystal l a t t i ce  is slightly perturbed, a much 

more general picture is needed. The matrix variation o f  Darwin theory 

presented i n  the previous sections is, t o  the author's knowledge, 

the first suggestion for the use of the mul t ip l e  reflection picture 

i n  the case of perturbed crystals. 

a formulation due primarily t o  Ewald") and von l a ~ e ' ~ )  (EVL) .  Uhis 

theoretical picture cl osely fol 1 ows other general i zed descriptions of 

wave propagation i n  periodically stratif ied media (3s4s5).  

the phenomena of Bragg reflection or forbidden bands o f  propagation 

is very general, applying i n  sl ightly modified forms t o  electrons, . 

In order t o  obtain a more general theoretical picture, we use 

Indeed, 

phonons, and neutrons as well as to the present case of photons. 

As Yon laue has pointed out, the problem set by dynamical d i f f -  

raction theory is the solution of Maxwell's equations i n  a medium w i t h  

a periodically varying complex dielectric constant. In solid s ta te  

physics, t h e  imp1 ications o f  the periodic d is t r ibu t ion  of crystal 

parameters i n  the la t t ice  are usually stated i n  terms of a very general 

picture known as Bloch's theorem(*). A well known consequence of 
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Bloch 's theorem(') is t h a t  crystal 1 ine properties such as electron 

density, p ( r ) ,  may be expressed as a fourier series w i t h  the reciprocal 

la t t ice  vectors as the basis. We write 

~ 

where: 

(2-1 4) 

FH i s .  the crystalline structure factor for the reflection 

corresponding t o  reciprocal vector - H. 
- 

V = volume of the u n i t  cell of the crystal lat t ice.  

In addition, one can write field quantities i n  the crystal i n  the 

general form 
(2-1 5) i ut  A = e I: A+, exp(-bi$-r) 

H - 

From elementary dispersion analysis, we know that the dielectric 

constant may be written as 

(2-1 6) 

where the quantity i n  brackets i s  the classical electron radius. Using 

Equations 2-14 and 2-16, the following expression for the dielectric 

constant is obtained. 
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. The Ewald-von Laue (EVL) exposition of dynamical diffraction theory is 

presented i n  a number o f  excellent references 

of the brief sumnary that will be given here is to  formulate the theory 

i n  such a way that it will be easily applicable t o  the case of primary 

interest here, that of x-ray propagation i n  sl ightly distorted crystals. 

'12). The purpose 

Absorption is taken in to  account be def in ing  a complex dielectrfc con- 

stant. This  is done through the crystalline structure factor, which is 

usual ly written: 

(We use prime notation for the real part and double prime for  the ima- 

ginary part of a complex quantity.) The details o f  the atomic scat- 

tering process (including absorption) are contained i n  the lower case 

f 'ss which are referred to  as form factors or atomic scattering factors. 

We define YH as: 

(2-1 9) 

where YH i s  written i n  terms of real and imaginary parts as: 

As would be expected, the imaginary part o f  the structure factor 

can be related directly to  the - l inear absorption coefficient 

c 
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(2-20) 

Using Maxwell's equations, we derive a form o f  the wave equation 

convenient f o r  the present problem. The x-ray d i f f rac t ing  medium i s  

assumed t o  have zero conductivi ty and permeabi 1 i ty u=uo. Maxwell ' s 
equations i n  cgs uni ts  are: 

7 dB 
c d t  vxg  = - - 

V-E = 0 

1 dE 
c d t  V X L  = - - (2-21 ) 

I n  the following, upper case K's are taken t o  be wavevectors inside 

the crysta l  (such as 16 and K,,) and lower case k i s  the vacuum wavevector 

outside the crystal .  

Wri t ing the wave equation, we obtain 

(2-22) 

Subst i tut ing Equations2-18and2-19 i n t o  Equation 2-17,an expressian 

for the d i e l e c t r i c  constant i s  obtained. We now substi tute t h i s  ex- 

pression for 6 and the expansion fur the displacement f i e l d  - 0 (as given 

by 2-15) i n t o  the wave equation 

- D (1-Y) = 

where & E  any reciprocal l a t t i c e  vector other than E. 
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Recall i ng Bragg ' s 1 aw 

5 4 - 0 -  = K  + H  

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

Inserting this expression in 2-23 

D ) exp (-27ri(54*~) = 3 (DH - C yH-' 
1 

-1 d 2 C OH exp 2d(K+*T) (2-25) 

FdFH 
Recall ing the following equivalence for operatorss 

a m  + wx 

and 

vxvx + &X%X 

and using these in Equation (2-25) 
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We recall that  for transverse fields 

(2-27) 

Using 2-27 i n  2-26 gives 

*H-L [+ K ($OD+) - $1 = (k2  - s2) D,, (2-28) 
L 

Expression (2-28) is a set o f  equations that represents the fundamental 

laws of propagation f o r  x-rays i n  anisotropic media. In general, they 

could represent a large number of modes K+, propagating i n  the crystal. 

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

importance for any particular set of boundary conditions. 

can be thought of as the.incident, I(+,, and diffracted, K+, although, 

i n  fact ,  inside the crystal, they are a coupled set and the terms lose 

speci f i c meani ng . 

The two modes 

In the- case o f  two propagating modes, a very useful geometrical 

construction can be used t o  visualize the behavior of the x-ray wavefield. 

T h i s  picture is a s l i g h t  modification of the familiar Ewald reciprocal 

space construction(2), illustrated i n  Figure 2-4(a) .In the case of two 

propagating modes, two points i n  reciprocal space are i n  contact w i t h  

the sphere. F u l l  use o f  these geometrical models w i l l  be made below, 

bu t  f i rs t  a modified form o f  the basic two mode equations is needed. 
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Figure 2- 4a Kinematical Ewald construction i n  reciprocal space. 

Figure 2-4b Ewatd 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 complex expression representing equations for the 

real and imaginary parts, respectively. Our  first expression is  

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

2 2  y H ( % ~  *D ) -ti K - Y H +  K -0 D + Yo(K+,*D+) & - Yo K+,2 I& = (k -I(+ ) 3 

Using 2-27, t h i s  expression becomes: 

(2-29) 

The other equation is obtained for the symnetrical case w i t h  exchange 

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

beam case t h u s  becomes 

D ) K - Y K D = [k 2 2  0% (l-yb,]D+ 
'H (!$i*-o 4 H -H I) 

(2-30a) 

(2-30b) 

Each o f  the two equations 2-30 itself represents two equations, one 

for each s ta te  o f  polarization. To see this behavior, we take the d o t  

product of 2-30a w i t h  % and 2-30b w i t h  D+. 

2-30 and le t t ing :  , 

c 

Using Equation 2-27 i n  
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We t h u s  have: 

] - [k' yo sin y] D = 0 [-K+~ + k2 (l-y0) I& -H 

[-YH k t  sin y]  -0 D -[ G2 - k2 ( l -Yo) I  !H = 0 (2-31 ) 

Equations 2-31 have been specifically written so as to  be compatible 
(10,11,12,15) w i t h  the well-known expositions of dynamical diffraction theory 

and can be easily transformed in to  the notation used by -these authors. 

The basic equations 2-31 can be transformed i n t o  a very compact . 

and useful form by defining the follcdwing quantities: 

(2-32) 

These quanti ties represent the difference between the magnitude 

of the wavevector i n  the crystal and the vacuum value corrected for  the 

average index of refraction. 

I n  order for a solution t o  exist for Equations 2-31, the deter- 

minant of the coefficients must  vanish. The fundamental equation 

re su l t i ng  can be written using t h e  product of the parameters i n  2-32 as: 
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(2-33) 

T h i s  is a convenient form to  utilize i n  constructing the geometrical 

picture of x-ray wave propagation. As mentioned before, the construc- 

t i o n  is an alteration of the familiar Ewald sphere, shown i n  2-4a. 

The average index of refraction i n  the crystal differs from the vacuum 

value and is given by k ( l - l / Z Y o ) .  T h i s  shifts the center of the Ewald 
sphere, as shown i n  F igure  2-4b. 

We recall that dynamical diffraction theory deals w i t h  the coupled 

interaction o r  interference of incSdent and diffracted x-rays. Accord- 

ingly, we note that Equation 2-33 predicts the behavior of % and K+, 

perturbed from their kinematical values, shown i n  the simple Ewald 

construction of Figure 2 4 .  The product of the deviation of the 

magnitude o f  I&, and K+ from their average values inside the crystal 

is a constant. 

The locus of points is a two sheet hyperbolic surface known as 

the dispersion surface. 

The two sheets are usually referred t o  as branchesThe left  hand sheet i n  

f igure ~ - 5 b  

to  as the branch. 

Figure  2-5 shows the nature of the surface. 

is called the a branch and the r ight  hand is referred 

The radii of the sections of spheres represented by the dotted 

lines are the magnitudes of i& and !&, i n  the kinematical case. A t  

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

such as the point T, the a's are shown to  be the difference i n  magnitude 
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Figure 2-5(a) Geometrical construction displayins behavior of . - -  
dispersion equation. 

WELL OFF BRAGGY i T. 
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. I._ - .- 
Figure 2-5fb). Enlarged view of the dispersion surfaces in the 

vicinity o f  point Q. 
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between the vacuum values and the actual values taking in to  account a l l  

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 i n  2-5a, satisfying Equation 2-30. 

Remembering that dispersion surfaces are drawn i n  reciprocal 

space (or spatial frequency space), the surfaces are  locii of constant 

x-ray frequency w or w(K) = const. 

To follow the propagation o f  a ray, one now applies the boundary 

conditions where the rays enter and exit the crystal. Fortunately, 

i n  the x-ray case, these conditions are rather simple. We first  note 

that we are ignoring true (Fresnel) reflection by dealing only w i t h  

large angles w i t h  respect t o  the crystal surface-Some fascinating effects 
can occur when true reflection and diffraction are present simultaneously (13) , 

but we sha l l  deal here' only w i t h  diffractive effects. The absence of 

true reflection implies that the field vectors (E, 0, H, etc.) are 

continuous across the boundary. The wavevectors - K are chosen so as 

t o  match-phase fronts across the boundary. T h i s  results i n  the con- 

cl usi on 

only along the normal t o  the surface. 

that the change i n  wavevector across the surface occurs 
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The implications of this are easy t o  see i n  Figure 2-4(b). 

- k is a wavevector i n  vacuum outside the crystal, while I&, 

is the wavevector inside the crystal; the difference m u s t  

occur along the surface normal. The dotted line i n  F i g u r e  

2-5(b) is a section of a sphere centered a t  (O,O,O) and having 

radius equal to  the vacuum magnitude of the wavevector. A 

vector i n  direction from L (usually referred to  as the Laue 

point) to  (O,O,O) is exactly a t  the Bragg angle (for free 
space conditions). The distance, from L along the dotted 

line, of the intersection of the input  k i s  proportional t o  

the deviation of the i n p u t  vector from the Bragg angle. 

The choice of the direction of vacuum wavevector - k selects 

an operating point T on the dispersion surface. The point 

T is usually 
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referred t o  as the t i e  point. 

the i n p u t  conditions, it determines a l l  of the directional and 

absorptive properties of the x-ray wavefield. - k i n  Figure 2-5b has 

been chosen t o  i l lustrate  the condition for a ray incident sl ightly 

off the Bragg angle. A ray incident exactly a t  the Bragg angle would 

extend from L t o  (O,O,O) . 

Once this poin t  has been selected by 

I t  should be noted here t h a t  the surface geometry illustrated 

i n  Figure 2-5 w i t h  the normal pointing along the line LQ represents 

the Laue diffraction geometry w i t h  the diffracting planes normal t o  

the entrance surface. The Bragg geometry would have the dispersion 

surface rotated by 90’. 

We w i l l  state one b i t  of information w i t h o u t  proof that w i l l  be 
valuable i n  the derivations t o  foilow. I t  has been shown that 

the direction of net energy flow (poynting vector) for any operating 

poin t  on the dispersion surface is along the normal to  the surface 

a t  that point.  In other words, the group velocity v = Vp, where 

o is the constant frequency parametric form of the dispersion surface 
9 

equations. 

A t  this- po in t ,  i t  is important t o  note an interesting character- 

i s t i c  of the selection of t i e  poin ts  i n  the Laue case. Because of 

the sharp curvature of the dispersion surfaces, a spread i n  i n p u t  

angle of only a few seconds o f  arc f i l ls  the region of crystal between 

K and K+, w i t h  energy. T h i s  phenomena is sometimes referred t o  as 
I )  

angular amp1 ification. A~thier(~’) has rigorously shown that energy 

f i l ls  the region between 5 and K , which i s  sometimes referred 
0 -I4 



-62- 

' t o  as the Borrmann triangle. 

Space does not permit a full  derivation o f  a l l  of the diffraction 

properties that  are of interest to  acousto optic effects. The frame- 

work of dynamical diffraction theory has, however, been presented 

ful ly  enough so that  the statements made below follow naturally. 

A very important parameter that  is associated w i t h  a tie point 

on the dispersion surface is the rat io  o f  diffracted to  incident 

f i e l d  s t r eng ths  DH/Do. We define 

For convenience i n  the present discussion, we w i l l  refer only 

to  the Laue geometry w i t h  diffracting planes perpendicular t o  the 

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

.-&to sin y -k yH sin y 
= 

kyH &H 
5 = DH/D, = (2-34) 

. 5 is a very important quantity since i t  expresses the rat io  o f  

incident t o  diffracted field. Since we know that the product ao% 

is a constant on the'dispersion surface, the rat io  5 changes as 

we select different i n p u t  angles corresponding to  movement along 

the dispersion surface. The basic behavior i s  shown i n  Figure 2-5b. 

For the branch of the dispersion surface a t  angles larger than 

t h e  Bragg angle,&l, for  angles smaller than eB ,p l .  

branch of the dispersion surface, the ratios are the exact inverse. 

For t h e B  
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The ratio 6 is of fundamental importance since at any point in the 

crystal, it 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 properties of 

the wave field that will aid in understanding propagation in acousti- 

cal ly perturbed crystals. 

We first consider the absorptive properties o f  the x-ray wave 

field and the specific characteristics of the Borrmann effect. In the 

EVL picture, absorption i s  taken into account by expressing the propaga- 

tion wavevector as a complex quantity. The intensity absorption factor 

i s ,  thus, expressed using the imaginary part and is proportional to the 

quantity (E 'l-r). In all practical x-ray diffraction problems, the ratio 

of K"/K' is quite small (of the order of 10'5).Thc 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 

along the surface normal. 

0 

Before we proceed with a formal derivation of the equations for 

absorption, a few general properties will be discussed. The planes 

o f  constant amplitude (perpendicular to &'I) 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 : 
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(2-35) 

where - n E u n i t  vector along the surface normal 

- s u n i t  vector i n  propagation direction. 

The quantity p 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 la t t ice  planes where the (photoelectric) 

absorptive processes are localized. In other words, flow parallel 

t o  the l a t t i ce  planes would represent minimum absorption. Thus, as 

we look a t  Figure 2-5,we recognize that modes w i t h  5 much different 

than 1 (well off the Bragg angle) represent large angles w i t h  respect 

to  t h e  Bragg planes and t h u s ,  l awe  absorption. 

We now obtain an analytic expression for the absorption coeffi- 

cient associated w i t h  a particular operating point on the dispersion 

surface. We w i l l  identify a point by the parameter 5 which can be 

directly related back t o  the i n p u t  deviation from the Bragg angle. 

We need t o  write expressions for K,," and cos (E, 5) i n  terms of 

6 and the crystal constants yo and y1 (structure factors). . 

To f i n d  an expression for KO", we substitute the complex form 

for I&, &, Yo, Y1 , 
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into Equations 2-31. 

We recall that Ivl = IKil and that the real parts o f  the K vectors 

are greater than the imaginary by about 10 . The real and imaginary 5 

parts of each of the equations are then set equal to zero and &,I 

and $' eliminated. We can now express the absorption coefficient 

in terms of the field amplitudes 

(2-36) 
L 

where a is the angle of propagation with respect to the 

bisector of & and K+, i.e. angle with respect t o  the 

lattice planes. 

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

parameter 5 as: 

(2-37) 

Batterman and Cole (lo) have written this formula in a slightly different 

form by relating 6 directly to the input conditions. 

(2-38) 
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where the choice of sign i n  (2-38) is governed by the choice of 
the branch of the dispersion surface: negative for  the cc branch and 

positive f o r  the B branch. 

The angle of propagation w i t h  respect t o  the la t t ice  planes is 

obtained through the fact  t h a t  the poynting vector is norma'7 t o  the 

dispersion surface. Thus, the angle i s  an explicit function of 6 .  

Wagner (16s17) has shown that  for a u n i t  vector, j, i n  the direction 
n 

of the poynting vector, 

where 

2 is a u n i t  vector perpendicular t o  the la t t ice  planes. 

X i s  a u n i t  vector parallel t o  the la t t ice  planes and 
n 

The angle t h a t  the wavevector o f  any mode makes w i t h  respect 

t o  the la t t ice  planes is t h u s ,  

2 5 -1 Tan a = 2 Tan eB 
5 +I 

(2-40) 

Formulas 2-37 and 2-38 constitute a theoretical explanation of 

the Bornnann effect. The quantity FHL'/FoL' i s  always close to  unity. 

Thus, when 5 i s  positive and close t o  one, the absorption coeffi- 

cient i s  greatly reduced from the normal value u0. These formulae 

point  up another very important characteristic o f  the Borrmann 

effect. 

(positive s ign  taken i n  2-38), and thus, is characterized by a 

For the other branch of the dispersion surface 5<1 
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greater than normal attenuation. 

Borrmann effect  was explained i n  terms of an x-ray standing wave 

pattern inside the crystal. The h i g h  absorption case associated w i t h  

the B branch of the dispersion surface t h u s  corresponds to  

the case where the standing wave pattern is located w i t h  h i g h  field 

In the introductory chapter, the 

regions occurring a t  the la t t ice  planes. 

Another interesting characterisi t c  of the Borrmann effect is 

contained i n  the factor FHt8/Fo8'. The closer t h i s  quantity i s  t o  

unity, the smaller the effective absorption ( i n  the low absorption 

case). The quantity FH"/FOt8 i s  an indicator of the spatial d i s t r i -  

but ion of absorbing power of the atom and is sometimes referred to  

as the effective atomic size. 

infinitesimal point, la t t ice  sites FH1'/Fo" would equal unity exactly. 

If the atoms were truely confined t o  

We can also see from(2-38)the effect of la t t ice  perturbations 

on the absorption. As a ray begins t o  violate the Bragg condition, 

the absorption increases: T h i s ,  of course, leads to  a rocking curve 

of transmitted or diffracted intensity versus deviation from the 

Bragg angle (or Change i n  the 2d latt ice spacing). T h i s  is analogous 

to  the Bragg case derived earlier from the Darwin point of view. 

However, i n  the case o f  Borrmann transmission, the absorption plays 

a somewhat more important role than i n  the Bragg reflection case. 
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SUMMARY OF EWALD-VON LAUE (EVL) FORMULATION OF UYh'ANLCAL THEORY 

(1) The EVL picture was used to  derive results primarily for 

the case of laue geometry diffraction, which is the situation encountered 

i n  Borrmann transmission. The dispersion surface geometry was introduced 

as a compact visualization of the fundamental equation for x-ray pro- 

pagation, 2-33. 

Input boundary conditions select a t i e  point (or operating point) 

on t h e  dispersion surface. This t ie  point then  determines both the 

directtonal and absorptive properties of the x-ray propagation. The 

t ie  point is usually indentified by its mode parameter 5 .  

(2) As the angle of i n p u t  rays deviates from the Bragg angle, 

energy propagates a t  increasing angles w i t h  respect t o  the l a t t i ce  

planes. The angle o f  propagation w i t h  respect t o  the l a t t i ce  planes, 

i n  terms of the mode parameter 5 ,  is given by Equation 2-40. 

(3) An effective absorption coefficient as a function of the 
mode parameter 6 is given by Equation 2-37. This allows one t o  calcu- 

la te  the absorption associated w i t h  any particular ray direction. 

(4) Equations 2-37 and 2-38 are t h e  essential relations necessary 

i n  order to  calculate diffracted intensity vs. deviation from the 

Bragg condition. The same type of information is contained i n  the 

"Darwin curve" calculated ear l ier  for the Bragg case. A graph of 

t, ,e variation o f  diffracted intensi ty  as a function o f  deviation from 

the Bragg angle is referred t o  ( i n  both the Bragg and Laue cases) as 

the diffraction curve. 
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2.6 PROPAGATION IN IMPERFECT CRYSTALS 

2.6-1 General Outline 
Interest i n  x-ray propagation i n  imperfect crystals was 

historicalqy generated by a desire to  study intrinsic la t t ice  defects, 

such as dislocations. When n-ray topographs of crystals are taken, 

various mechanisms lead t o  contrast (either an increase or  a decrease 

i n  diffracted x-ray intensity) g iv ing  a type of "image" of the defect 

regions . 
Numerous theories have been proposed to deal w i t h  x-ray propaga- 

tion i n  perturbed la t t ice  structures. They can, however, be placed 

i n  one of three general categories: 

(1) Refractive theories, usually associated w i t h  the original 
devel opers , Penning and Pol der (15) . 

Takagis' equations (19) . 

(2) Diffractive theories, which are a more exact ca 

the x-ray wave field and generally referred t o  under the 

culation o f  

heading of 

(3) More exact theories, based on a quantum-mechanical formu- 
lation of the x-ray scattering(20s29). A1 though these models are 

quite rigorous, they are also quite cumbersome and have yet  t o  be 

applied t o  any practical distorted crystal problem. 

In addition t o  these three theoretical approaches, another 

model has been proposed as part of this study exclusively for the 

case of Borrmann propagation i n  acoustically distorted crystals. 

I t  w i l l  be referred to as the simple absorption model. 

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

absorption model t o  the case of acoustically perturbed Borrmann trans- 

. .  
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mission i n  both the one and two crysta l  cases. Quant i ta t ive compari- 

sons between these theories and experimental resu l ts  are described 

i n  Chapter 3. Each o f  the theoretical approaches i s  now described 

i n  de ta i l .  I n  addition, the quant i ta t ive methods o f  ca lcu lat ion are 

described and typ ica l  calculat ions are presented. To begin w i t h ,  we 

w i l l  discuss the simple absorption picture. 

_ .  - 2.6-2 SIMPLE' ABSORPTION THEORY - - DESCRIPTION AND APPLICATION 

When an acoustic wave i s  introduced i n t o  a crystal,  a sinusoidal 

s t r a i n  var ia t ion  results. This s i tua t ion  i s  i l l u s t r a t e d  i n  Figure 2-6 . 
Rays enter ing the c rys ta l  spread out i n t o  the Bornnann fan (or t r iang le ) .  

A t yp i ca l  scale for  the actual extent o f  the Borrmann fan when high 

absorption i s  present i s  shown (labeled "actual path of rays"). 

Because o f  the acoustic strain, rays which sat isfy the Bragg angle a t  

the entrance face may pass i n t o  regions where .the Bragg l a w  i s  no 

1 onger sat is f ied.  

As explained i n  section 2-5, energy flow f i l l s  the Borrmann 

t r i ang le  when there i s  a var ia t ion  o f  input  angle (on the order o f  a 

few seconds). As shown i n  formulas 2-37 and 2-38, rays which propagate 

the fu r thes t  o f f  axis su f fe r  the greatest attenuation. Thus, i n  the 

case o f  a th ick  per fect  c rys ta l  which exhib i ts  a strong Borrmann 

ef fect ,  t h e  e f fec t i ve  angular spread o f  rays i s  l i m i t e d  t o  somewhat 

less than the f u l l  Bornnann tr iangle, as i l l u s t r a t e d  i n  Figure 2 6 .  

It i s  sometimes said tha t  the Borrmann e f f e c t  resu l ts  from energy 

transmission pa ra l l e l  t o  the l a t t i c e  planes. We now see from the 

more accurate calculat ions o f  dynamical theory tha t  t h i s  i s  t rue  only 
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* i n  an average sense. Gerward, (31) using variations of formulas 2-37 

and 2-38, has made detailed calculations of the energy flow i n  silicon 

crystals. He has developed a useful formula (based on 2-37) for 

the effective angular spread of rays i n  the Borrmann fan. He defines 

the fan by the rays that have been attenuated t o  l/e of the intensity of 

the central ray (see Figure 2-6). The following formula for the Borr- 

mann fan angleAu (see Figure 2-6) results: . . .~ . - -. - .... 

(2-41 ) 

where'; = F,, "/F " 

t = crystal thickness 
= 1 inear absorption coefficient. PO 

We now assume a sinusoidally varying strain is acoustically 

introduced along the X axis, as shown i n  F igure  2b.Assume tha t  x-rays 

are incident on the crystal i n  an uncollimated, non-monochromatic beam 

(quantitative values for the parameters will be considered la ter) .  A t  

any particular point on the entrance surface, assume that there is 

incident a packet of rays ( w i t h  central ray exactly a t  the Bragg angle) 

w i t h  angular width greater than the (Darwin curve) width of the reflec- 

tion. A fan of rays will spread out f i l l i n g  the effective Borrmann 

triangle. A ray that spreads off axis will no longer satisfy the Bragg 

condition and s t a r t  t o  suffer a greater absorption then would be 

implied by the mode parameter 5 o f  the ray through Equation 2-37. 

- -  

In order t o  calculate the overall attenuating effect of the acoustic 

strain,  we trace an ensemble of rays w i t h i n  the Borrmann fan and 
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.estimate the effective absorption of each ray. To perform this calcu- 

lation; we divide the crystal i n t o  t h i n  lamina (parallel t o  the X 

axis and the crystal faces). A t  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 o f  the 2d spacing from that 

a t  the entrance p o i n t  of the ray on the f ront  surface of the crystal. 

The local strain is defined by the following relation. 

Q = local strain a t  X referenced w i t h  

respect t o  a ray entering the crystal a t  Xo. 

(2-42) 

Using t h i s  value for  the strain, we calculate the attenuation of a ray 

i n  passing through one o f  the lamina by using formulas 2-37 and 2-38. 

A computer ray trace program has been written that traces an 

ensemble of rays w i t h i n  the Borrmann fan, calculating the cumulative 

absorption i n  passing through many lamina. 

traced for-many different entrance points on the crystal face. The 

number of points on the entrance face is always chosen so that a large 

number (typically = 20) occur w i t h i n  an acoustic wavelength. 

An ensemble of rays is 

A number of other features are included i n  the ray trace program 

i n  order t o  make it  as real is t ic  as possible. The choice of the number 

of rays i n  any particular case is governed by the calculation of the 
effective Borrmann fan angle 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. 

ficant strain variations were to occur within an extinction distance, 

"diffractive" effects would'start to occur, which are not predicted by 

the stmple absorption theory. This problem will be discussed in detail 

later. 

If signi- 

In addition, the mode parameter 5 of each individual ray is re- 

corded, and used to calculate the relative contribution of the ray to 

the diffracted intensity. 

Examples of results 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 particular 

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 input conditions. 

In 2-8, the entrance point is opposite an antinode and shows the much 

slower drop off of diffracted intensity as a function o f  angular deviation 

from the central ray. The diagram in the upper right hand corner of 

Figures 2-7 and 2-8 shows the relative relationship of the effective 

spread of the Borrmann fan (l/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 o f  acoustic attenuation o f  

Borrmann transmission. 

Since the acoustically induced strain is varying in time, proper 

account must be taken of the time averaged attenuation 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 o f  the simple 

absorption model with experiment, we take the rms strain level as’an 

indication of the average deviation o f  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 i n  the previous section 

ignores some details  of x-ray propagation i n  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 x-ray passing through a strained crystal a t  an arbitrary angle w i l l  

suffer no detectable refractive effects. Only when an x-ray is incident 

a t  certain unique angles (a Bragg angle w i t h  respect t o  some crystalline 

plane) can refractive effects be observed. Only when mu1 tiple reflec- 

t ion effects are present is there any sensitivity o f  x-ray trans- 
mission t o  strains i n  the sol id .  From these considerations, we deduce 

that  the regular lattice structure acts as an intermediary i n  the 

interaction of sound and x-rays. The multiple reflection phenomena 

that are se t  up when Bragg's law is satisfied perturbs the normal x-ray 

index. T h i s  perturbed value o f  the index is, i n  t u r n ,  changed by the 

acoustic distortion o f  the la t t ice .  

I n  1961 , Penning and Polder (I5) proposed a theory of x-ray propaga- 

t i o n  i n  distorted crystals which utilized the concept o f  a slowly vary- 

ing  reciprocal l a t t i ce  vector. In a local sense, a l l  o f  the laws of 

dynamical theory apply for the particular local value of E. The propaga- 

t ion  from point t u  point was handled by a ray-optic theory. That is 

the spread i n  wavevector &was small enough that the beam could be 

considered a plane wave; and the lateral extent of the ray small enough 

tha t  it could be characterized by a single reciprocal vector 5. The 
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conditions will be noticed to be quite similar to those employed in the 

Eikonal theory of light propagation in inhomogeneous media. 

most of the assumptions are quite similar. 

In fact, 

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 

present 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 

occursI the following phenomenological picture has been constructed. 

This picture is specifically based on the sinusoidal strain variation 

encountered in acoustic fields, even though other types o f  lattice 

distortion can also lead to refractive effects(22). 

In figure 2-9(a), we sumnarize some results that were derived 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 

pagates .in the upper portion of the Borrmann fan. (we will assume in this 

discussion that the crystal exhibits a strong Borrmann effect and,thus, 

only one branch o f  the dispersion surface is excited). Rays incident 

and,thus,pro- 
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a t  angles smaller than the exact Bragg angle (broken line) select a t ie 

p o i n t  w i t h  p 1  and propagate i n  the lower half of the Borrmann fan. 

Suppose now that a strain gradient is introduced i n t o  the crystal 

such that the portion o f  crystal a t  X=o has the quiescent value of 2d 

spacing, while portions a t  +Xo have a larger than normal spacing, and 

those a t  -Xo a smaller spacing. Consider the ray traces i n  Figure 2-9(b) 

and 2 - q ~ ) .  A ray propagating i n  the upper portion of the Borrmann fan 

encounters a portion of the crystal w i t h  larger than normal 2d spacing. 

As was demonstrated i n  the upper part of the figure, for a ray incident 

on a region w i t h  an angle greater than the Bragg angle (which is equi- 

valent t o  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 d i f f -  

racted direction, t h u s  g iv ing  the ray trajectory shown i n  Figure 2-9(b). 

Rays i n  the bottom half o f  the fan encounter smaller than normal 24 

spacing and accordingly, are bent downward, as shown i n  Figure 2.4 (c) . 
Thus, a l l  rays are bent i n  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 refract ve 

effects. The limits of refractive or Penning and Polder theory will 

be considered later,  but we w i l l  say here that t h e  approach is valid as 

long as significant changes i n  the reciprocal vector (such as changes 

i n  the l a t t i ce  parameter) do not occur w i t h i n  an extinction distance. 

We w i l l  now consider the refractive theory i n  a more quantitative 

manner and apply i t  to  the specific case of acoustic perturbations. As 
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.was pointed out earlier in this chapter, the group velocity for x-ray 

propagation inside the crystal is normal to the dispersion surface.1t 

should be remembered that this velocity characterizes the total 

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

and diffracted components, but propagates as one mode characteristic of 

a particular branch of the dispersion surface. 

The fundamental assumption of Penning and Polder theor~(l5.l~) is 

that the change in direction-of one component of the x-ray wavefield, 

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

d & = aV(r.3) (2-43) 

where a f 1/1 Iv,{ 

Thus, the change in the wavevector 16 is governed by the component of 
VH along the ray direction. 

= lvgJi' 

Recalling the expression for 3 given in 2-39, it is easy to show(l7) 
that: 

where dl = unit length along the ray path. 

We now must write the change in !as a function of a given lattice 

perturbation. let 5 and - r represent the quiescent and perturbed 
positions respectively of the lattice points within the crystal . 

- 
- r = G + u _  (2-45) 
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we are only interested, however, in a strain component in the direction 

of %, the original value of E. We can now write: 

(2-46) 

Using this relation in Equation 2-44, Penning and P~lder(~~)have written 

what is probably the most useful form of the refractive equation which 

gives the variation o f  the mode parameter 5 along the refracted ray 

path. A slight rearrangement of their formula gives: 

(2-47) 

where XH = x-ray susceptibility for H reflection 

(2-47a) 

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. 

lu l  = magnitude of lattice displacement, 

then 

H . = 2u sin e 
A - 
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c 

Equation 2-47 now becomes : 

. .- . 

It is interesting to consider the effect o f  the two terms within 

the brackets in Equation 2-48. As 

ing value o f  a u / Z  represents a tilt of the lattice planes and a2u/aZ2 

has pointed out, a nonvanish- 

a bending. au/aX represents a change in the 2d lattice spacing, 

while 3 u/3X2 is a spatial rate o f  change o f  lattice expansion or con- 2 

traction. 

magnitude o f  the Bragg angle, eB. 
The relative importance o f  the two terms is governed by the 

As a practical case, consider the (220) planes in silicon (which 

will be considered experimentally in Chapter 3). We calculate the 
2 quantities cos2e and sin 8 for various wavelength x-rays. 

-_ 

B B 

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

0 
X A  - 

*. 71 

1.54 

2.3 

3 03 

~~ 

10.7 

23.6 

36.8 

59.2 

sin 2 8~ 
~~~ 

.034 

.16 

.36 

. 74 

2 
B cos 8 
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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 increasingly important as the radiation becomes softer. 

In the experimental work in the present study, acoustic waves 

were propagated perpendicular to the 1 atti ce planes , thus primari 1 y 
causing expansion and contraction. This was done for  simplicity and 

ease of comparison with theory. Other types of lattice deformation 

could, o f  course, be produced by acoustic disturbances. More will 

be said about potential device design procedures in Chapter 4. 

We now consider the application o f  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: 

(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. 
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Rearranging 2-39, we can obtain an equation for the 'slope' of 

a ray: 

(2-50) 

In the ray trace program, the crystal is once again divided in to  

a large number of lamina-%arallel t o  the faces (perpendicular t o  the 

l a t t i ce  planes). A t  any particular p o i n t  on the entrance face o f  

the crystal, an ensemble of rays having different ini t ia l  mode para- 

meters is chosen. 

Using Equation 2-49 i n  2-50, we obtain: 

(2-51 ) 

The change i n  mode parameter i n  passing through a lamina is calculated 

us ing  Equation 2-51 w i t h  - - -  dl  = dX + dZ w i t h i n  each 1amina.The trajec- 

tory o f  a ray w i t h i n  each lamina is governed by Equation 2-50 w i t h  

the value of 5 being taken t o  be the value a t  the entry point of the 

ray into the lamina. 

The absorption of a ray, o f  course, depends on i ts  path w i t h  

respect to  the la t t ice  planes. The effective absorption coefficient 

for a ray is calculated us ing  Equation 2-37, which expresses the 

absorption as a function o f  5. As before, the value taken for 5 

is the value a t  the entry t o  each lamina. 
Figures 2-10 and2-11 show typical examples O f  ray traces f o r  a 

st rain amplitude o f  loo5. 
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The sign .of the strain gradient i n  2-)O 

is reversed from that i n  2-11 , while i n  both cases, the entrance poin t  

is directly opposite the node of the acoustic pattern. The cross 

hatched lines show the unrefracted paths  t h a t  the rays would take i n  

the absence of a strain gradient. We can see from these p lo ts  new 

details o f  the acoustic interruption not contained i n  the simple 

absorption model. We recall that rays w i t h  5>1 contribute more t o  

the diffracted beam. We, thus ,  see t h a t  the attenuation of the 

diffracted beam due t o  acoustic perturbation will change when the 

s ign  of the strain gradient changes. In certain cases, the trans- 

mission o f  a ray might be slightly enhanced (refracted so as t o  propa- 

gate more closely parallel t o  the la t t ice  planes). Since the sign o f  

the strain gradient reverses once every acoustic cycle, the difference 

between 2-10 and 2;11 is averaged o u t r h i s  situation does po in t .up ,  

however, the need to  carefully consider the time averaging when 

making numerical calculations us ing  the refractive model. 
When calculating the x-ray transmission vs. acoustic strain 

level, cmblete ray traces (including the full  array of points on 

entrance surface) are numerically computed for one complete acoustic 

cycle (2 traces w i t h  the strain gradient reversed and amplitude taken 

equal t o  rms value). The resulting transmission is then taken t o  be 

. 

the average of these values. 

In Figures 2- 12and 13 are 

opposite the antinode, but  wi th  

ted in Figures 2-10and 11. The 

shown ray traces for entry points 

twice the strain level as that indica- 

strain fevel'of IOo5 i n  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 and 2-13 , the refractive 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 point of the fan of rays is now.opposite an 

antinode instead of a node. The strain gradient being weaker, the 

refractive effects are also weaker. 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 

low 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 present in a crystal (such as 

might be induced by high power, high frequency acoustic waves), the 

rayoptic approximation of the refractive and simple absorption models 

becomes increasingly invalid. The situation is quite similar to the 

case of optical propagation in a medium whose refractive index is 

varying so rapidly that diffraction effects can no longer be ignored. 

As Kat0(~3) 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 dispers 

to be a significant transfer of 

sion surface to the other(14). 

on surface. In fact, there starts 

energy from one branch of the disper- 

The phenomena is usually referred 

to as interbranch scattering and was first observed experimentally 

by 

One can understand the b a s k  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 resolved into its diffracted and direct (forward diffracted) com- 

ponents. On encountering, once again, regions of perfection, tie 
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points will be excited on both branches of the dispersion surface, 

(as is always the case at an entrance surface). 

mann transmission, this is highly important since the second branch 

In the case of Borr- 

of the dispersion surface represents a higher than normal absorption 

(i .e. inverse Borrmann effect) . Kato(23) has also noted that rapid 
strain variation transverse to the ray path can also lead to diffrac- 
tive effects. 

diffracting) crystal acts 1 i ke a. diffracting aperture. 

In this case, a region of highly distorted, (poorly 

. 

At first, one might think that ordinary diffraction by an aper- 

ture would not be significant because of the very small wavelength. 

We must remember, however, that the crystal 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 = 1A). This can lead to what is known as a broadening of the 

tie point on the dispersion surface. In other wards, a single tie 

point on the dispersion surface is no longer adequate to describe 

the propagation of a single input mode (unique value of 6 ) .  

0 

In order to deal with questions of this sort, a complete re- 

examtnation of the foundations of dynamical diffraction theory must 

be made. The most widely recognized method (and, thus far, the 

only method to be applied to practical calculations) for dealing with 

this situation has been proposed by Takagi(32). 
- -  

In fakagi's theory, the concept of a local reciprocal lattice 



(2-52) 
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in 2-27. 

form. 

.In the two beam case, these equations have the following 

kQ A = -inkc xH AH 

a=, 
(2-53) 

aA 
-inkc xH A, + iark BH AH 

asH 

where 

SH, So are unit vectors in the kinematically 

determined directions & and &. 
c I polarization factor 

1, KO perpendicular to plane o f  incidence 

cos(BB), KO parallel to plane o f  incidence. 

e = - -  1 ' (H'IL) ,(Proportional to local deviation k aSH - 
from Bragg condition.) 

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

parts o f  the x-ray susceptibility must be included. 

x = x' + i f  

Using this in Equation 2-53, the following set o f  equations is obtained: 
4 
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(2-54a) 

(2-54b) 

(2-54~) 

where D+, = 4 + iB- 

D,,=E+iG - 
Once a local value o f  6 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 o f  the practical applications( 33,34) 

thus far, (all o f  which involve contrast effects caused by natural 

crystal dislocations), have employed numerical solution of 2-54.The 

computer routines uti1 ited in these numerical routines are quite 

. large and time consuming to run. 

Some useful characteristics o f  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 general cri- 

terion for the magnitude of strain gradient for which diffractive 
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'effects become important. As i n  the optical regime, there is no 

sharp boundary between the "refractive" and "diffractive" regions. 

The l a s t  two terms i n  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 following 

cr i  teri on fo r  negl ecti ng these terms. 

(2-55) 

where 

= extinction distance. dext 
I t  is a mathematical statement of t h e  fact  that for large 

values o f  laB/aSoI ,significant departures from the Bragg 

condition occur w i t h i n  an extinction distance. 

9 I .  . .  . 
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-- 2.7 GENERAL THEORY OF X-RAY SCATTERING I N  PRESENCE OF LATTICE VIBRATIONS 

Historically, only the effect of thermally excited lattice vibrations 

on x-ray diffraction has been considered. (2,18) 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 slits (diffrac- 

tion grating). When a plane wave ts 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 planes (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 

rocking 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 

(1 atti ce planes) 
The diffracted amplitude from an array of N slits is written (26) 

as the following. 
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A = C  e - i K ( x - s )  Kj 
j = 1  

(2-56) 

where - S and & are vectors representing incident and d i f f racted 

d i  rec ti ons . 
Ej = posi t ion j t h  s l i t  

The equivalent expression f o r  the x-ray case i s  wr i t ten  ( i n  the 

kinematical approximation(2) ) as 

A = C  * N  f .e -i(p&) f t j  
j =l 3 

(2-57) 

where lj = posi t ion o f  j t h  atom. 

We now introduce the quanti ty A, which represents the instantaneous 

perturbatjon of the posi t ion o f  the j t h  atom (or s l i t ) .  

I = di f f racted in tens i ty  = AA* 

where e = denotes time averaging. 

The term i n  parentheses i s  the normal sumnation leading t o  Bragg 

peaks i n  the x-ray case and t o  various diffracted orders i n  case o f  

a slit arrayelhe quanti ty o f  primary in te res t  here i s  the term i n  

time average brackets. We f i r s t  rewr i te  the quantity: 
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where w = component o f  v i b r a t i o n  or displacement  

a long E-& and I K I  = x 

K I  (2 -59)  = ( l+ i (w . -w>-W ((w.-w.) 2 >+  ......) el 
1 J  1 3  

Since  t h e  atomic displacement  i s  always small, we keep o n l y  second 

order terms and lower. 

I n  the usual a n a l y s i s  o f  thermal v i b r a t i o n s , ( * )  the second term 

i n  Equation 2-59 is dropped, s i n c e  it i s  assumed tha t  the motion is 

random and, t h u s ,  no c o r r e l a t i o n  e x i s t s  between wi and wj. 

t o  understand the effect o f  correlated motion o f  the atomic p lanes ,  

we must r e t a i n  t h i s  term. 

I n  order 

We can now rewrite Equation 2-58. 

We i d e n t i f y  ind iv idua l  terms: 

(2-60) 
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2 2  A = exp (-1/2IKl (wi )) 

C = exp (- 

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

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

thus, wi ) is elevated. The elevation o f  the temperature of a 

diffracting crystal i s ,  thus, one method for controlling the diffracted 

intensity. Typical magnitudes for this effect will be discussed in 

-_  

Chapter 4. 

The second sumnation term in 2-60 is usually referred to as the 

diffuse scattering component. In the thermal case, when wi and W. are J 
poorly correlated, there are no contributions from large values of 

Ri-Rj, and, thus, no sharp Bragg peaks. This term, thus, 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 o f  the x-rays. Only recently has it 

become possible to observe such a sharp peak, since in order for it 

t o  be significant(27), the monochromatic vibrations must become compara- 

ble to the average thermal excitation o f  the mode involved. tieverthe- 

less, a few experiments with acoustoelectric amplification(28) have 

produced vibration-amplitudes o f  this magnitude and peaks are observed. 

The next term of interest i s  that labeled C. In the case of 
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random motion it averages to  zero. As the motion s ta r t s  t o  be 

more coherent, the term increases. I t  represents 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 haveto include mul t ip l e  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(2o) 

a l l  these factors. I t  is, however, of such complexity that i t  

has only been applied to  the special case o f  thermal vibrations(29). 

We can ,however ,understand the general phenomenological behavior 

of term C. We first recognize that the term corresponds t o  a 

strain, i-e. i t  is only non zero when there is  a variation i n  A 

as a function o f  position w i t h i n  the crystal. Thus,  as we saw 

earlier i n  the chapter, only atomic motion that corresponds t o  

a la t t ice  strain will lead t o  a deviation from the Bragg condition. 

In addition, there mus t  be a correlation i n  the atomic motions 

u i  and u 

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, 

In the thermal case (when a large number o f  modes o f  3 .  

t hus ,  a contribution from term C. 

I t  should be pointed out here that one theory has been proposed 
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t o  describe dynamical x-ray diffraction i n  the presence of mono- 

chromatic la t t ice  vibrations(372. Unfortunately, i t  deat s 'only 

w i t h  t h e  relatively t r ivial  case of an increase i n  integrated 

intensity when an uncollimated beam fa l l s  on a vibrating crystal. 

In addition, i t  is applicable only a t  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 l a t t i ce  spacings t o  the i n p u t  beam. Therefore, the integrated 

intensi ty  w i l l  increase i n  a manner analogous t o  the case of a 

mosaic crystal described i n  Chapter 1. 



-1 07- 

CHAPTER 2 REFERENCES 

1. Darwin, C.G., "Theory of &Ray Reflection", Phil. Mag. 27, p. 315 

2, Warren, B.W., X-Ray Diffraction, Wiley, (1968). 

3. Brillouin, L., Wave Propagation in Periodic Structures, Dover, 
( 1946) 

afid P* 675, (1914)s - 43, 800, (1922). 

4. Slater, J.C., "Interaction of Waves in Crystals", Rev. Mod. 
Physics, 30, ( l ) ,  p. 197, (1958). 

5. . Jacobsson, R., "Wave -Propagation in Periodically Stratified Media", 
Progress in Optics, vol 5 .  , North-Holland, (1965). 

6. Ewald, P.P, , "Crystal Optics and X-Ray Diffraction", Rev. 
Mod. Phys., 37, ( l ) ,  46, (1965). 

7. von Laue, M., Rontgen Stralinterferenten, Leipzig Verlag, (1960). 

8. Kittel, C., Introduction to Solid State Physics, 3rd ed., 
Wiley, (1966). 

9. Ziman, J., Principles of the Theory of Solids, 2nd ed., 
Cambridge, 11972). 

10. Batterman, B.W., and Cole, H., "Dynamical Diffraction of X-rays 
by Perfect Crystals", Rev. Mod. Phys., 36, (3) , (July 1964). 

11. Zacrarisen, W.N,, Theory of X-Ray Diffraction in Crystals, 
Dover, (1 967). 

12. James, R.W., Solid State Physics, vol.  15, (Ed Seitz and 
Turnbull ) , Academic Press, (1 963). 

13. Indenborn, V.L., and Chukhovski, F.N., "Problem o f  Image 
Formation in X-Ray Optics", Sov. Phys. Uspek., 15, ( 3 ) ,  
p. 298, (1972). 

14. Hart, M., "Dynamical X-Ray Diffraction in the Strainfields o f  
Individual Dislocations", Thesis Univ. of Bristol, (1963). 

15. Penning, P., and Polder, D., "Anomalous Transmission of X-Rays 
in Elastically Deformed Crystals", Phil lips Research Reports, - 16, p. 419, (1961). 



c 

-1 08- 

16. 

17. 

18. 

19. 

20. 

21 . 
22. 

23. 

24. 

25. 

26. 

27. 

28 . 

29. 

30. 

31 . 

Wagner, E.H., "Energy Flow in Dynamical X-Ray Diffraction", 
2. Phys., 154, p. 352, (1959). 

Hart, M., and Milne, A.D., "Ray Tracing with X-Rays in Crystals", 
Acta. Cryst., H, p. 430, (1971). 

James, R.W., Optical Principles of the Diffraction of X-Rays, 
Cornel 1 Uni v . Press, ( 1946) . 
Takagi , S. , "Dynamical Theory of Diffraction Applicable to 
Crystals with Any Kind of Small Distortion", Acta. Cryst., 

Afanasev, A.M., and Kohn, V.G., "Dynamical Theory o f  X-Ray 

-, 15 p. 1311, (1962). 

Diffraction in Crystals with Defects", Acta. Cryst., H,- 
p. 421, (1971). . .  

Kuriyama, M., "The Dynamical Scattering Am litude of an Imperfect 
Crystal", Acta. Cryst., m, p. 588, (1972r. 
Cole, N., and Brock, G.E., "Self-Adjustment of Internal Radiation 
Fields to Compensate for Linearly Varying 2d Spacing in X-Ray 
Diffraction", Phys. Rev., 116, (4), (1958). 
Kato, N. , X-Ray Diffraction, (Ed. L. Azaroff) , McGraw-Hill , 

Lang , A. , 2. Naturfor-. , "X-Ray Topographic Determination of 
the Sense of a Pure Screw Dislocation", 20, p. 636, (1965) . 
(1 974) . 

Tucker , I. W . , and Rampton, V . W . , Microwave U1 trasoni cs in Sol id 
State Physics, NorthAHolland, (1972). 

Stone, J.M., Radiation and Optics, McGraw-Hill , (1963). 
Carlson, D.G., et al., Appl Phys. Lett., 78, (8), p. 330, (1971). 

LeRoux, S.D.. et .al.. "Effect of Acoustoelectric Phonons on 
Anomalous Transmission of X-Rays", Phys. Rev. Lett. ,x, (16), 
p. 1056, (1976). 

Afanasev, A.M., and Kagen, Y.. "The Role of Lattice Vibrations 
in Dynamical Theory of X-Rays" , Acta. Cryst. , - A24, p. 163, (1967). 

Bonse, V., 2. Phys., 177, p. 385 and p. 529, (1964). 

Geruard, L., "Energy Flow of X-Rays in Silicon Single Crystals", 
Acta. Cryst., M, p. 18, (1971). 

- 



-1 09- 

32. Takagi; S. , "A Dynamical Theory of Diffraction for a Distorted 
Crystal", 3. of Phys. SOC. Jap., - 26, (5) ,- p. 1239, (1969). 

33. Authier, A. , "Contrast o f  Dislocation Images i n  &Ray Transmission 
Topography", Advances i n  X-Ray Analysis, l0, (46), p. 9, (1967). 

34. Chukovski, F.N., Shtolberg, A.A., "On the Dynamical Theory of 
X-Ray Images i n  Real Crystals", Phys. Stat., Sol 41, p. 815, 
(1 970). 

35. Authier, A., "Ewald Waves i n  Theory and Experiment", i n  Advances 
i n  Structure Research by Diffraction, vo l .  3, (Ed. Brill, H., 
and Mason, M.), p. 24, Pergamon, (1970). 

36. Authier, A., Balibar, F., and Epelboin, Y:, "Theoretical and 
Experimental Study o f  Interbranch Scattering Near a Dislocation 
Line i n  X-Ray Topography", Phys. Stat. Sol . , - 44, p. 225, (1970) 

Kohler R,Mohling W, Peibst  kl. ,"Intensity Relations i n  Laue 37. - ._  

Case Reflections of Perfect Crystals C h t a i n i n g  Nearly 
Monochtomatic Lattice Vibrations 'I ,Phys.Stat. Sol .41 
p.75 (1970). - 

, 



CHAPTER 3 

EXPERIMENT AND COMPARISON WITH 

THEORY 

3.1 Introduction 

3.2 Single crystal Borrmann experiments 

3.2-1 Description of experimental equipment and techniques 

3.2-2 Demonstration of acoustic interruption of x-ray diffraction 

3.2-3 V i  sua1 i zation of acoustic standing wave patterns 

3.2-4 Measurements of acoustically induced high  frequency strain 

3.2-5 Quantitative comparisons between theory and experiment for 

acoustic modulation of Borrmann transmission 

3.3 Experiments w i t h  x-ray interferometers 

3.4 X-ray topography of acoustic fields i n  so l ids  

3.5 X-ray modulation experiments 



-1 11- 

- 3.1 INTRODUCTION 

In t h i s  chapter experiments are described i n  which modulation 

and shuttering of x-rays has been demonstrated. T h i s  represents 

the first use of Borrmann transmission or the techniques of x-ray 
interferometry for the modulation and control o f  x-ray propagation (1 1 . 
The emphasis i n  the experiments has, however, been on obtaining a 

basic understanding of the interaction of x-rays and acoustic waves 

i n  crystals. 

The most extensive measurements have been made i n  the single 

crystal Borrmann configuration. 

w i t h  a two crystal x-ray interferometer, The theoretical analyses 

developed i n  Chapter 2 are applied to the experimental situations i n  

order to  predict such characteristics as contrast ratio (or modulation 

depth)  and total transmitted integrated intensity. The comparison 

between the theoretical 1y predicted and experimentally measured para- 

Experiments have also been performed 

meters agree to  w i t h i n  experimental error. 

The converse application, t h a t  of x-ray diffraction investigation 

of acoustic field properties has also been pursued experimentally. 

A detailed description is given o f  x-ray topographic mapping o f  

acoustic standing waves. Quantitative measurements of some acoustic 

field properties are made us ing  x-ray topography. 

The topographic method is also applied t o  the confirmation of 

certain aspects o f  the theoreti cal picture of acoustic Borrmann i nterrup- 

tion. 
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An important feature of our work is  that the various descriptions 

.("diffractive", "refractive", etc.) of the x-ray propagation i n  dis-  

torted crystals can be directly investigated by systematically changing 

the acoustic frequency and amp1 itude. The diffracted intensity dis t r ibu-  

tion predicted by the various models are of great interest when using 

x-rays to  study intrinsic defects i n  solids. 
.. 

The purpose of the present study was t o  establish the 

orders o f  magnitude that would be involved i n  producing 

practical x-ray modulating, shut ter ing and control devices. 

- 3.2 SINGLE CRYSTAL BORRMANN EXPERIMENTS 

3.2-1 - DESCRIPTION OF EXPERIMENTAL EQUIPMEHT AND TECHNIQUES 

Borrmann or  -anomalous transmission of x-rays (in the Laue geometry) 

is particularly sensitive t o  perturbations i n  the crystal la t t ice .  In 
the following experiments the perturbations were produced by acoustic 

waves. The acoustic waxes were excited by bonding a piezoelectric 

transducer to the edge of the crystal, as indicated i n  Fig. 3h1. As 

described i n  Chapter 2, the perturbed behavior of the x-ray wavefield 

i n  the crystal is  particularly dependent on the gradient of strain. 

T h i s  was controlled by changing both the strain amplitude and the 

acoustic frequency. 

60 MhZ. 

Experiments were performed a t  5, 10, 20 and 
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DIFFRACTING LATTICE PLANES EP 
JT .  A 

DlFFRACTED 
X-RAYS 

PIEZOELECTRIC TRANS DUCE R 
EXCITING LONGITUDINAL 
ACOUSTIC WAVES \ ' PERPENDICULAR TO 

DIFFRACTING LATTICE PLANES 

Figure 3-1 . Configuration used for the excitation o f  
acoustic waves in Borrmann interrupti on experiments. 

.. . 
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Most of the crystal experiments described i n  t h i s  chapter were 

performed w i t h  highly perfect samples of Crolchalski grown silicon. 

For a l l  Borrmann work, the(220)planes of the diamond cubic silicon 

structure were used. The silicon samples were oriented using the 

Laue back ref 1 ection technique. (2) Using this technique, i t  was 

possible t o  orient the la t t ice  planes w i t h  respect t o  an external 

-(cut)face t o  about 1'. 

Once the samples were oriented, they were cut on a high speed 

crystal wafering machine. T h i s  produced a much smoother and more 

accurately 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 w i t h  a very ffne optical polish. The samples were 

then acid polished t o  remove surface damage l e f t  by the grinding and 

po l i sh ing  processes. A t  first, the well known CP4 chemical polish (3)  

was used, but it was la ter  found t h a t  a simple solution of three parts 

n i t r ic  acid t o  one par t  hydrofluoric acid produced a better quality 

surface. The l i terature on work w i t h  the Borrmann effect (3,4) indicated 

t h a t  acid pol i sh ing  was definitely necessary because mechanical polishing 

damage could extend up t o  25 microns below the surface. Tests showed, 

however, t h a t  only about 15% difference i n  x-ray transmission was 

present between two i n i t i a l l y  identical samples where only one was 
acid polished prior t o  testing. 

The crystal surface on which the acoustic transducer was bonded 

and the opposite face (where acoustic reflection occurred) were polished 
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w i t h  very fine optical polish. These faces were made parallel t o  

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 wavelength for that particular 

crystal. 

Two types of acoustic transducer were used, lead zirconate 

titanate (PZT) and l i t h i u m  niobate, both cut for a primary thickness 

expansion vibration mode. PZT is available w i t h  hard silver coatings 

for electrodes and thus was convenient t o  use a t  5 and 10 MhZ. 

Because of i t s  lower acoustic loss a t  h i g h  frequencies, the l i t h i u m  

niobate was used a t  20 and 60 MhZ. Electrodes were app ied t o  the 

l i t h i u m  niobate by evaporating indium onto the surfaces 

Several types of bonding were investigated. Indium itself can 

be used by evaporating onto the active surface. The transducer is 

then pressed against the crystal and held firmly i n  place while the 

crystal is heated to  sl ightly above the melting poin t  of indium(l56') 

The bond that  i s  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 epqxy (ISO-Chem. 212)forms a thinstrong bond with accept- 

able acoustic losses when cured for about 3 hours a t  130OC. 

A t  low frequencies (5, 10 MhZ), electrical connections were made 

w i t h  silver epoxy, as shown i n  Fig.  3.2(a)At higher frequencies, the 

silver epoxy tends t o  be somewhat lossy and the special connection 

Shown i n  Fig.  3.2(b) was used. 
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SILVER EPOXY 
P O N T A C T S  

PZT TRANSDUCER 

CONNECTING /”- - -  1 L C O N  CRYSTAL 
WIRES 

(a) LOW FREQUENCY TRANSDUCER 
CONNECTION 

COPPER STRIPLINE 

EVAPORATED 

TO SOLID COAX 

(b) HIGH FREQUENCY TRANSDUCER CONNECTION 

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 in1 tial 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 

transmitted 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 (-lan) so that all of the x-ray 

flux would still be collected. The macroscopic motion of the crystal 

was investigated by taking holographic interferograms with power on 

the transducer. These revealed that there 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 crystal has 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 

of the crystal. There are many types of x-ray topography (6) through 
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0 / X-RAY 
DETECTOR 

COLLIMATED 
X-RAY 
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ACOUSTIC ‘t TRANSDUCER 

Figure 3-3. Acoustic interruption o f  Borrmann x-ray 
transmission through a s i l i con  crystal .  

4 
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which an  image-like v i s u a l i z a t i o n  o f  the i n t e r n a l  s t r u c t u r e  o f  a 

crystal may be obtained.  

I n  forming a Bornnann topograph, a d i s t r i b u t e d  source of x-rays is 

used. I n  most of the p r e s e n t  experiments,  a l i n e  source o f  x-rays 

was used. The c o n f i g u r a t i o n  for  t a k i n g  Bornnann topographs i s  given i n  

Fig. 3-4' 

Bragg's law a t  the crystal. For ray d i r e c t i o n s  other than  those 

i n  the p l a n e  of i n c i d e n c 5  the beam is freely diverging.  

Each p o i n t  on the source  w i l l  emit a ray tha t  satisfies 

* -3 A type o f  x-ray shadowgraph (or p r o j e c t i o n )  of be crystal is 

t h u s  formed. When defect s t r u c t u r e  (such as d i s l o c a t i o n s )  is p r e s e n t  

i n  the crystal, the Borrmann t r ansmiss ion  is d is rupted  and absarp- 

t i o n  occurs .  A shadow-like image of the defect r eg ion  is t h u s  formed. 

The topograph can also be used to  v i s u a l i z e  the a c o u s t i c  s t a n d i n g  wave 

p a t t e r n .  An e x t e n s i v e  experimental  program was undertaken w i t h  the 

purpose o f  producing better r e s o l u t i o n  and def i n i  t i o n  i n  Borrmann 

topographs . 
The e x c i t a t i o n  p o t e n t i a l  of the x-ray tube must be c a r e f u l l y  

selected. The continuum r a d i a t i o n  surrounding the Ka l i n e  is also 

diffracted and produces a background on the topograph. One would t h u s  

like t o  choose an x-ray tube p o t e n t i a l  tha t  g i v e s  the maximum r a t i o  of 

Ka l i n e  r a d i a t i o n  t o  continuum. This requirement must, however, be 

balanced a g a i n s t  the need t o  reduce background due t o  s c a t t e r i n g  

and flUorescen+ce' (crystal - ahdi tmunt) .. When the e x c i t a t i o n  p o t e n t i a l  

i s  q u i t e  h i g h ,  hard components o f  the continuum can p e n e t r a t e  the 

crystal caus ing  P background and loss o f  r e s o l u t i o n .  
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Figure 3-4 Geometry used i n  obtaining Borrmann x-ray 
topographs. (a) side view 
(b) top view. 
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I n  addit ion t o  considerations l i k e  those i n  the previous paragraph, 

there i s  one fundamental 1 imi ta t ion t o  Borrmann topograph resolut ion. 

A t  each point  on the entrance surface o f  the crystal,  a cone of rays 

centered around the Bragg angle i s  di f f racted. As was shown i n  

Chapter 2, the energy flow for t h i s  cone o f  rays spreads out i n t o  the 

" ~ o r m a n n  fan".The resolut ion is ,thus,no bet ter  than the t o t a l  spread 

a t  the e x i t  face o f  the crystal.  The shadow or project ion- l ike image 

o f  a small defect local ized near the entrance surface of the crystal  

w i l l  thus be smeared out by t h i s  divergence. The disturbance caused 

by bulk longi tudinal  waves extends a l l  the way across the crysta l  

from entrance t o  e x i t  face.Thus, when the acoustic wavelength becomes 

comparable t o  o r  smaller than the Borrmann fan angle,the contributions 

t o  high contrast from regions near the entrance face are ul t imately 

smeared out. When the acoustic wavelength becomes very sma l l ,  the 

d i f f racted in tens i ty  d is t r ibu t ion  becomes uniform (contrast washes ' 

out completely). There remains an attenuation o f  the overal l  t o t a l  

d i f f rac ted  f l u x  (integrated in tens i ty) .  

Figure 3-5 'k. - shows an x-ray topograph of a 10 MhZ 

acoustic standing wave pattern i n  a s i l i c o n  single ,crystal .  

The acoustic wave i s  pure longi tud ina l ( in  the 220 direction)and has 

a wavelength o f  about .h . 

. >  

. .  
* .  .. . 
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ACOUSTIC 
WAVE 

[ 22.01 

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

- 3.2-4 MEASUREMENTS OF ACOUSTXCALLY INDUCED HIGH FREQUENCY STRAIN 

In order to  quantitatively understand the x-ray interruption 

phenomena described i n  previous sections, measurements of the acoustic- 

a l ly  induced s t ra in  :levels m u s t  be made. 

Measurement o f  absolute acoustic s t ra in  levels has always been a 

difficult  task i n  physical ultrasonics (7).  For the present study, 
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measurement of the time average strain level, as well as the s tanding  

wave ra t io ,  was desired. Ideally, one would like a direct measure- 

ment technique t h a t  does not depend on information about acoustical 

and electrical impedance matching. Acousto-optic diffraction offers 

such a possibi l i ty  if the elasto-Optic coefficient for the materials 

of interest are known. Silicon is transparent to both C02 ( 3 0 . 6 ~ )  and 

YAG (1.061.1) laser wavelengths. The elasto-optic coefficient for the 

(220)planes i n  Si has not been accurately measured. Using information 

on structurally similar materials like Ge, GaAS, and InSb, one can 

probably estimate the value o f  the coefficient t o  w i t h i n  20%. The 

acousto-optic effects are, unfortunately,' too weak ( i n  silicon, the 

primary material of interest) t o  be of much value i n  the present 

study. As an alternative t o  direct acousto-optic measurements, three 

other techniques have been employed. 

( 5 )  Replicas of the silicon crystals are constructed out of dense 

f l i n t  glass. Dense f l i n t  has approximately the same acoustic impedance 

as silicon, so t h a t  the acoustic matching characteristics of the two 

materials should be nearly identical. The dense f l i n t  has a large 

elastoroptic coefficient and is transparent t o  the convenient HeNe 63288 

1 ine. Acousto-optic measurements of strain are  easily obtained w i t h  

dense f l i n t .  
._ - 

Acousto-optic measurements of strain i n  dense f l i n t  glass samples 

were mad2 a t  5,10,20 and 6OMhZ. The samples were cut t o  the same geo- 

metrical dimensions as the silicon crystals. 
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Theoretical developments of acousto-optic diffraction show that  

the time average intensi ty  of l i g h t  diffracted i n t o  the first order i s  

given by: 

where V I =  mSp p (3-2) 

w i t h  L = thickness of material traversed by l i g h t  

wave 

gation vector,) 

X = optical wavelength 

( perpendicular to acoustic propa- 

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 =r - . 
Cook and Hiedemann have made convenient plots of the relation- 

s h i p  given i n  (3-1). Optical measurement of the SWR i s  made by comparing 

the rat io  of l i g h t  intensity modulated a t  twice the acoustic frequency 

to  the unmodulated 

SUR determinations 
light. T h i s  measurement can then  be compared to  

made by the acoustic pulse echo method. 

( i  i )  Strain Gauges micro-miniature strain gauges are bonded 

to  the surface of both the silicon crystals and their dense f l i n t  glass 

replicas. These gauges are connected to an A-C bridge that  senses 
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only the deviat ion f r o m  equilbrium resistance. (The actual RF time 

varying s t r a i n  cannot be measured d i r e c t l y  because of the pickup of 

RF radiated by the transducer.) The bridge c i r c u i t  f i l t e r s  out the 

RF pickup and gives a signal proportional t o  the t i m e  average strain.  

An elaborate t e s t  procedure was set up t o  ensure tha t  RF pickup d id  

not a f f e c t  the time average s t ra in  measurement. 

5 (iii) - Bond Transmission A method was devised f o r  measuring the 

r e l a t i v e  value o f  the transmission coef f ic ient  o f  the bond between 

the transducer and the crysta l  (and the r e l a t i v e  SWR o f  the crystal  

transducer system). The basic pr inc ip le  o f  the method i s  i l l u s t r a t e d  

i n  Fig. 36 . A second transducer was bonded t o  the face opposite 

the usual power dr iv ing transducer ( # l ) .  

epoxy, the second transducer was attached with phenyl sal icy1 ate. 

This material melts a t  low temperature (8OoC) and recrysta l l izes a t  

room temperature forming an acoustical ly e f f i c i e n t  bond. The advantage 

of t h i s  method i s  t h a t  the l a t t e r  transducer can eas i ly  be removed 

without distrubing the other transducer (or the qua l i t y  o f  the face 

t o  which the second transducer i s  attached). We l e t  tl = the transmission 

coef f i c ien t  o f  the f i r s t  bond and t2 for the second. I f  an acoustic 

pulse i s  applied t o  the f i r s t  transducer, a series o f  pulses w i l l  be 

observed a t  the oscilloscope outputs S, and S2. A pulse traversing 

Instead o f  using the usual 

a s ingle pass and observed a t  S2 suffers an attenuation tl t2. A 

double pass observed a t  S, i s  attenuated by tI2 (1-t2). With these two 

.. . 
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Figure 3-6. Configuration used for experimental 
measurements o f  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 f l i n t  replicas were desired. For 

this application, the double pass measurement alone was found t o  be 

adequate (while assuming t h a t  reflection from the second face w i t h  no 

transducer bonded was = 100%). The two transducer technique seems t o  

be, however, a useful new method (*) for the measurement of bond trans- 

missions tha t  could also be applied t o  absolute measurements. 
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By comparing measurements made w i t h  a1 1 three methods (acousto- 

optic, strain gauge, and bond transmission) , a quantitative picture o f  

the acoustic field inside the crystals or glass replicas can be 

obtained. 

Since different combinations of the three techniques were used a t  

the various frequencies, the descriptions of the actual measurements 

will be categorized by frequency. 

- 5MhZ A t  5MhZ strain measurements were made using each -. 
of the three techniques( strain gauge , rep1 iCas,and bond 

transmission). 
-- 

Several samples of dense f l i n t  and silicon were prepared and 

bonded to  5 MhZ transducers. Optical measurements of the strain i n  

the dense f i n t  samples were performed as described above. 

gauges were then bonded t o  both the f l i n t  glass and silicon samples. 

Strain 

Optical measurements on the glass samples were repeated af ter  bonding 

the strain gauges and i t  was determined that the application o f  the 

gauge had not altered the acoustic pattern. Optical measurements of the 

SWR were also made. 

w i t h i n  the standing pattern i s  taken i n t o  account i n  correcting the 

s t ra in  gauge reading. Fig. 3-7 gives a p lo t  which compares the total 

time average strain measurement as made by acousto-optic diffraction 

w i t h  the strain gauge measurements. The data i n  Fig. 3-7 was taken 

a t  only one o f  several resonant frequencies (around 5 rCUrz) and . 

Tor one..of two samples o f  dense f l i n t  glass. 

Knowinq the SWR, the position of the strain gauge 
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Figure 3-7 . Comparison o f  measurements o f  time average 
strain as made by strain gauges and by acousto- 
optic light diffraction. 
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Strain gauge measurements were also made on the silicon crystals. 

The results for one o f  the crystals i s  presented i n  Table 3-1. The 

quantity i n  the f i n a l  column . .  is the r a t i o  of the strains i n  the two 

materials (siltcon' ahd;' glass)  corrected for  individual 

sample djffekerices ih bond transmission. 
Table 3-1. Stra in  gauge measurements 

Input Power Strain i n  S t r a i n  
(electrical)  Dense F l i n t  i n  Silicon 

(watts ) G1 ass 

.10 7.5~1 f5 .68xl 0-5 

.20 1 x 1 ~ - 4  1.3 x 1 ~ - 5  

.30 1 A ~ I O - ~  2.0 x 1 ~ - 5  

.40 . 1 . 6 ~ 1 0 - ~  3.5 x1~-5  

. -  
- .. 

Ratio of Silicon 
and Glass Strains 
Corrected for  Bond 
Transmi ssi on 

7.8 

7.7 

7.0 

6.5 

The rat io  is close t o  the value one would predict from the differences 

i n  e las t ic  constants between the glass and silicon (6.5). 

The strain gauge measurements were t h u s  shown to g ive  accurate 

results when compared to  the well established acousto-optic technique. 

Since the strain gauge permitted a direct measurement of the acoustic- 

a l ly  induced strain i n  silicon, i t  was used as the primary standard 

a t  5MhZ. 

The position of the strain gauge w i t h i n  the standing wave pattern 

was accurately measured by a travelling microscope. This was also 

confirmed by taking a Borrmann topograph w i t h  the gauge i n  view. T h i s  

is shown i n  Fig..3-8. The g r i l l  o f  the gauge, being very t h i n ,  does not 

show well i n  the photograph, but the solder dots  and connecting wires 

are clearly visible. 

c 
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Figure 3-8 . Borrmann x-ray topograph of a silicon crystal 
with a bonded strain gauge in the 
field of view. - -  
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Such photos a lso confirm the qualitative nature of the acoustic 

Borrmann interruption process. The strain gauge location provides an 

accurate reference w i t h  respect t o  the standing wave pattern and the 

edge of the crystal. The regions of low x-ray transmission are 

found t o  be a t  nodes of the standing wave pattern. 

10, 20, 60 MhZ 

A t  10 MhZ the acoustic I welength i n  f l in t  is too small for 
accurate strain gauge measurements t o  be made. The acoustic wave- 

length i n  silicon is somewhat larger bu t  accurate positioning of the 

gauge i s  . sttll . difficult .  For higher frequency acoustic strains, 

the acousto-optic measurements on dense f l i n t  were t h u s  used as the 

standard. The silicon strain was then determined using the relative 

bond transmission (silicon vs. dense f l i n t )  measurements. 

- 3.2-5 QUANTITATIVE COMPARISONS BETWEEN THEORY AND EXPERIMENT FOR ACOUSTIC 

MODULATION OF BORRMANN TRANSMISSION 

In order t o  make a quantitative evaluation of the contrast 

ra t io  i n  the diffracted x-ray fringe pattern and of the reduction i n  

total integrated intensity, one could take densitometer traces of the 

topographs such as that i n  Fig. 3-8. I t  proved somewhat diff icul t ,  

however, t o  obtain accurate results this way because of uncertainties i n  

f i l m  cal i brati on. 

A more accurate method would be t o  traverse the crystal parallel 

t o  the diffraction vector (reciprocal la t t i ce  vector) while using a 

collimated i n p u t  beam. Devices for  producing such a traverse while 
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accurately 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 

01 FFRACTING 

X-RAY 
DET ECTO R 
WITH WIDE 
APERTURE 

X-RAY POINT 
SOURCE 

A 8  AX 
8 x 
--- 

Figure 3-9 . Configuration used t o  obtain x-ray scans o f  
acoustic standing wave patterns in crystals. 



-1 34- 

Essent ia l ly  uncollimated x-ray rad iat ion (3' divergence) i s  

incident on the crysta l  from a point  source. The crysta l  i s  then 

rotated. A t  any instant  o f  time, the cone o f  rays accepted by 

the crysta l  has a divergence o f  about rad i  ms, as governed 

by the spectral width o f  the source (usually CuK, x-ray l i n e ) .  The 

region intercepted a t  the crysta l  by t h i s  cone i s  narrow compared t o  

the acoustic wavelength. As the crysta l  i s  scanned, the narrow x-ray 

beam w i l l  traverse the acoustic standing wave pattern. 

such scans are given i n  Fig. 3-10. As mentioned before, there are 

Examples of 

two important parameters associated wi th  such curves. 

(a) CONTRAST RATIO, defined as the average r a t i o  of maxima t o  

minima i n  the transmitted fr inge pattern. 

(b) INTEGRATED INTENSITY - a measure of the t o t a l  x-ray trans- 

mission during the scan as indicated by the area under the curve. The 

integrated in tens i ty  was evaluated i n  two d i f f e r e n t  ways. The t o t a l  

photon count during the scan was of ten taken. 

the shape o f  the curve and where t o  cut  off the count. 

i n t e n s i t y  measurements were also taken by graphical ly and numerically 

in tegrat ing the f in ished curve using a programable calculator and 

curve d i g i t i z e r .  The l a t t e r  proved t o  be the more r e l i a b l e  and accurate 

method. 

This required ant ic ipat ing 

Integrated 

Figures 3-11 and 3-12 give p lo t s  o f  measured contrast r a t i o  vs. 

rms s t r a i n  leve l  f o r  two s i l i c o n  crysta ls  wi th  5 MhZ PZT transducers 

e x c i t i n g  the acoustic waves. Also included are the contrast r a t i o s  

as predicted by the simple absorption theory and the r e f r a c t i v e  (Penn- 

i ng  and Polder) theory. 
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Figure 3-10. X-ray scans o f  5 MhZ acoustic standing wave 
patterns in a silicon crystal. 
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Figure 3-11. Comparison between measured and theoretically 
predicted contrast ratios in x-ray scans of 
acoustic standing wave (5MhZ) in silicon 
crystal #I ( C u k  x-rays). 
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Figure 3-12. Comparison between measured and theoretically 
predicted contrast ratios in x-ray scan o f  
'acoustic standing waves (5MhZ) in silicon crystal 
P2 (CuK, 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 Bornnann 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 

measurements o f f  -5~10’~. There is also, however, a systematic 

trend of higher measured than theoretically predicted values 

for 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 1 ongi tudinal (sinusoidal ) acoustic 

wave one would expect a smooth sinusoidal x-ray intensity dis- 

tribution (at the exit face).The scatter(around a sfne wave . 

distribution) in intensity for various rays traced indicate that 

the 1 imi ted number of rays could cause as much as 10% error in 

the calculated values for contrast 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 would want to 

minimize the insertion loss while at the same time keeping a high 

modulation depth. 
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Figure 3-13. Comparison of theoretical and experimental 

values for integrated intensities in x-ray scans 

o f  acoustically perturbed si1 icon crystal #1 

- (at 5MhZ). 
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Figure 3-14. Comparison of experimental and theoretical 

values for integrated intensities in x-ray 

scans o f  acoustically perturbed (5MhZ) 

silicon crystal # 2 
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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 (5Mhf acoustic wave) with chromium KM 

radiation ( A  =2.3 A). With chromium radiation the fit 

(product 

increases from 25 to 78. 

of absorption coefficient and crystal thickness) 

. .., 
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Figure 3-15. Chromium Ka x-ray scans of a 5MhZ acoustic 

standing wave pattern i n  a s i l i con  crystal .  
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. As shown i n  Chapter 2, the directional character 

of energy flow w i t h i n  the Borrmann fan (1/2 angle of effective 

Borrmann fan)  i s  only weakly dependent on the x-ray wavelength. 

Thus, the effective divergence o f  rays passing through an acoustic 

pattern remains about the same, and the primary effect is  the 

increased absorption 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 w i t h  CuKa).. 

"refractive" effects are  also s l igh t ly  changed by using softer 

radiation. As seen from Eq. 2-51, Chapter 2, the refraction i s  

inversely dependent on xH and directly proportional t o  sin BB xH is 

I n  addition t o  the absorption coefficient, the 

3 

roughly proportional t o  the square of the wavelength. Thus, as the 

Bragg angle becomes larger for softer radiation, the refraction of 

the rays increases approximately as s i n  OB 

Fig. 3-16 gives experimental and theoretical results for the 

dependence of Borrmann interruption on x-ray wavelength. 

The wavelength dependence i s  also illustrated i n  Fig.  3-17, 

where x-ray scans of the same crystal w i t h  strain level held constant 

are given for various wavelengths. The x-ray count rate for  the 

unperturbed crystal was adjusted t o  be the same i n  a l l  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. 

- to  maximuze modulation depth while a t  the same time, minimizing the 

For example, one might wish  



0.8- 

0.6 - 

0.4 - 

0.2 - 

. 

-1 44- 

"REFRACTIVE 

Cu Ka 'Fe Ka Ct KQ 
6 1 

I I I I I I I 

1.5 2.0 2.2 
X- RAY WAVE LE N GT H 

Figure  3-16. In tegrated  i n t e n s i t y  as  a funct ion  of x-ray 
wavelength wi th  a c o u s t i c  s t r a i n  amp1 i tude  h e l d  
c o n s t a n t .  
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absorption (or inser t ion  loss) o f  the unperturbed crysta l .  

The resolut ion of the scan system i s  l im i ted  by three factors: 

a) the f i n i t e  size o f  the x-ray source, b) the spectral width o f  the 

x-rays, which determines the cone angle o f  rays accepted by the 

crysta l ,  c) the spread o f  rays w i th in  the Borrmann fan. 

? 
Since the entrance s i i t s  on the 

detector must be kept wide open i n  order t o  accomnodate the  movement 

o f  the x-ray beam along the entrance face of the c rys ta l .  

the acoustic wavelength becomes small enough tha t  both factors (a) 

and (c)  s t a r t  l i m i t i n g  the resolution. These e f fec ts  can be seen i n  

Fig. 3-18, where a t yp i ca l  x-ray scan o f  a 10 MhZ acoustic standing 

wave pattern i s  presented. The f r i nae  structure due t o  the acoustic pa t t -  

ern 

' 

i s  beginning t o  be l o s t  i n  the noise. This scanning method 

remains, o f  course, a per fec t l y  v a l i d  method for measuring integrated 

in tens i ty .  

The best method f o r  performing scans o f  t h i s  so r t  would be t o  mono- 

chromate the input  beam wi th  another c rys ta l  and l i m i t  i t s  spat ia l  

extent w i th  a s l i t .  I n  t h i s  way, one could l i m i t  the cone o f  rays 

accepted on the entrance face t o  around 50 microns. This distance 

would be small compared t o  the acoustic wavelength ( i n  s i l i c o n  (220) ) 

f o r  frequencies around 20-25 MhZ. I n  addition, such a system could 

l i m i t  the divergence o f  rays t o  less than the normal Borrmann fan by 

exc i t i ng  a l im i ted  region o f  the dispersion surface. 

The contrast formation i n  the x-ray topographs i s  s l i g h t l y  
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figure 3-18, Illustration o f  the limitation of resolution in 
acoustic scan system due to energy spread in the 
Borrmann fan, 
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different than  w i t h  the scan system and fringe structure can be 

observed a t  much higher acoustic frequencies. 

mentioned previously, i t  is more diff icul t  t o  obtain quantitative i n -  

formation w i t h  the topographs. They are st i l l  useful fo r  qualitative 

evaluation of the contrast formation a t  higher acoustic frequencies. 

Fig.  3-1 9 shows densitometer traces of Borrmann topographs taken( @lOMhZ) 

w i t h  silicon crystal #3 w i t h  different acoustic power levels i n  the 

crystal. The measured reduction i n  integrated intensity agrees to  

w i t h i n  about 15% w i t h  the results obtained from the scan system. 

For the reasons 

Results for integrated intensity reduction a t  10 MhZ using the 

scan system are presented i n  Fig. 3-20. As expected, they are quite 

simiiar t o  the 5 MhZ data. T h i s  i s  t o  be expected since the strain 

gradient has not yet reached levels where geometrical optics does not 

apply. 
branch of the dispersion surface. 

In  other words, there is no transfer o f  energy t o  the other 

The s l i g h t  tendency for  a greater reduction i n  integrated intensities 

i n  the 10 MhZ case than 5 MhZ 4s due t o  the simple process of rays 

w i t h i n  the Borrmann fan penetrating in to  regions w i t h  greater deviation 

from Bragg angle. The larger * gradient (for equal strain amplitude) 

i n  the 70 MhZ case leads t o  more refraction and thus ,  greater reduction 

i n  integrated intensity. Going t o  higher modulation frequencies , while 

maintaining the same nns strain level, will thus gradually lead t o  

greater reduction i n  x-ray transmission. 

One ISmitation un going to  h igh  frequencies is that i n  general 

the acoustic loss w i l l  increase as the frequency is elevated. Below 
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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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Figure 3-20. Comparison o f  theoretical and experimental values 
for integrated intensities i n  x-ray scans of a 10 
MhZ acoustic perturbation i n  - silicon crystal 
63. 
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100 MhZ, however, there are many useful materials t h a t  have a very 

small acoustic loss. Silicon, i n  particular, has very small loss 

below 200 MhZ. 

As the strain gradient becomes larger, a po in t  is reached where 

the simple pictures of x-ray diffraction, such as given i n  the Penning 

and Polder model, are clearly inadequate. 

la t t ice  (such as changes i n  the 2d spacing or bending of the la t t ice  

planes) start t o  occur w i t h i n  an extinction distance (the character- 

i s t i c  distance over which diffraction effects are set  up). The transi- 

t ion  is quite similar t o  the optical case where rapid changes i n  

Important changes i n  the 

refractive index lead t o  a t rans i t ion  from refractive t o  diffractive 

effects. 

I t  was found t h a t  the more convenient and interesting way of 

investigating higher strain gradient regimes (from the point o f  view 

of probing fine details of acoustic structure) was t o  go t o  higher 

frequencies. As described earlier,  a LiNb03 transducer was used a t  

higher frequencies because of i t s  low acoustic loss. I t  could also 

be operated a t  higher harmonics (which was not possible w i t h  PZT) 

so t h a t  a range of frequencies could be produced w i t h  a single trans- 

ducer. 

On exciting acoustic waves a t  the primary resonance of one trans- 

ducer (22 MhZ), a dramatic reduction i n  x-ray transmission was imnediately 

noticed. An i n p u t  electrical power of only about one watt would reduce 

the x-ray count rate t o  near the noise level. 

that the noise level i s  taken t o  be the count rate registered when 

( I t  migh t  be noted here 
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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 in tens i ty  

has been reduced t o  less than 20% of the uninterrupted x-ray trans- 
mission. 

The simple absorption and the Penning and Polder models were 

used t o  calculate the expected reduction i n  transmission. 

The comparison between the analytical model and measured values 

for reduction i n  integrated intensity (a t  20 MhZ) is given i n  Fig. 

3-22,Thek is a t rend  ‘toward divergence between the ‘measured and theo- 

retical curves as the strain gradient ‘becomes larger. T h i s  behavior can 
be explained i n  terms of the phenomena of interbranch scattering. 

There begins t o  be a transfer of energy to the other branch of the 

dispersion surface. 

is characterized by very high  absorption and thus leads t o  an- 

additional reduction i n  t h e  traismi tted x-ray intensity . 

In the Borrmann thick-crystal case, this branch 

The approximate criterion for judging the importance of inter- 

branch scattering is given by Formula 2-55, which for reference, is 

repeated here. 

The extinction distance (dext) for the 220 silicon planes is approximately 

20 microns(6).The rfght’ hand side of Eq. 3-3 is t h u s  (for CuKa) about 

3 . 9 ~ 1 0 ~ ~ .  For an rms strain level o f  4x10°5 and acoustic frequency of 

20 MhZ, the strain gradient component along So is  about 7x10-~. Observ- 

able effects due t o  i n t  scattering can be seen when the l e f t  
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Figure 3-22. Wpari son of theoretical and experimental 
values for integrated intensities i n  x-ray 
scans of a high frequency (22MhZ) acoustic 
perturbation i n  a si1 icon crystal. 
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side of (3-3) is more than 10 times greater(’!). The enhanced 

reduction i n  diffracted x-ray intensity seen i n  Fig.  3-22 can t h u s  

be explained i n  terms of the phenomenon of interbranch scattering . 
A rigorous quantitative .prediction o f  the exact amount of inter- 

branch scattering requ res the general ired dynamical diffraction 

theory given by Takagi (and reviewed i n  Chapter 2). 

The definition in Borrmann topographs remains quite good a t  22 MhZ, 

as shown i n  fig. 3-23. The spatial frequency of the fringes is  quite 

similar to  that found i n  many h i g h  resolution topograph studies of 
natural ly occurring crystal defects, such as d i  sl ocations. T h i s  

points up the fact  that the techniques developed i n  the present work 

are appropriate fo r  the study of both the micro-structure o f  acoustic 

fields i n  so l id s  and also the basic topographic contrast mechanisms 

( i n  the case of rapid spatial variation of la t t ice  parameters). T h i s  

will be discussed i n  more detail below i n  the section on topography. 

Before concluding the present section on single crystal Borrmann 

work, remarks concerning the general character o f  the results i n  

relation t o  measurement error are i n  order. The difficulty i n  making 

absolute acoustic strain measurements provided the major source of 

error. 

from the scatter i n  the comparison of strain gauge and acousto-optic 

techniques (see fo r  example figure 3-7). The error was seen t o  be 

about +.%loo5. A1 though the analytical predictions are w i t h i n  the 

expected error, there also seems t o  be a systematic tendency (which 

actually applies a t  a l l  frequencies) f o r  the interruption of the x-ray 

In the low frequency case the magnitude of error was estimated 
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transmission t o  be greater than predicted by theory. 

An interesting comparison between theory and experiment is shown 

i n  Fig. 3-24. Here, instead of using values of strain-measured i n  the 

conventional way, a different method is used according to  the following 

scheme. A threshold level for any noticeable effect on the integrated 

intensity (approximately 1% reduction) is observed experimentally 

and predicted w i t h  the simple absorption theory. 

of strain a t  this point to  be that predicted by the theory, a l l  h ighe r  

strain levels are calculated by mul t ip ly ing  by the square root of the 

By taking the value 

ratio o f  electrical inpu t  powers. Since we are certainly i n  the region 

of elastic behavior of the crystal, the strain level should be pro- 

portional t o  the squareroot o f  the electrical power i n p u t .  Although 

the agreement between the measurement and theory improves, the systematic 

tendency for the measured values t o  give lower integrated intensity 

seems t o  remain. 

Another possible source of error is the assumption of a pure 

longitudinal acoustic wave. This picture is  used i n  a l l  the theoretical 

calculations. 

realize that this is only an approximation. T h i s  will be discussed 

i n  more detail la ter ,  b u t  i t  can be said here tha t  densitometer 

traces of many topographs a t  5 and 10 MhZ show about 1.8% n s  deviation 

i n  the acoustic wavelength across the transverse extent of the crystal. 

One has only t o  consult the x-ray topographs taken t o  

. .  
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Figure 3-24. Reduction of integrated intensity in si1 icon 
crystal #1 (with strain levels normalized to  
theoretically predicted threshold) 
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The purpose o f  the present study was, however, t o  establ ish the 

orders of magnitude that wou7d be involved i n  producing pract ica l  

x-ray modulating, shuttering, and control devices. Within the context 

of t h i s  viewpoint, the accuracy o f  the present experiments i s  

adequate. 

3.3  - EXPERIMENTS WITH X-RAY INTERFEROMETERS 

Although the present experiments have shown tha t  the x-ray trans- 

mission can be qui te  sensit ive t o  acoustic perturbation, i n  cer ta in  

possible applications, i t  would be desirable t o  have even greater 

sens i t iv i ty .  

s t r a i n  along the d i rect ion of ray propagation i n  the Borrmann fan. 

I n  many natura l ly  occurring crystal  defects, curvature of planes, and 

other complicated distort ions, occur i n  addit ion t o  simple compression 

or d i l a t i o n  of the l a t t i c e  planes. 

wave could be confined t o  certain portions o f  the cross section o f  the 

crystal  ( i n  the plane o f  incidence), much more abrupt changes i n  

l a t t i c e  parameter could be produced. This would,of course,lead t o  

curvature o f  the l a t t i c e  planes, since discontinuous changes i n  

l a t t i c e  parameter cannot be produced. 

It would be desirable t o  have a larger gradient o f  

I f, f o r  example, the acoustic 

One way that  a more abrupt change i n  l a t t i c e  parameter can be 

real ized i s  shown i n  Fig. 3-25, where use i s  made o f  one type o f  

x-ray interferometer. The design o f  the interferometer i s  a s l i g h t  

modif icat ion o f  one o f  several suggested by Bonse and Hart'''). The 
I *  
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Figure 3-25. Configuration used in the experimentation 
with  x-ray interferometers. (a) crystal 
geometry * (b) diffraction geometry 
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ent i re  structure was cut out o f  a monolithic block o f  s i l icon.  

The device used i n  the present experiments was manufactured from 

a 1 cm. slab o f  Czolchalski grown s i l icon.  The sample was oriented 

as previously described. The channel was machined i n  the block by 

taking repeated cuts wi th a high speed diamond crystal  m i l l i n g  

(wafering) machine. The en t i re  u n i t  was then chemically polished 

with the n i t r i c  HF mixture described before. The pol ishing was 

performed by looping a length o f  t e f l on  tape through the channel 

and ty ing i t  firmly. With th is,  one could provide vigorous agi ta t ion 

tha t  uniformly polished a l l  the surfaces. The edges o f  the upr ight  

arms of the interferometer were o p t i c a l l y  polished t o  provide the 

surfaces for bonding the transducer and f o r  acoustic re f lect ion.  

order t o  prevent undue stress being placed on the arms during the 

pol ishing process, a special pol ishing block was constructed. 

acoustic transducers were bonded i n  the manner previously described. 

I n  

The 

. 

More care had t o  be taken i n  mounting the sample than was necessary 

i n  the s ingle crystal  experiments. 

arm r e l a t i v e  t o  the other, s ign i f icant  changes i n  the transmission 

If a s t ra in  was introduced i n  one 

were observed. 

described below, where a prestressed condition was used t o  select 

the operating point  on the d i f f r a c t i o n  curve ( input deviation from 

Bragg condition). During the ma j o r i  ty o f  experiments, however, any 

nondcoustic s t r a i n  was removed by using a special mount and s o f t  

s i 1  icone rubber bonding. 

This actual ly was used t o  advantage i n  an experiment 
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A1 though the phenomena of interruption of Bormann transmission 

is basically the same i n  the two crystal case, the specific details  

of the processes are different. As i n  the case of double crystal 

spectrometers, the first crystal acts l ike a monochrometer and collim- 

ator. Although i t  represents common terminology i n  x-ray diffraction 

theory, one must be careful t o  understand the sense i n  which the term 

collimation is used here. A broad non-monochromatic beam is incident 

on the first crystal. A t  any point on the first crystal, a ray is 

selected for transmission only if  i t s  wavelength and angle satisfy 

Bragg's law. Radiation falling on the second crystal i s  t h u s  filtered 

SO that a t  each point, only radiation of the r igh t  wavelength and 

corresponding angle (satisfying Bragg's law) is  incident. Thus,  any 

change i n  l a t t i ce  geometry i n  one of the arms, such as compression 

or dilation of the la t t ice  planes or a t i l t i n g  o f  the arm, reduces 

the transmission according t o  the diffraction curve (diffracted 

intensity vs. departure from Bragg condition), and is not  a function 

of the collimation and spectrum of the i n p u t  radiation. 

The basic geometry used i n  the acoustic perturbation experiments 

is shown i n  Fig.  3-26. 

a t  each point  on the entrance surface satisfied Bragg's law. Now, 

consider radiation incident on the second arm of the interferometer. 

A ray incident a t  the node of the acoustic field sees the undistorted 

la t t ice ,  and Bragg's law i s  satisfied. The spread of energy flow i n  

the Borrmann fan causes radiation t o  enter regions where Bragg's law is 

In the single crystal case, radiation accepted 
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Figure 3-26. Acoustic perturbation of x-ray propagation 
in an interferometer . 
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not satisfied. This is the same s i tua t ion  t h a t  prevailed i n  the 

single crystal case. A ray entering a t  the peak of the acoustic f ie ld  

does not  satisfy Bragg's law and starts t o  be attenuated. 

out, there is a tendency toward satisfaction of the Bragg condition. 

Qualitatively speaking, i n  the two crystal case, the peaks of the 

acoustic pattern, as well as the nodes, are involved i n  the attenuation 

process. Rays entering the crystal a t  the acoustic peak see much 

less strain gradient than a t  the nodes, and t h u s  spread much less 

rapidly i n t o  regions of differing 2nd spacing. T h i s  implies that 

the fringe contrast i n  the double crystal Borrmann case that is se t  

up by an acoustic s tanding  wave is reversed ( w i t h  respect t o  the single 

crystal Borrmann case) w i t h  minimum x-ray transmission occurring a t  

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 t o  the interruption. 

As i t  spreads 

In order t o  form a more quantitative picture, a s l i g h t  alteration 

t o  the simple absorption ray trace program was made corresponding t o  

the change i n  the boundary conditions a t  the entrance face of the second 

ess of 

In order t o  compare w i t h  previous single crysta 

crystal. Now, rays enter the crystal a t  a fixed angle (taken t o  be 

the acoustic the Bragg angle fo r  undistorted case), regard 

perturbation present a t  that  point. 

results, the 

same (220) diffracting planes and Borrmann (thick crystal) mode were 
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used. Several other diffracting configurations are possible w i t h  

interferometers of this type and will be discussed later. In the 

measurements presented below, both beams a and b (F ig .  3-25) were 

simultaneously collected by the detector. 

these two beams should have the same diffracted intensity and t h u s ,  

behave the same i n  response t o  perturbations. 

recorder traces (8-26 scans) for the case of 10 MhZ acoustlc wave 

perturbation. 

intensity, there seems also t o  be a very s l i g h t  change i n  the shape of 

the trace. T h i s  is probably due t o  residual stresses i n  the mounting 

that introduce a s l i g h t  nonuniform misalignment o f  the two arms of 

the interferometer. Fig.  3-28 gives a p l o t  of the measured reduction 

i n  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 

i n  the single crystal case are included i n  the same plot.  Similarly,  

3-29 displays the same information i n  the case of 5 MhZ acoustic 

frequency. 

In the thick crystal case, 

Fig. 3-27 shows chart 

In addition t o  the sharp reduction i n  integrated 

In both cases, there seems t o  be a rather strong departure from theory 

a t  very low values of strain. A trend i n  this direction was noticed i n  

the single crystal case, b u t  the tendency seems stronger i n  the 

double crystal case. The error i n  s t ra in  measurements i s  greater i n  this 

region, bu t  the difference between the double and single crystal cases 

seems explicable only i n  terms o f  an inadequacy o f  the theoretical 

model. 
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ACOUSTIC INTERRUPTION OF X-RAY TRANSMISSION 
THROUGH A TWO CRYSTAL BORRMANN MODE 
X-.RAY INTERFEROMETER 

NO POWER ON 
TRANSDUCER 

1.2 x IOo5 ACOUSTICALLY 
INDUCED RMS STRAIN LEVEL 

-Figure 3-27. Acoustic interruption of 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 
in the double crystal Borrmann case (10 MhZ ). 
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5 MWz ACOUSTIC INTERRUPTION. 
DOUBLE CRYSTAL BORRMANN CASE 

SINGLE CRYSTAL 

DOUBLE CRYSTAl 
I I I I I I I 1 

1 2 3 4 5 6 7 8  
RMS STRAIN x 10:~ 

Figure 3-23. Theoretical and experimental values fo r  

integrated intensity, for 5MhZ acoustic 

interruption double crystal Borrmann case. 

LI 
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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 

thSs behavior is based once again on the interferometer model o f  

x-ray diffraction. When a large number of effective reflections are 

involved, a great sensitivity 

achieved . The greatest value 
many passes (corresponding to 

from the same arms) or effect 

of transmission vs. wavelength is 

of x-ray interferometers ari ses when 

more than two arms or multiple reflections 

ve reflections are involved. These 

situations will 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 thiickness 

equal to the sum o f  the thickness o f  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 

still the same. -One could conceive o f  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 interfermeter. 

applications will be discussed in more detail later. 

Possible 

In order to demonstrate some of the concepts behind possible 

applications, the following 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. 

a 8-28 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 

Fig. 3-30 shows 

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 condition 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 

8-29 scan. We expect this because the zero powr condition definitely 

has a large stress applied in a way that is likely to be nonuniform. 

Using methods o f  this sort, one can "tune" the interferometer to a desired 
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Figure 3-30. Increase in X-ray transmission caused by 
acoustic perturbation o f  prestressed (mis- 
a1 igned) X-ray interferometer. 
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portion of the rocking curve. 

the steep edges of the curve would show a great sensitivity t o  

further perturbations a& produce a greater contrast ra t io  i n  switch- 

ing and shuttering experiments. 

could be useful i n  producing a desired radiation i n p u t  condition for  

x-ray topograph investigations. With respect t o  modulation and 

shuttering concepts, these experiments demonstrate that  " t u r n  on" 

as well as "turn off"  processes are feasible. 

For example, an operating point on 

In addition, such a tuning capability 

- 3.4 X-RAY TOPOGRAPHY OF ACOUSTIC FIELDS I N  SOLIDS 

One application that is an outgrowth of the present work is the 

use of x-ray diffraction i n  general and topography, specifically to 

map the microstructure of acoustic fields i n  solids. T h i s  information 

could, i n  t u r n ,  be used i n  studies o f  a variety of acoustic interac- 

tions i n  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 s tudied .  

refractive t o  diffractive regions of x-ray image formation can be 

s tudied .  These concepts are applicable t o  the thick crystal Borrmann 

case, as well as t o  t h i n ,  double crystal , and 8ragg geometry cases. 

In particular, the transition from 

One of the first applications of topography i n  the present study 

was an investigation of the fundamental nature of contrast formation 

i n  the single crystal Borrmann case. Our basic model of contrast 
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format ion  t h a t  is proposed i n  this study invo lves  the concept  of 

r a y s  e n t e r i n g  the crystal a t  the Bragg ang le  and spreading  i n t o  

r eg ions  where the Bragg cond i t ion  is no longer  satisfied. T h i s  p i c t u r e  

is described i n  detai l  i n  Chapter 2 ( i n  the subsec t ion  on s imple  

abso rp t ion  theory). T h i s  model immediately sugges t s  t h a t  the 

minimum x-ray t r ansmiss ion  will occur  a t  the nodes o f  the a c o u s t i c  

p a t t e r n .  S i n c e  the edge (oppos i t e  the t r ansduce r )  of the crystal 

imposes a minimum on the a c o u s t i c  s t and ing  wave, the presence  of a 

l i g h t  or dark f r i n g e  i n  the x-ray p a t t e r n  a t  the edge should confirm 

the model. 

the crystal by simply p lac ing  i t  i n  the projected field (see Fig.  3-4(a) 

I t  proved, however, difficult  t o  d i s t i n g u i s h  the edge of 

of the l i n e  source.  I n  a l l  topographs taken ,  the edge was ve ry  b l u r r e d  

and i t  was imposs ib le  t o  determine the f r i n g e  s t r u c t u r e .  

To circumvent  this problem, a sharp edge r a z o r  blade was pos i t i oned  

parallel t o  the edges under a microscope and then  glued t o  the sur -  

face. X-ray topographs of the crystal showed the edge i n  sharp de ta i l .  

The p o s i t i o n  of the blade edge w i t h  respect t o  the c r y s t a l  edge was 

a c c u r a t e l y  measured w i  t h  a t r a v e l  1 i n g  microscope. The f i n a l  f r i n g e  

a t  the edge of the crystal was determined t o  be a white f r i n g e  (i.e.,  
. minima i n  x-ray i n t e n s i t y ) ,  confirming the model o f  c o n t r a s t  formation.  

T h i s  p i c t u r e  i s  a d d i t i o n a l l y  confirmed by seve ra l  topographs,  such 

as shown i n  Fig.  3-8, which were taken  w i t h  a s t r a i n  gauge i n  view. 

The s t r u c t u r e  of the gauge being clearly v i s i b l e  i n  the topograph 

could  then  be easily re fe renced  w i t h  r e s p e c t  t o  the s t and ing  wave 

p a t t e r n  and the edges o f  the crystal. 

- -  



-1 74- 

Other aspects of the contrast formation can also be investigated 

by topography. The analytical model of contrast that  is proposed i n  

t h i s  study assumes that the basic mechanism is an increase i n  absorption 

due to  an interruption of the Borrmann effect. Thus, regions of l a t t i ce  

perturbation cast "shadows" i n  both the diffracted and direct 

(forward diffracted) beams. Moreover, i n  the thick crystal case, 

dynamical diffraction theory predicts symmetrical energy distribution 

i n  the diffracted and forward beams. With the symmetric time varying 

nature of the acoustic perturbation, one also expects the same con- 

t r a s t  behavior i n  the forward and diffracted beams. T h i s  means,of 

coursekthat nodes i n  the acoustic field should represent minima of 

x-ray transmission i n  both of the beams. 

In the t h i n  crystal case, a variety of interference effects (some 

involving the other branch of the dispersion surface) are possible 

that could cause complementary contrast i n  the two beams. 

thick crystal case, there are also subtle details. If the standing 

acoustic wave were frozen i n  time, the strain gradient would spatially 

In the 

alternate s ign .  A t  one particular node, rays i n  the top half of the 

Borrman fan (contributing more t o  the diffracted beam) might be 

refracted away from the la t t ice  planes, causing increased absorption, 

while rays i n  the bottom of the fan (contributing more to  the forward 

beam) would be refracted closer t o  the la t t ice  planes. When there is, 

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

around the central ray (parallel t o  la t t ice  planes), making the d is -  

tinction between t h e  top and bottom half of the Borrmann fan less 
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important. 

In order t o  check the relative contrast i n  the two beams, one 
could check the position of fringes i n  the two beams relative t o  a 
fiducial mark, such as the razor blade used earlier. An even more 

accurate method was discovered that uti1 izes a naturally occurring 

defect i n  the crystal, which itself served as a fiducial mark 

The d i r ec t .  beam, i n  addition t o  forward diffraction,also contains 
hard components t h a t  penetrate the crystal. In order t o  expose the 

forward and diffracted beams on the same plate, t h i s  hard component 

m u s t  be reduced. T h i s  was done by reducing the excitation potential 

on the x-ray tube. T h i s ,  unfortunately, also reduces the efficiency 

of excitation of the Ka line and t h u s  the line t o  continuum ratio. 

T h i s , i n  turn,results i n  poorer quality topographs w i t h  reduction in 

contrast and a sl ight b lur r ing  of once sharp detail. Numerous topo- 

graphs of the crystal were taken i n  order t o  determine the optimum 

value f o r  tube potential t o  maximize contrast i n  both the forward 

and diffracted beam simultaneously. For CuKa, this was determined t o  

be 13KV. In order t o  provide good resolution, exposures were taken 

on electron-microscope image plates. These provide much better 

resolution than no screen film a t  a sacrifice of about 10 times i n  

sensitivity. 649 spectroscopic plates would provide the best possible 

resolution, b u t  the extremely long exposures necessitated by this 

emulsion (about 3 times longer than em plates) were deemed prohibitive. 

Fig. 3-33 shows a CuKa topograph of a silicon crystal w i t h  an 

acoustic standing wave present. The images of both the direct 
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3-31. X-ray topograph o f  a si l icon crystal with 
an acoustic standing wave pattern applied. 
Dislocation i n  the f i e l d  o f  view acts as a 
f iducial  mark. (both di f fracted and forward 
di f fracted 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 a t  
the Bragg angle. T h i s  causes the s l i g h t  difference i n  the apparent 

spacing of the fringes and size of the dislocation. AS can be seen 

‘from the figure, the posit ion of the dislocation w i t h  respect t o  the 

acoustic pattern is exactly the same i n  both the diffracted and 

direct beams. T h i s  confirms that the contrast formation is the 

same i n  both the diffracted and direct (forward diffracted) beams. 

In addition t o  the study of contrast formation, this method of 

topography also lends itself t o  study of the acoustic f ie ld  itself 

and i ts  interaction w i t h  defects such as dislocations. Fig. 3-32. shows 
an. x-ray topograph o f  a region where a dislocation is  present. The 

two views show the diffracted image w i t h  and without an acoustic 

standing wave perturbation present. The r igh t  hand photo shows what 

seemed to  be a standard feature o f  the acoustic field i n  the vicinity 

of defects. The nbdal lines bulge s l i g h t l y  and seem t o  cause a broaden- 

i n g  of the adjacent fringe. More will be sa id  about applications 

of x-ray acousto-optic effects i n  Chapter 4. 

In a l l  the experiments performed i n  this s tudy ,  longitudinal waves 

were propagated perpendicular to  the 220 planes used for diffraction. 

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

cubic la t t ice  structure and acoustic velocities can be expressed 

simply i n  terms of three elastic constants (12) . 
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Figure 3-33. Acoustic propagation i n  a silicon single 
crystal slab. 
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= .639 x 10'' dyn; 

= 1.66 

cm I 1 

2 

C44 = .769 

For waves propagating i n  the 110 direction, there are three 
possible modes of the la t t ice ,  one longitudinal and two transverse, 

whose polarizations are as shown i n  Fig. 3-33. The effective elast ic  

constants for these modes are: 

L: + c1 2 

The transverse directions do not fa l l  along the edge of the 

samples used i n  the present study so that the velocity o f  shear waves 

would be some average of v and v . 
T; T2 

Most o f  t h e  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 i n  them. One possible explanation for this behavior would 

be local variation i n  the microscopic compressibility of the materials. 

T h i s ,  however, seems unlikely i n  the case of the silicon samples used 

i n  the present study. They are carefully grown single crystal samples 

w i t h  a very low dislocation density. Certain individual perturbations 
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i n  the acoustic pattern might be due t o  dislocations, but on an 

overal l  basis, the small scale perturbations seem t o  occur too 

frequently ( i n  a spat ia l  sense) t o  be explained t h i s  way. Another 

explanation might be the weak exci tat ion o f  modes other than the 

primary longi tudinal  one. I n  addit ion t o  the character ist ic modes 

o f  the s i l i c o n  l a t t i c e ,  each indiv idual  sample, o f  course, has i t s  

own overal l  acoustic modes character ist ic o f  i t s  macroscopic dimens- 

ions. A l l  o f  the samples used i n  the present study were i n  the form 

of t h i n  slabs. The problem o f  acoustic wave propagation i n  a slab 

i s  ana ly t i ca l l y  soluble i f  the width o f  the cross section i s  large 

compared w i t h  the thickness. (14) This i s  approximately sa t is f ied  

i n  most of the samples used. We note here that  a t  the frequencies 

used i n  the present study, there might be a tendency t o  exci te sur- 

face or Rayleigh wave modes. 

I n  order t o  experimentally determine the nature o f  the acoustic 

f ield, a large number o f  topographs (@ 10 MhZ) were taken showing 

d i f f e r e n t  views o f  the same crysta l  wi th the same acoustic f i e l d  condi- 

t ions. Each topograph showed about .5 cm o f  the crystal .  The photo- 

graphic p la te was aligned accurately normal t o  the d i f f rac ted  beam. 

The acoustic f r inge pattern on the p la te thus represents a project ion 

2 

a t  the Bragg angle o f  the pattern i n  the crystal  onto the plate. 

exc i ta t ion frequency was very accurately measured (*.01%) with a d 

frequency counter. 

Several densitometer traces were taken o f  each topograph. I n  

he 

g i  t a l  

taking some traces, the e x i t  s l i t  height was opened t o  average (over 
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the whole width o f  the pattern). 

reduced i n  order t o  study any localized behavior that m i g h t  be present. 

The traces, however, produced nearly identical results w i t h  respect 

t o  both the average value and the s ta t is t ical  variation. Table 3-2 

displays the results a t  10 MhZ and a t  22 MhZ, (where fewer topographs 

were taken). The calculated and measured values agree t o  well w i t h -  

i n  the standard deviation o f  the measurement. T h i s  i s  strong evidence 

that the primary acoustic mode was pure longitudinal compression. 

In others, the sl i t  height was 

T h i s  provides a justification for the model used i n  the theoretical 

calculations. I t  also suggests that if other modes of propagation 

are responsible for the detail i n  the acoustic pattern, that they 

are rather weakly excited. 
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(m) 
f Measured 

(MhZ) From Topographs 

Standard Cal cul a t e d  
Deviat ion From Known 
i n  Elastic 

Two Poss ib i e  
Values Cal cu- 
l a t e d  For 
Transverse 

*Tl *T2 

10 .884 1.8% .866 .549 .693 

21 .429 2.3% .415 .275 .335 

f= frequency 

A= acoustic wavelength 

Table  3-2. Analys is  o f  an 'acoustic s t and ing  wave p a t t e r n .  

- 3.5 MODULATION EXPERIMENTS 

T h i s  s e c t i o n  d e s c r i b e s  experiments  which  d i r e c t l y  demonstrate  

modulation and s h u t t e r i n g  of x-rays by a c o u s t i c  waves. 

low x-ray power a v a i l a b l e  from the s tandard  Coolidge type x-ray d i f f -  

Because o f  the 

raction t u b e s ,  count rates from the phototube detector are t y p i c a l l y  

on the o r d e r  of a few KhZ. In a d d i t i o n ,  the s t anda rd  pu l se  count ing  

and d i s c r i m i n a t o r  circuits a s s o c i a t e d  w i t h  d i f f r a c t o m e t r y  equipment 

respond very slowly t o  changes i n  x-ray count l e v e l .  The d i f f r a c t o -  
.. - ..* 

- m e t r y  equipment a v a i l a b l e  for the p r e s e n t  work was l i m i t e d  t o  count 

rate changes (slew r a t e )  o f  no faster t h a n  100 hZ. 

demonstrate  f a s t  i n t e r r u p t i o n  processes ,  s p e c i a l  sampling circuitry 

In o r d e r  t o  
~ - - . - -  
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had t o  be constructed. 

In order t o  demonstrate low frequency modulation of x-rays, the 

basic diffraction geometry shown i n  Fig. 3-3 was used. Fig. 3-34 

shows the abrupt "turn on" and " tu rn  off"  of the acoustic perturbation. 

As the transducer was energized and de-energized, monitoring was both 

by a strain gauge bonded t o  the surface and by the x-ray transmission 

through the crystal. Likewise, Fig.3-35 shows sine wave modulation 

of the x-ray transmission through the crystal. The RF power d r i v i n g  

the acoustic transducer was amplitude modulated a t  a rate of a few 

hertz. The left side of Fig. 3-3.5 shows the sin wave modulation of 

the acoustic strain as monitored by the strain gauge. 

To observe transient (shutter-1 ike) interruption on a reasonably 

fas t  time scale (of order of microseconds), the slow discriminator 

c i rcui t  used above was completely inadequate. Instead, a new sampling 

type measurement system was devised. A block diagram of the circuitry 

is given i n  Fig.  3-36. In typical experiments u t i l i z i n g  this circuit  

the transducer was excited w i t h  10-20 micro second bursts of lOMhf 

carrier frequency. The leading edge of each b u r s t  triggers the time 

to  amp1 i tude convertor (TAC) . The next pulse from the x-ray. 

detector '%topstt the TAC which, i n  t u r n ,  outputs a pul se whose amp1 i tude 

is proportional t o  the interval between s t a r t  and s t o p  pulses. By 

t u n i n g  the pulse he ight  f i l t e r ,  one t h u s  obtains a p lo t  of the probability 

of an x-ray photon passing through the crystal vs. phase of the inter- 

r u p t i n g  acoustic signal. 

tun ing  process automatically and imnediately pr0vid.e a histogram of 

mu1 ti-channel analyzer could perform the 
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OSCILLOGRAPH TRACE OF 
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Figure 3-34. Strain and x-ray transmission signal responses 
to a burst of RF power applied to  acoustic 
transducer. 
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OSCILLOSCOPE TRACE OF 
ACOUSTICALLY INDUCED 
STRAIN AS MONITORED 
BY A STRAIN GAUGE 
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CHART RECORDER TRACE 
OF THE X-RAY TRANSMISSION 
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Figure 3-35. Sine wave modulation o f  x-ray transmission 
(Borrmann mode). AM modulated RF power is  
appl ied to  the acoustic transducer. 
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Figure 3-36. Electronic configuration used to  observe transient 
' interruption o f  Borrmann x-ray transmission. 
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number o f  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 o f  x-ray transmission is slightly more 

than that of the acoustic burst, since one acoustic reflection 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 1 ike those presented in the strain measurement section. 

b . 
8 

PHASE OF ACOUSTIC PULSE TRAIN 
Figure 3-37. Borrmann x-ray transmission through a silicon 

crystal as a function of the phase o f  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 

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 o f  x-ray scatterers. 

such a study could encompass molecular structure changes that can 

Ideally, 

cause significant x-ray diffraction effects in 1 iquids or gases( 1 ) ( 2 ) *  

We will, however, limit the discussion to perturbations of crystal 

lattice structure in the case of bulk x-ray diffraction and .to simple 

to macroscopic surface perturbation in the case o f  surface scattering 

of x-rays. 

Certainly, one o f  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 1 imitations on temporal charac- 

teristics that x-ray shuttering and modulation devices might be expec- 

ted to have. 

Going t o  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 o f  the basic vibrational properties o f  crystalline solids. 
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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 o f  lattice vibrations 

having been laid, the question of methods of excitation (and their 

limitations) 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 o f  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 o f  the solid. 

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 

(This characteristic is primarily appli- 

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 

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

1013 HZ. The complete description o f  the vibrational spectrum of 

complex solids constitutes a very complex problem, many aspects of 

The frequency spectrum involved 
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characteristics of the vibrations can, however, be predicted by 

rather simple models. We find these models adequate to characterize 

the general constraints on speed o f  excitation that would be present 

in x-ray shuttering devices. 

The two simplest forms o f  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 

sol id state physics. (4 ) (5 )  One usual ly assumes interatomic forces 

to act only between 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. 

dispersion curves that result for monoatomic and diatomic lattice 

structures. A distinct feature o f  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.(6) 

Figure 4-1 (a) shows examples. of typical 

- 

-_ 

The type o f  motion implied by these lattice modes is illustrated 

in Figures $-l(b)and 4-l(c). An example o f  a typical scale that would 

be assigned to dispersion curves, such as those in Fig.4-1 i s  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 2x1Ol2 HZ for the acoustic modes and about 4x1Ol2 for 

the optical modes. 

an order of magnitude difference in the frequencies of acoustic and 

optical modes. (3)  

In some other solids, there can be as much as 

The frequency of vibrational modes depends on the type of 

interatomic binding (and, thus, the energy level structure of 

the solid) which affects the force constants to be used in the simple 

model described aboveJ4) on. the mass of the atomic species, and on 

the characteristic spacing of the atoms. 

A limited amount o f  detailed information is available on the 

bandwidths of individual vibrational modes. Experimentally, these 

quantities are usually determined by Raman scattering. 

the simple lattice models have proved adequate to make rough estimates 

of vibrational bandwidthsJ8) Eckhardt has estimated that bandwidths 

will usually lie between 6x1010 and 2~10~' sec-l . 

In addition, 

An interesting example of the vibrational bandwidth o f  an 

optical mode is the so-called A1 mode of calcite (which is composed 

of an in plane expansion and contraction o f  the carbonate (C03)2- rad- 

ical). This is o f  particular interest because a very detailed experi- 

ment(') has been performed on the optical excitation (by stimulated 

Raman scattering) of this mode of calcite. Krishnon (''1 has studied 

this mode and concluded that the vibrational frequency is about 

3x1013 HZ and a bandwidth of 1Ol2 HZ. 
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Figure 4-2. Experimentally determined dispersion 
curves for simple cubic l a t t i c e  structure. 
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In a solid one is, thus, usually dealing with vibrational modes 

that range in frequency from about 1012HZ to few times 1013HZ and band- 

widths between lolo and 3~10~' HZ. Thus, it would seem that the 

lattice could potentially .be excited with rise times ranging from 

1 to 100 picoseconds. This is, o f  course, critically dependent on 

the method o f  excitation. 

The complete lattice spectruw 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(lo)and usually extends from OH2 to well over 1013HZ.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 INDUCED 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 we1 1 devel - 
oped in the optical regime, where laser mode locking, in conjunction 

with other electrooptic technology, can be utilized. Since the most 

1 i kely appl ications for fast x-ray switching would be associated 

with laser systems, the logical control mechanism-would be ultra 
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c I 

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 o f  stimulated Brillouin (SBS) and stimulated Raman 

scattering (SRS). In solids, the distinction between Raman and 

Bril louin scattering is that the' former occurs when optical modes 

are excited, while the latter involves the excitation o f  acoustic 

modes. 

Brillouin(l') 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 o f  the optical field to the lattice in the case 

o f  SBS is different than SRS and the two processes will be discussed 

separately. 

With stimulated Brillouin scattering, the coupling o f  the 

field to the lattice i s  accomplished via the phenomena o f  electro- 
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striction. An electromagnetic wave propagating in a medium can 

create an acoustic wave through the phenomena of electrostriction. 

Electrostriction is a second order effect in electric field strength 

and occurs in all dielectric media, regardless of crystal symmetry. 

The el ectrostrictive pressure can be expressed as 

(13)(14) 

2 
P = YE 

where y = P& 
dP 

E = dielectric constant 

p = density 

In cgs gaussian units, y is of the order of unity(’4) (for most 

materials). We have tabulated (Table 4-1) the strain that would 

be induced in several available single crystals as a function of 

optical field strengths. The elastic modulus that has been used 

in these calculations i s  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 achieved using electrostriction. 

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

ments is probably o f  the order o f  As can be seen from Table 4-1 , 
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MATERIAL FIELD 
STRENGTH 
V VOLT SIC^) 

FLUX 
DENSITY 
( WATTS/cm2) 

STRAIN 

SILICON 

1 o4 
I o5 
1 o6 
1 o7 

1 o6 
1 o8 
1o1O 

101* 

6x1 0-1 0 

6x1 0’8 

6x1 0’6 

~ ~ 1 0 - 4  

KCL 

1 o4 
I o5 
1 o6 
1 o7 

1 o6 
1 o8 
1o1O 

lo1* 

L i  F 

~ ~~ ~~ ~ ~ 

1 o4 1 o6 8.7x10-” 

1 o5 1 o8 8 . 7 ~ 1  0-8 

1 o6 1010 8 . 7 ~ 1  0-6 

1 o7 l0l2 8.7~1 0-4 

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 lo1' WATT/cm2. 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. (14) 

have noted that if frequencies at both the primary and shifted 

(w light + 56 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 solids.(6) 

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 processes 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 n frequency beats with the input. 

This beat frequency modulation can in turn directly couple into and 

drive the vibrational mode in a type of feedback process. 

input is strong enough, a net amplification can occur, thus, leading 

If the 

to very large vibration and high conversion efficiency of input to 

scattered 1 ight. 

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 

(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. 

(14) 

In the experiment performed by Giordmaine and Kaiser(9) jn calcite, 

they estimated that the displacement of the oxygen atoms (in the 

stretch mode of the C032' ion) to be 2~10'~ A for a power density 
7 2 of 10 WATTS/cm . Although the type of motion occurring in this 

0 

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(21D reflection fca-15, fc-3.4, 

fo-6), it gives one a good idea of the magnitude of vibration ampli- 

tude that 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 Bri 1 louin processes. 
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The flux levels required to excite SBS and SRS are near the 

In fact, SBS and SRS are often damage level for most materials. 
cited as possible mechanisms producing optical damage. (15) 

Since little information seems to be available on optical damage 

levels in  semiconductor^(^^)(^^^ (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 microscope. Observation of the uniformity of transmitted 

light (from a CW Yag laser) through the sample was also used.(18) 

The threshold for damage seemed to occur at the relatively high 

level of 5x10’ WATTS/cm2. For SBS, we see from Table 4-1 that this 

flux level corresponds to the relatively low strain magnitude of 

eX1 o-~. 
In closing this section on stimulated scattering processes, 

we note that laser damage studies on glass and some crystals (15) 

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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4.1 -2(b) .PIEZOELECTRIC EFFECTS 

By far, the most comnon 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 induced 

in them through direct application of an electric fieldAs contrasted 

with electrostriction, piezoelectricity is 1 inear in the applied 

field. The following equation is traditionally written to describe 

the piezoelectric effect. (19)(20) 

Tx = Cxx Vu - exx E, . (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 (19) i s  3~10'~ cm/volt.(Many materials 

have much higher d values, BaTiN03 being two orders higher.) A 

field strength of lo4 v/cm would, thus, produce a substantial strain 

of 3~10'~. 

optical f 1 ux density of 10 WATTS/crn*. ) 

. 

(The field strength of lo4 v/cm is equivalent to an 
6 

Unfortunately, it is not possible to couple optical energy (with 

~ ~ 5 x 1 0 ~ ~ )  directly into piezoelectric strain efficiently. Optical 



-206- 

frequencies are fa r  above any la t t ice  resonances, and, t h u s ,  can 

only cause s l i g h t  perturbations Several methedr exist(*’) (22) ,however, 

for rectifying subnanosecond optical pulses. Subnanosecond electrical 
pulses can also be produced by optically induced switching techniques (23) . 
One that i s  of particular interest(21) uses the pyroelectric effect 

(which is quite similar t o  the piezoelectric effect). A polarization 

is produced due t o  the heating of the la t t ice ,  caused by the i n p u t  

subnanosecond optical pulse. Given t h a t  i t  is possible t o  produce 

intense subnanosecond r ise  time electrical pulses, the question that 

does not seem to  have been considered is: How fast  can such a pulse 

excite piezoelectric strains i n  a so l id?  

The answer t o  the question o f  piezoelectric strain r i se  times 

lies i n  an analysis given by Jacobsen.(20)In. thfs paper, he analyzes 

the spatial location of the sources of acoustic waves i n  a piezo- 

electric solid perturbed by an electrical pulse. He has rewritten 

the e las t ic  wave equation i n  a form that shows clearly the nature 

of the dr iving term. 

From 4-3, we see t h a t  i t  is the spatial gradient of (d E) (piezo- 

e lectr ic  stress) that  is the source of acoustically induced s t ra in .  

Normally, when an electrical pulse is applied t o  a so l id ,  the strong- 

est gradient i n  the stress is a t  the surface, where an approximately 

discontinuous change i n  the stress occurs. Jacobsen was primarily 
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considering the case of a tone burst (of microwave power) applied 

t o  the sol id .  

other acoustic source comparable i n  strength t o  the surface effect, 

the spat ia l  gradient (of the envelope), the field would have t o  

be of the order of the acoustic wavelength. 

In this case, he showed t h a t  i n  order t o  have any 

We are interested i n  non-modulated bursts of the order o f  

sec. For such a pulse, an effective acoustic wavelength would 
0 

be of the order of 7000 A. A t  any instant  of time, the spatial 

extent of 

no significant spatial f i e  d gradient. 

sec electrical pulse is 3 cm, which clearly produces 

A second laser nduced electrical pulse applied t o  a 

piezoelectric sol id  would, t h u s ,  produce the following effects. 

As the electrical pulse passes by any particular p o i n t  on the s o l i d  

surface, a sharp shock is applied t o  a very t h i n  layer near the 

surface. A region of the order of the acoustic wavelength is, t h u s ,  

affected almost instantaneously. Thereafter, the acoustic disturbance 

propagates i n t o  the interior of the solid a t  the acoustic velocity. 

One would like t o  know i f  the surface effect represents the 

fundamental l imitat ion on pulsed excitation of piezoelectric strain. 
The l imi ta t ion  of surface generation could be removed i f  strong 

internal field gradients could be produced. A suggestion for the 

production of large field gradients is proposed as part of this 

study. The  fundamental nature of the idea is indicated i n  Figure 4-4. 

The beam from a mode locked, frequency doubled Nd laser would be 

s p l i t  i n  two and recombined inside the crystal t o  form an inter- 
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Figure 4-4. Illustration o f  a method f o r  the production of 
bulk acoustic perturbations by a pieto- 
el ectri c i n teracti on. 
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ference pattern.The rectifying layer is  separated from the diffracting 

port ion since most of the schemes for producing optical rectification 

require a doping o f  the crystal that would probably interfere w i t h  

the x-ray diffraction process. The interference pattern would lead 

t o  a large spatial gradient i n  f ield (over a few thousand angstroms) 

and, t h u s ,  b u l k  generation of acoustic waves. The volume over which 

interference occurs would be located very close t o  the undoped 

diffracting layer for two reasons. The close proximity would pre- 

vent  a significant spreading of the electrical f ield pattern (and, 

t h u s ,  avoid averaging out of the spatial gradient). T h i s  will a l so  

prevent any significant dispersion broadening of the pulse. 

Another method for establishing large field gradients would 

be t o  establish an internal grating-like structure of charge carriers. 

Such an experiment has been performed by Shi re r~(*~)  and others. 

Such structures are produced ini t ia l ly  by acoustic waves and the 

resultant charge separation caused by propagation i n  a piezoelectric 

medium. The structure, once established, will remain for long 

periods if the solid is cooled t o  l i q u i d  He temperatures by acoustic 

waves. I t  has been demonstrated (although on a much slower time 

scale than  t h a t  which is o f  interest i n  our proposed x-ray switching 

applications) that such a structure w i l l  produce bulk  acoustic 

generation when an r-f burst  is applied. Since the process involves 

the conduction electrons o f  the so l id ,  i t  would probably n o t  s ign i -  

ficantly affect the x-ray scattering pr0perties.h addition bulk  .waves 
have been demonstrated' .in several crystals that can easily be grown 
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with adequate perfection for  x-ray di f fract ion work ( f o r  example, 

GaA, which has the same diamond cubic structure as si l icon and 

gemanium) . A particular drawback to  the use o f  t h i s  method, however, 

i s  the need t o  keep the crystal a t  l iqu id  helium temperature. 
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4.1-2(~) . THERMAL HEATING OF DIFFRACTING LATTICE STRUCTURES 

In this section, we present calculations that characterize 

the limitations on the control of x-ray propagation through heating 

o f  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 

o f  20 picoseconds. (22) 

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(l1, as shown in Equation 2-60. Experimental ( 26) and 

theoretical ( 25) results indicate that this factor is only an approxi- 

mation to the behavior of x-ray diffraction in real solids. 

complete analysis, two corrections to the Debye-Wal ler factor must 

be considered(26). First, the exponent in the Debye-ilal ler factor 

must be mu1 tiplied 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- 

In a 

fying the x-ray diffraction from a crystal. 

Consider the diffracting geometry illustrated in Figure 4-5. 
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IN PU' 
E 

LASER 
:AT1 NG 

DIFFRACTING 
CRYSTAL 

Figure 4-5. Thermal Heating of Diffracting Crystal1 ine 
Material. 



-21 3- 

A crystal slab 1 cm x 10" cm x 

Bragg geometry. This represents a typical useable diffracting 

cm is shown diffracting in the 

volume, such as one might encounter in an x-ray spectrometer. (27) 

To calculate the required temperature 

in diffracted intensity, values for the De 

in the International X-ray Crystallography 

The required heat depostion for the volume 

Figure 4-5 was calculated using known spec 

rise for given reduction 

ye-Wal1 er factor tabu1 ated 

Tab1 es(28) were used. 

of crystal shown in 

fic 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 e/X). 
It is possible to deposit lo'* joules in the cm3 on 

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 si1 icon ("I and NaCl (1). We 

define the following quantity, which, in some textbooks(5) on solid 

state, is referred to as an effective "strain". 
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MATERIAL REFLECTION TEMP. /HEAT RMS EXCURSION OF 'I STRAI N 'I, e , 
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. 

(0C / Joules) (5 
SI1 ICON 

NaC 1 

220 580f/ -10 

440 92gl 6x1 O'* 

444 43077 . 5x1 0'3 

400 

800 

1556 /3x10'* 

8 5 q 1 . 6 5 ~ 1 0 - ~  

.340 

.17 

.13 

*.175 

*.133 

*Average o f  Na and C1 movement. 

Table 4-2. Effect of elevated temperature 
on diffraction. 

6.9~10-~ 

5x1 0'' 

4x1 Oo2 

4 . 3 ~ 1  0-2 

8x1 O-' 
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d(T) - d(300) 
2d e =  

where 
[ 7 s  atomic displacement 

d(T) = a t  elevated temperature 3 
Rms atomic dis-  

300° K I placement a t  

spacing o f  par t icu lar  3 involved 

The quant i ty e i s  a useful parameter tha t  can be compared with the 

genuine s t r a i n  induced by narrow bandwidth acoustic waves. 

A large rms v ibrat ion o f  the atoms i s ,  o f  course, always present 

a t  room temperature. As can be seen from the l a s t  column o f  Table 

4-2, however, even the change i n  rms amplitude due t o  elevated 

temperatures resul ts  i n  e f fect ive strains (compared t o  ordinary 

acoust ical ly induced strains). 

The reason f o r  the small e f fec t  on x-ray scattering i s  

essent ia l ly  one o f  coherence. - F i r s t ,  a large par t  o f  the thermal 

energy goes i n t o  motion tha t  has no effect on any par t icu lar  reflec- 

t i o n  (such as i n  plane motion o f  the atoms). Even taking t h i s  i n t o  

account, however, the rms displacement normal t o  the l a t t i c e  planes 

i s  s t i l l  very large. The random displacement o f  the scattering 

centers leads t o  an averaging out o f  any disruption o f  the x-ray 

interference. The s i tuat ion i s  analogous t o  a random array o f  

d i f f r a c t i n g  apertures, which s t i l l  leads t o  a sharp Fraunhofer 

d i f f r a c t i o n  peak. ' 
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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 monochromatic strain. We have seen earlier that mono- 

chromatic strains of the order of loo5 can reduce diffracted intensity 
by about .5. The atomic motion in such a case is, thus, far less 

than the therma ly induced atomic displacements shown in Table 43. 

The therma process involves excitation of the full vibrational 

spectrum o f  the solid, and, thus, represents the largest bandwidth 

excitation mechanism possible. Thus, in evaluating a method o f  

lattice perturbation, an important consideration i s  the number 

of modes that would be excited by the process. 
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4.1-2(d) LASER INDUCED SHOCK WAVES AND SHOCK INDUCED SURFACE E F F E C T S  

Recently, several papers have been pub1 ished(29, (3cj 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 

sol id material. With subnanosecond pul sed 1 asers , 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 poss-ible 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 gradients can be establ i shed (29) 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 velocity. 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. 
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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 (X=.56~), one should be able to produce fringe spacings of 

about 0 . 4 ~ .  

of about 12.5 Ghf. The acoustic rise time for a 200 A perturbation 

For typical acoustic velocities, this implies a frequency 
0 

wuld be about: 

tr = 2x10-6 cm 
5x1 0+5 cm/sec 
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TWO LASER BEAMS 
INTERERING AT ANGLE 

DEPTH 

INTERFERING LASER BEAMS 

SURFACE 
PERTURBATION 

OPT1 C A LLY 
ABSORBING 
LAYER - 300 
THICK 

Figure 4-6. Surface perturbations resulting from laser 
i.nduced -sh?ckS* (a)bylk absorption 
(b)  surface absorption 
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tr 4 p.s. 

The second method for producing acoustic waves i s  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 negligibly absorb x-rays.1n the regions o f  high field, 

micro shocks will be applied to the surface. 

delay time would be involved. 

In this situation, no 

- 4.1-3 STEADY STATE AND PULSED MICROWAVE ULTRASONICS 

In the experimental part of this thesis,tests were described that 

employed cw 

that have been developed over the past ten years, this frequency can 

be increased to about 5 GhZ (32) without great difficulty. The most 

comnon method employs a block of piezoelectric material cut to be an 

integral part of a microwave cavity. (20) The field and piezoelectric 

stress gradient across the free surface of the material forms the source 

of sound 

acoustic waves of frequency up to 60 MhZ.With techniques 

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 larger acoustic 

absorption encountered at higher frequencies Nevertheless, there 

are materials that exhibit low loss (the most widely studied are LiNb03 

( 3  21 

and LiTa0,(32)) at  frequencies up to 5 GhZ, and can be grown with a 
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reasonable degree of crystal1 ine 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 o f  the order of a micron. 

Table 4-3. Acoustic wavelengths at 1 GhZ. 

MATERIAL 

LiNb03 [l l-201 
Fused Quartz 

Silicon [110] 

LiTa03 

ACOUSTIC WAVELENGTH 
at 3 GhZ (MICRONS) 

6.57 

5.95 

8.90 

6.19 

We next consider the magnitude o f  steady state strain amplitudes 

one could reasonably expect to excite. Consider the geometry.shown in 

Figure 4-7,Assume the LiNW3 to be oriented so that the input electrical 

field excites pure longitudinal waves along the axis, as shown. The 

rms strain can be simply related to the acoustic power density (19). 

(4-4) 
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h 

LAYER OF PIEZOELECTRIC 

INPUT 
MICRO WAVE 
POWER 

Figure 4-7. Production of x-ray diffracting surface 
perturbations through the use o f  micro- 
wave ul  trasoni-c techniques. 
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P = density 

v, = acoustic velocity. 

For a strain of the order of 5~1O-~,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 A. 

On a quasi CW (long tone burst) basis,the micro wave power requirements 

0 

are, thus, rather modest. 

SUMMARY OF LATTICE EXCITATION METHODS 

We can conclude from the analysis o f  Section 4.1 that subnanosecond 

switching or shuttering o f  x-rays will probably have to be a 

surface effect. The magnitude of optical field strengths needed to 
8 -  produce useable amplitude lattice vibrations were seen to be 10 

lo9 WATTS/cm*. Such large fields can only be produced in a limited 

spatial vol ume. The methods uti1 izing total external reflec- 

tion are by their nature surface effects. 

Very high frequency (steady state)mdulation 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 diffraction for 

modulation and shuttering have been studied theoretically 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 

o f  diffraction devices to control x-ray propagation-In addition, the 

basic 1 imitations 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 refer 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 were found 

to be needed to reduce the diffracted intensity by factors of.1 to . 5 . .  

The diffraction sensitivity in the Bragg geometry i s  shown by farmula 

2-14 to be directly proportional to FH.Thus, in both the Bragg and Laue 

(Borrmann) geometries ,the diffraction sensifivity 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. 
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Table 4-4 . Effect of crystal properties on modulator design. 

CRYSTALLINE 
PROPERTY 

BASIC NATURE RELATION TO MODULATOR DESIGN 

(1) Diffraction (a) Pro ortional to 
Curve Width, 
A0 Bragg geometry 

Fhh f! /sin %in the 

(b) Proportional to- [ I 11/21 FkXZ/sintg m 
in Borrmann mode. 

(2) Diffraction 
Efficiency 

Inversely propor- 
tional to A e .  

(3) Extinction Proportional to 
Distance, dext hF (thus, becomes 

larger as Ae becomes 
1 arger) . 

Di ff ract ion 
sensitivity is 
di rectl y proport i onal 
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. 

(4) Absorption 
Distance, dabs. 

Roughly proportional to In fast shuttering 
2 (Atomic number) of applications, this 
crystal. In Borrmann quantity governs the 
mode, diffraction important depth over 
sensitivity directly which fields are 
related to d abs. absorbed. 

(5)  Lattice Spacing, Since - A - - 2d, as 
sine 2d increases, be also 

increases. 
.2d 

X must be < 2d and 
convenient configurations 
have X 7 0.9(2d). 
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We will now investigate the behavior of the fundamental parameters 

in Table 4-4 in typical situations. 

emphasize the Bragg geometry. 

In the present section, we will 

The crystals that are most comnonly 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 

o f  the parameters in Table 4-5.(Another very familiar member of this 

group, GaAs, has almost identical x-ray scattering properties to Ge 

because of nearly identical lattice constant and atomic weight). 

Table 4-5 . Typical diffraction parameters. 
MATERIAL REFLECTION 2d DIFFRACTION 

Ae 

SPACING CURVE 
WIDTH 
(RADS) 

EXTINCTION ABSORPTION 
DISTANCE DISTANCE 
(MICRONS) (MICRONS) 

S 111 CON 111 6.26 3 .zX1 o - ~  4.8 69.0 

220 

440 

3.82 

1.91 

2. 2x1 o - ~  
.74x1 0-5 

4.1 

6.1 

11 

tl 

GERMANIUM 

InSb 

111 

220 

440 

6.52 

4.00 

2.00 

111 7.50 

8.2~1 0-5 
5 

6.3~10- 

2.2~10-5 

1.7 

1.4 

2.1 

27.4 
It 

8 .aX1 o - ~  
220 4.57 

440 2.29 2.5~10 
-5 

0 
All calculations for CuK, (A = 1.54 A) & Bragg geometry. 

12.1 

10.8 

17.5 

6.5 
II 

It 



In examining Table 4-6,we see first that in order to increase the 

diffraction sensitivity (decrease A9) ,we can use higher index diffrecting 

planes. 

A0 for an uncollimated fncident beam) is proportionally reduced. 

The diffraction efficiency(which is directly proportional to 

In 

addition, higher index planes will only accomnodate harder radiation 

(since X must be < 2d). 

The extinction distance will gradually increase with higher index 

planes, a1 though not monotonically (see Table 4-6) .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) i s  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 o f  this requirement in the Bragg geometry 

are illustrated in Figure 4-8(~). 
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I COLLIMATING 
X-RAY L C R Y S T A L  
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DISTANCE) LATTICE 
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I X-RAY L C R Y S T A L  
- - --. . A AT1 N G 
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WAVE 
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ACOUSTIC 
TRANSDUCER 

Figure 4-8. Fast shuttering configurations utilizing 
Bragg geometry x-ray diffraction. 
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If a layer near the surface is disrupted(e.g.2d spacing changed) 

the radiation merely penetrates this layer (suffering absorption) and 

is diffracted from the undisturbed layers below.0nhy ?f a region with 

a depth of the dimension of an absorption distance were disrupted would 

a significant decrease in diffracted intensity occurlf acoustic transit 

times are the fundamental 1 imitationan absorption depth can be addressed 

in a time period of the order of 10 nanosecondsJhus, in order to have 

subnanosecond switching effects uti1 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 fi1ms.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 4-8(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 loo4 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 o f  the surface. Thus, effective diffraction will be limited 

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, however, have t o  

pass through 40 microns of absorbing material. If the diffracting 
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0 
crystal is InSb, (and h = 1.54 A ) &  ray diffracted from the region of 

the second node suffers absorption which reduces it to 5% of its input 

value, Therefore, in this case, the effective contrast ratio (or 

modulation 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 mn) 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) 

g emet ry . 
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 gradientHowever,the important considera- 

tion is the magnitude of the strain gradient in relation to the spread 

of rays within the Borrmann fan. In the Borrmann mode, the entire 

acoustic field i s  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 o f  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 list diffraction configurations (not involving 

crystal 1 ine parameters) and their relation to modulator design. 
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Table 4-6. Ch macteristics o f  vari-us diffr 
configurations . tion 

DIFFRACTION BASIC PROPERTIES RELATION TO 
CONFIGURATION MODULATOR DESIGN 

(1) Asymnetric Decrease A0 by Can be used to enhance 
B w g  cutting entrance diffraction sensitivity . 
Diffraction surface at an angle 

with respect to 
lattice planes. 

(2) Multiple Mu1 ti pl e X-ray Can significantly increase 
Crystal /X-ray reflections in fall off in tails of diff- 
Interferometers both Laue or Bragg raction curve. Can, thus, 

operating point) create 
greater diffraction sensi- 
ti vi ty . 

geometries. (with properly chosen 

(3) Single Crystal Two or more sets of 
Multiple Reflec- lattice planes parti- crystal arrangements. 
tion cipating in reflec- 

tion. 

Same advantages as multiple 

We will now discuss in detail the first two methods in Table M., 

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 ~art(~~)fabricated a device where several x-ray 

reflections could be achieved within one monolithic block of crystalline 

material .Thl's 'effectively opened up the new field af x-ray intermetry. 
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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 empl0yed.The situation is illustrated 

i n  Figure 4-9. 

The basic effect of the multiple reflections is to greatly decrease 

the energy in the wings of the (Darwin) diffraction curve.The result is 

that 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 

(4.8~10-~ 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 wfthout the use of multiple crystals or interferometers. 

example, double reflection involves two separate sets of lattice planes 

(with different Miller indices). The phenomena is usually referred to 

For 

as Umweganregung(l) .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 process 

tends to greatly increase the fall off in the wings of the diffraction 
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X-RAY 
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DIFFRACTED 
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\ 
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Figure 4-9. Use of a Bragg case x-ray interferometer f o r  - 
x-ray modulation. 
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curve while leaving i t s  width about the same.8 narrowing o f  the width . 

o f  the d i f f r a c t i o n  curve can be accomplished through the use o f  asymetr ic  

ref lect ion,  which occurs when the entrance surface o f  the crysta l  i s  cut  

a t  an angle w i th  respect t o  the d i f f rac t ing  l a t t i c e  planes. The effect 

can eas i ly  be seen i n  the Bragg case by referr ing t o  the dispersion sur- 

face diagram, as shown i n  Figure 4-10. 

f igure, the entrance surface o f  the crystal  i s  normal t o  the d i f f r a c t i n g  

planes. 

distance AB, corresponding t o  t i e  points T, and T2 on d i f fe ren t  branches 

of the dispersion surface.The r i g h t  hand port ion o f  Figure 4-10 displays 

the s i tuat ion when the entrance surface i s  cut a t  an angle wi th  respect 

t o  the l a t t i c e  planes (as shown i n  the bottom of the figure)l)nce again 

the distance AB corresponds t o  the angular width of the ref lect ionwhich 

i s  c lear ly  less than for the l e f t  hand diagram.It can be shown(2.) that  . 

the width of the d i f f r a c t i o n  curve is given by: 

I n  the l e f t  hand port ion o f  the 

I n  the Bragg case, the angular width i s  proportional t o  the 

s in( e g g )  
w = wo [ s i n  ( eBw) 

where Wo = width o f  the d i f f r a c t i o n  curve f o r  an 

entrance surface -normal t o  d i f f r a c t i n g  planes 

Q = angle o f  the entrance surface with respect 

t o  the l a t t i c e  planes. 

Cutting the entrance surface o f  the crystal  i n  t h i s  manner is,thus, 

another technique avai 1 ab1 e f o r  i ncreasi ng the d i f f r a c t  ion sens i ti v i  t y  . 
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Figure 4-10. Illustration o f  the narrowing of the diffraction 
curve through the use o f  an asymnetrically cut 
entrance surface. . 
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I 
I - 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 utilbing both the Bragg and taue geometries 

is presented. 

The basic configuration is shown in Figure 4-11 Bragg reflection 

precedes 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 pt = 25. 
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Figure 4-11. X-ray modulator configuration. 
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Figure 4-12. Diffraction curves characterizing the operation of the x-ray 
modulator (illustrated in Figure 4-11. 
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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 sharp fall 

off in the wings of the compound curve (R12R2) can easily be seen. For 

example, in going from A ~ = ~ x J O - ~  to Ae=JO-5 .the .diffracted intensity 

falls by 3 orders of magnitude. The curve R12R2 is, thusr UScld to esta- 

blish the contrast ratio (or modulation depth) for a given amplitude of 

acoustic perturbat ion . 
We also note, from Figure 4-12 that the unperturbed diffraction 

(A0 = 0) is considerably greater for Bragg reflection than for Borrmann 

transmission. This 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.1n the Bragg case, the 

x-ray diffraction occurs from the acoustic reflection surface. This 

necessitates the use of complicated chemical polishing techniques that 

will maintain the surface flatness (for acoustic reflectionhnd 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 increasing the Vt of the crystal. Thus, the Borrmann 

mode, in general , offers a greater potential contrast ratio(re1ative 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 diffracting element. The structure 

musthuwever, be cut so :that this process does not intrdduce significant 

strains into the region where Bragg diffraction is occurring. 

When 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 :€or the 220 planes 

of si1 icon and a frequency o f  lMhZ,tk-rcoustic wavelength i s  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 

amp1 i tude. 

A t  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. 

-~ 
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From Equat on 2-4 

W 

where t 

, we may write the average w i d t h  o f  the Borrmann fan as: 

= thickness o f  crystal. 

We can now write an expression for the rise time. 

tr = w/v, 

(4-4) 

(4-5) 

where v, = acoustic velocity. 

For the 220 planes i n  silicon, v, = 8 . 9 ~ 1 0 ~  cm/sec and 

t = 15 nos. r 

When perturbation o f  the Bragg reflections is used, the r ise  time 

is given by: 

. In the case of 220 reflection i n  silicon 

tr = 4.5 nos. 

When used as a free running shutter (or chopper), much higher fre- 

quency operation is possible. In the steady state,  the local strain a t  
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at any point in the solid is varying at the acoustic frequency. 

The x-ray transmission i s ,  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 

i n  Figure 4-12. A strain of approximately 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 at 

a frequency of 1 GhZ, the dev ce would be turned "off" in 100 p . s .  

I '  
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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 perturbation of sol ids. 

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 

reflection, 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 of 

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 limit the depth of penetration o f  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 

to significantly change the diffracted intensity, 

The solutions to the Darwin equations were a 

the diffraction sensitivity (which was defined as 

diffracted intensity as a function of lattice per 

so used to 

the variat 

urbation). 

analyze 

on of 

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, 

Final-ly, a general analysis of x-ray diffraction in the presence 

of crystal lattice vi brations was presented. This analysis presented 

a derivation of the effect of thermal (quasi random) and monochromatic 

lattice vibrations in one unified treatment. 

c 
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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(’). 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 

in diffracted x-ray intensity. The measured decrease in diffracted 

intensity agrees with the theoretically predicted values to within 

(at 5 and 10 MhZ) was needed to produce a measurable decrease 

-1. -L. 

experimental error. 

It was found that at higher values of strain gradient (approximately 

~ x I O - ~  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. 

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 

It was shown that this configuration had a 
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experiment demonstrated that the operating point on the diffraction 

curve can be selected at will. 

Through the use of specially designed electronic circuitry, 

shuttering of x-ray transmission on a microsecond time scale was 

demonstrated. 

The technique of Bornnann 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 o f  the basic 

potential and 1 imitations 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 sec. 

Chapter 4 also presented 

criteria for x-ray modulation 

application of these criteria 

a formulation of the basic design 

devices. Special examples o f  the 

to practical devices were presented. 



-251- 

CHAPTER 5 REFERENCE 

. l .  Hauer, A., U.S. Patent, "Methods for the Control and Measurement 

o f  X-Rays", Serial No. 594846 (issued 11/19/76). 



APPENDIX 

FURTHER APPLICATIONS 

This basic study of x-ray acoustic interactions provides the 

basis for several practical appl ications. 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 ACOUSTIC FIELDS IN SOLIOS 

In Chapter 3, i t  was demonstrated that Borrmann topography 

can be used to study the detail of high frequency acoustic fields 

i n  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 Z ) ,  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 o f  diffracting planes, 

one can probe the field along numerous different directions in 

analogy with x-ray tomography. (l) 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 o f  symnetry, as illustrated in Figure 5-1. 
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SETS OF PLANES 
EQUIVALENT TO 220 

Figure A-1. X-ray topography of acoustic fields. 

By using each of these sets of planes, one may probe the acous- 

t i c  standing wave a t  60' intervals over a full 360'. In addition 

t o  us ing  different crystal planes, one can also change the angle 

of diffraction by using different wavelength x-rays. There is, 

t h u s ,  a great deal of f lexibil i ty available i n  the quantitative 

topographic probing of acoustic fields. 

The- utilization of reduction i n  Borrmann transmission, ori- 

ginally proposed as part of this study, has recently been applied 

t o  the study o f  very intense phonon fields produced by acousto- 

X-ray techniques developed i n  this study should also be useful 
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i n  the study of surface acoustic waves. Surface or  Rayleigh wave 

propagation usually results i n  surface perturbations that are some- 

what lower i n  amplitude than would be useful for  shuttering or modu- 

lation. For example, White(3) has estimated that a 15 A surface 
0 

protrusion resulted i n  a typical Rayleigh wave experiment. Ray- 

leigh waves tend t o  have lower propagation velocities than b u l k  

modes. A 1 GhZ surface wave i n  quartz has an acoustic wavelength 

of about 3 microns. A t  an amplitude of 15 A, this would lead t o  
0 

a change i n  the angle of incidence of about 2'. T h i s  could lead 

to  several per cent change i n  x-ray reflectance. Although such 

a change would not be very practical as a s h u t t e r i n g  method, i t  

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 i s  produced by laser 

irradiation of a target, i t  can be conveniently synchronized 

w i t h  other laser matter interaction experiments. 

Transient x-ray diffraction analysis can be used t o  study the 

generation and propagation of very h i g h  pressure laser induced 

shock waves. A strong shock wave propagating i n  a crystal would 

create an instantaneous perturbation similar t o  a naturally occur- 

r i n g  faul t  plane. The Takagi method for analysis of x-ray pro- 
pagation i n  distorted crystals has been applied to  t h i s  case. (4) 

The very h i g h  pressures produced i n  laser initiated shocks 

can be expected t o  induce phase changes i n  solids. .Phase changes 



-255- 

can also be expected when large amounts of heat are deposited in 

solids. An example would be a ferroelectric crystal (such as 

BaTiO heated above its Curie temperature. Transient x-ray diff- 

raction techniques offer the possibility of time resolved study 

of such processes. 

3 

Transient x-ray diffraction could also be used to study other 

types of optically induced sol id 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. 

with naturally occurring defects in solids. (5) 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 o f  dislocations. Kittel (6) estimates that certain dislocations 

can be moved by an applied stress of less than 10 dynes/cm . From 

the analysis in Chapter 2, we can see that such a stress can easily 

There i s  also an interest in the interaction of acoustic waves 

5 2 

be produced by SBS. 
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- A-2 PLASMA DIAGNOSTICS 

X-ray d i f f rac t i on  could be a useful diagnostic o f  the i n i t i a l  

stages o f  laser  heating o f  solids. Laser heating o f  a s o l i d  target  

i s  p r imar i l y  due t o  electron avalanche ion izat ion followed by i n -  

verse bremsstrahlung. The i n i t i a l  deposition o f  energy i s ,  thus, 

i n t o  the electrons. A f i n i t e  time period i s  required before energy 

i s  t ransferred t o  the ions ( l a t t i c e ) .  During t h i s  period, the 

regular arrangements of ions ( tha t  characterized the o r ig ina l  

c rys ta l  l a t t i c e )  might continue t o  d i f f r a c t  x-rays. Such a situa- 

t i o n  has, i n  fact, been proposed as a possible feed-back mechanism 

for  an x-ray laser. (7 1 

I n  order t o  analyze the behavior o f  the d i f f rac ted  x-ray 

signal , theories o f  x-ray propagation i n  d is to r ted  c rys ta l  struc- 

tures (such as those discussed i n  Chapter 2) w i l l  be needed. 
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techniques, pkoekmc  * techniques usin8 separate 
transduoers m0umedan the crystal or the piezotlec- 
tric Properries ofthe crystal W a n d  tedrniques for 
rtimulating PCOUsCK: * vibrationbynarrpofanopticpI 
kom. 
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It u thmforr an object ofthe present invention to This crystal may suitably be a rectangular body of sili- 
provide improved methods of and apparatus for con- con. Thayrtalmay begrownfromamchthrwgh the 

It k a n o t h e r o b j c c t o f t h c ~ t  invention to pro- from the meh while rotating the pulling device. This 
vidcimpovedmethodsofandapparatusforshuttming 5 results in a cylindrical body. The body is cut along 
and/or modulating x-ray radiation. ~perptndiculatto itsaxis to provide thtopposltt 

It C a further object ofthe present invention to pro- ends 12 and 14 of the crystal. Cuts= made patailel to 
vi& improved methods of and apparatus for the analy- the longitudinal axis of the cylindrical body so et the 
dr of X-rays, psrtiCuiarly X-rays produced by fast cxci- f 2 , O  lattice plana arc . tothefrontface -- 10 1 6 a n d n a r f a ~ ~ 1 8 0 f ~ a ' y S t d k 0 6  

Itisastdlfurthcrobjcctoftheprucntinventionto cntcd for diffhmm - in the Lave geamctry, 80 that 
provide improved metbods of and apparatus for analy- incoming X-rays 1, arrive at tbc Bmgg angle, +a, to the 
sisofX-rayradiationfromplasmasproducedasarrwlt 2,210 planer IIK dimenslonr * ofthecryrtalarc8C- 
of~irradiationoftargco. kctad such that tk bending oftbe lattice p k  u 

It is a rtill further object of the present invention to 15 d. Suitable dimcnrtonr - IucScentimetM in kngth, 
provide improved methods in apparatus for witching 1.2 centimetersin width and 2 millimeters in thickness. 
x-rays on and off. The thickmssdimcnsion isshown in FIG. 1 as being the 
h is a still further object ofthe presmt invention to dimerrsion ktwecn the frontand rear faces 1 6 d  18. 

provide improved X-ray shutter apparatus. Thtlengthdimensionisthedhcnsmn - betwecnthe 
It C a still further object ofthc present invention to 20 ends 12 and 14. 

provide improved methods of and apparatus for con- Due to multiple refkctioris from the plana, energy 
troamg Bormann transmission to provide an X-ray fromaaingleraywillsprcadinadkctionper9mdicu- 
-g ly to tbe planes as this x-ray energy travels through 
h a d e b j c c t  ofthe present invention to the crystal betweenthe faces l6and IS. In otbttwords, 

provide an improvedmethodofand apparatus forekc- 25 the energy spread ism adiroction between tbc ends 12 
tnnnagmtiC excitationof crystalsin a mannerto con- and 14 of the crystaI. "be dimmion of the energy 

oftheanomalousorBormann rpnadis indicatedinFIG. las~Asrhownmthe td X-my tranrrmspran 
type whereby to provide a fast X-ray shuttering mccha- drawing, the X-rays pass through the crystal and arc 
r6mr. tnnsniffed and diffracted, tk tranrmmad - rayeking 

Tlu forrsoing and other objects and advantages of 30 indicated as irand tk dimamd rays as rp Transmit 
thepreKntinvcntkmwill become more apparent from rion and diifraction taka place through the crystal in 
a reading of the fobwing demipth in connectjon eccardancewithtbe Bonnann d€cctandhpboknown . The ubecbanm of such with the rrcompanying drawin@ in w e  asananornabus- 
FIG. 1 is a schematic disgnun illustrating an X-ray ~is~ionisckscri i intheabo~~referencedpubli i  

rbor#cring~hnirmpiovided~eccordpncewiththt 35 cations, particularly the artick by Messor P. P. 
invmtion, Ewald. In acmdamx with the invention, a periodic 

FIG. 2 hablock diagram ofapparatus provided in arain field is introduced into the crystal and has a 
aaxdamc withtheinventionfortheanaiyskofX- disp&ccmentinadinctionperpmdicu&rtothelanicc 
rays produced by a laser produced drermanuckar rcac- planes (is.. in a direction between the ends 12 and 14 
tion; 

FIGS. 3 and3Aarcrhematicdiegnrmrofildidstatc 1. sim wave 20. In sccOrdPllce with the invention the 
X-ray shuncrs in accordance with embodiments ofthe periodicity or wave kngth. &., iscomparable to or lam 
invention wherem d waves are produced by thanthedistanceA~ofthemergyqweadoftheX-rays. 
pietoelectricauy exciting the cr)aal itself with voltage - 'Ihbperiodic strain held ban acaJmc ' field, which is 
pubes and with microwaves; 43mamt that vibratiorrr .fC established in* crystal. 
FIG. 4 is a Modr diagram itlustrating apparatus for having the dcrirrd periodicity ar wavelength. Tbe use 

through anyrul andmcaahgsuchtmmussm * ' ,all 8ucb vibration8 to audible frrsuencier, A suitable 
in accordance with tbc invention; acoustk fkquency. for example. k 10 MHz which 

FIG. S is a Mock diagram illustrating apparatus for $0 affords a wavelength of about 0.8 mm (viz., A p  0.8 

fnnnatargrarget; -of- - ofacousm *tncfgyinthccybal 
FIG. 6 is a rcbenrptic diagrpm illustrating an X-ray to k lO%m/sec. Inasmuch 8s the energy spread ofthe 

X-ray rrrdiath h wter thsl thc w r ~ ~ ~ k n g t i ~  of thc 
beam, in accordance with another embodiment ofthe 55 ocwsticstrainfkld,thc latticcplpnes in the cryttal am 
inVCtltion; displaced such that Bragg.8 law h no longer satisfied 

whentheacous~ - nrpin ticld k present.   tic ally, 
it k believed that tk lattice plarres 

suriug X-rays emanating fmm a laset produced plasma that theydonotremainatt&naksof a r t M d i  X-ray 
wherein the X-rays uc controlkd electrooptically; 60 wave pattern. of tbc X-ray energy can then 
md takeplacemtheatomsoftbecryrtnlwhicharclocatod 

FJG. 8 is a Modr diagram scbcmaticrrlly illustrating at the tottice plamr. 
appmuus for measuring the tcmparnl profile of X-rays By exciting the d strain field in the cryrtal. 
emitted from a target on flbicb laser pulse energy is there is provided a shuttering mcchanii for control- 
incident. 65 ling X-ray radiation. By means of the crystal, the X-ray 

R e f h g  more particularly to FIG. 1, there is shown radiation may be controlkd quickly. such that fast 
a cryad 10 suitabk far use m X-ray controf and analy- X-ray excitation pnoceaser may be 0fi.lyad through 
sis~tus.whichapparatusembod&themvention. the measurement of X-rays whwh are transmitted 

of x-ray radiation. rrse of tbe szolchalrlri procers. The crystal is pulled . .  

. .  

. .  

*o ofthe crystal). Thisperiodicrtrnin field killusttatedas 

0fthetmm.coUrttc * rhouldnotktnkenasrrstricting . .  intempting Mormlous a Bonnann - 
m g  the protik of X m y  eMIIllitUd w). Ihb ~ v & t @ b  irobtpimd conridering rhc ve- 

rhuttcringmechanam * which make UK Of M optid 

FlG.7isaMocLdiagramillustratingapparatusin 
with the invation f'canrrollingmd  me^- d @ W  such 
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adjustable. is applied to the othn input of the comparo- at Tl by the leadiig edge of the h t  pube from the 
tor. When the amplitude of the converter output pube p u b  generator 116. The CQStak 82 to 88 PN W h  
equals the reference voltage amplitude, a pulse is p m  open fix anomalous trandmkn for rhoh successive 
duad by the comparator 74 which k counted in a periods of time. Each crystal tmumts * thex-rayradia- 
counter 76. The count registered in the counter is a 5 tion from the target 80 during each such ruccesSive 
brctor related to the probability that an X-ray photon h intervals of time. S i  the X-ray radiiotion h rampied 
trantrnitted through the Cryftal60 by the anomahs l u ~ v e l y  by eaclrofthecryrtok,thetotpl radiation 
trrrnrmanon mechani during& i n t e r ~ d ~  Toto Ti which h mepIurcd pnd dirplayed OII e -pe 
wbentheacoumc strain field isertpblisbedinthecrys- I20 k a temporal profile ofthe X-ray mtensity varia- 
tal 60, and k therefore a mearun of the shuttering 10 * o f t h e  X-raysploduccdw&ntbe1wtpuhc L, 
emicncy of the rryrtal60. railterthetargct%o. r 

Consider that the scouttiC wave requitera M i  time A farter shuttering action mry be obtahed through 
to propagpte through the for exam le, an the ult ofthe rpdiatim pfesswe to directly excite 
acoustk wave * g at a wlocity of ~d&sec acoutic fields kcally in acryrbl i n a ~ e g h  whae the 
r c q u i m a b o u t ~ L o n d s t o c u t o f f ~  15 x-rap are incidmt. mdiatim prrsrurr may be 
t r a n m b b n  tothc crystal. During the period from To poduced by an hrtcnseel * krm,sucbas 
until a time thmafter when anomdous transmago - * n h  a~-pmdwcciby%ZSEisincicimton 
cut off, the X-ray shutter prwidad by the crystal k thenyrtalinthe~wbcretheX-raysarcincident. 
open. 'Ihereafterdreshutterisdotcd.Thepropagatbn FIG. 6 illustram an embodiment where the light beam 
time may be reduced or substantidly e l i m i i  by the 20 h incident on an edge IO1 of a crystal 103 80 as to 

.p will be described h m i r  in COlUKCtiOn with X-rayrwhichareinddentonafrontfnceofthecrystal. 
FKis.6to8. FIGS. 7 and 8 illustrate embodimentswhcrethc light 

A temporal protik ofthe X-ray todiation, as when a beam and X-rays arc both incidemin therame maof  
lPrcrplheLrrrikaatarget80maykobtainedbytbc 2~ thefrartficcofaayrtpl.Theayrtabareorientecifor 

of x-rays which am incident apparatus shown in FIG. 5. A plurality of crystak 82, .namalous t~nrmrolan 

transmitting X-rays emanating from the target in a -beam. It kbelicved,withoutinferringorimplying 
different direction. While four nyrtalr, 82 to 88 arc any limitation to my partkuk theory, that .cwltic 
rhown, alargcrnumbcras indicated by the dashlinesin 30 fields of faa rke time, since they are not dependent 
ffi. 5, may be provided to obtain ahighcrmaolution in 
meaulrrments of the X-ray tmmmsno * 'nchaRctn& 
fiCkEachofthecryrtob8Ztotohkntcdf~Lutc createsanrewrtr - WaveintheQylplbybCcrllypner- 
dififraaion of X-rays in a di&mnt direction. Tbe X- atedelectratnctlon * * . s u c h ~ f i e i d r l m y k r i l d u p  
rays which are pnamalwrly tratlgMtted - bycachcryrtnl35 wry rapidly and be ofcxtrrmely null wavekngth 
are detected by repatate detectan!J0,95 wand 96, ruchsewrtlc ' freqwncicsmaykguterthPn IOGHz. 
which may be rintillating crystal photo multiplikr de- ?be opparrtur shown in FIG. 6 k opativc in the 
~rsofthetypedern'bedpboveinconnectionwith streak mode. A hrwr 107 produas m optical pulse 
ffi.XAsourceofhighfrquency,myIOMHtorills- having a fast rke time and relatively kmg duration, 
tians, such as an oscillator 98. h amnected tbrough 40 suitablyrcvcrplnkmcco& asbybwngtbeflash- 

lamps ~n tor -period of-. A m  0fX-m~ 
transducers lo% 110,112 and 114 on one end of the tiw fihn 109 or an army of X-ray detccton detects the 

I+ thfol@l the cyrtpl as it is cryrtals 82 to88.Tht gates 100 to I06 arc enabled by armdous tRnrmglan 
pubes produced by a timing plh generator 116. 'Ihc cutoffby the optical pulse.Ibe paem or the fibn 109 
kading edge of thae pubes occur after succdve 45 h a rtnalr in the direction between the edges of the 
periods of time. TlK kading edge ofthe fim prbe 
occurs at time Tl, the second at time Tt. the third at bustransmkbndurinptheoptlcal pubepcriod. 

pingsuchthateventhe~occurringpulseTldocsnot respect to the incidmt X-rays, 1,. at m angk which 
terminate until after the tamination of thc last pprbe 50 diffcnslightly fran the Braggmgk. whm the optical 
T,. The lastpulscTm~inatesatthecndoftkmca- pulse, which preferably a sbort plhe. my ka than 
nrrementintcrvd.TbcfirstpubeTlislrppliedtotbe oncmicrorccond duntion. kn hving f.rt ult rime, h - waveislaunchcdtintin intidtntUponthecryurJedgc101,an.perturrfor 

thugh the crystal h opened 
&ate 100 so that an a#HLlltlc 

gate 102 80 that the high frequency driving signal is 55 whichmoverinthedirrctionktwetntheedgcsofthe 
n e x t . p p l i  tomtnsducer 11Odthcrecd  cryftn) 84. crystal tbaeby urpodno a rtnrlt m tbe film 109. 
&&oftbe cyrrab SUCCCSSMY nceiver the hi@ fh- 
q~drivingsignaIsatitstransducerandtheMom0- t u s w h i c h w e s a ~ b c a m t o ~ a n ~  - wave 

of X-rays through the cr)atair are inanyrtal13Owhichis~tedintbcpotbofX-rays kurvansrmssKyM 
60 from alasertargetin a chamber 132lorrtointermpt ruccessively cut d. . .  

plied to a summing j.unction of a summing amplifier detector 134 oppodte the rear face d t h e  crystdl30 
~~8.Thisntmmingamplifieralsointcgratesthesignals detectsand meauvcrtk intmtityofthe a m n d o u d y  
applied thereto. For c2ampk it may k an ope- t randad x-rays. Tbc output oftbe photo detector h 
amplifier having a capacitor connected in feedback 65 amplified m an runplirm 36 and *lied to the Y de- 
relationship thmWlth * .The integrated output isapplied flection input of a catbode ray e x d b m p c  138. 
to the Y deflection input of a cathode ray oscilloscope A timing -tor 140 USCI two d V e  timing 
120. Tbc time bax ofthe ofcilloscopc 120 is triggered pukes at .uccwsivt times T, and T'. Thtst pulseE en- 

. .  

I 

ultofopticplmcpnsforrrtimulatingthe~ wave, excitean.coumc * fieid 1s in a f ~ g b  WCRU to 

. .  
84 86 d about the wt, eaCh for  pa! the rpCeofthecryrtrl h ~1 tbe 

reparatt sates IOO,lO& 104 d 106 to Qive WU 
. .  

a y r t p l w h i c h f d l a u n t b t ~ c u t ~ o f ~ -  

timeT~andtklarratrimeT~.'lhepulscr~overlap AlWmativelythecrystal103~ykoricntedwith 

. .  the e 82  Tbe next m g  puh TI ~ M C S  the WIOIY&US 

FIG. 7 ill- X-ray co(Ltrd and uulyrir r~puo- 

. .  
of tbcrt X-rays. A photo TheouQutsofthephotodetcctors9oto%are.p the-- 
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1. The invention as set forth in claim 3 wherein said 
acoustic waves is CBnjCd out by 

continuously applying acoustic waves to said crystal, 
and periodi iy  cutting 09f the application of said 
amustic waves. 

8. The invention asset forrhm claim 3 wherein said 
stepdapplyingacourtic waves is carried Out by p h  
ekcvicauy exciting raid crystal with electrical signals. 

9. The mvcntion as actforth in claim 8 w h i n  raid 
ekcaic sigmais have a frequency m a range much 

than the upper end of tbc .cou~tlc * fwuency 
rrmge- 

1O.The mvcntjon asrtt~inclrrim3whereinraid 
cryrtaliaofpiaoekctricIaa~andraidstepofap. 
pryins - w a v e  is Ca&d out by applying and 
removing a high vdtage tlecvic 6eld extending be- 
tWemapporiremdrofrpidcryrtal,whichendsare 
8ubsulntiallycopianuwithsaidlatticeplanea 

11. The invention asrct f d  in claim 3 *rein said 

. .  
=Poftrantmr#mg 

12 
said measuring step includes measuring the anma- 
bus X-ray radiation transmitted through each of 
raidcrystals. 

21. The invcntiopl115 set fonh in claim 20 wherein 
5 raid strain introducing step is carriedout by the step of 

launching acoustic waves through each of said crystals 
in a dinction pupcndicular to the lattice planes 
thereof. zxm invmtion as set forth in claim 21 wherein 

10 said acoustic waves ue iaun~hed by generating a peri- 
odic signal having a wavekngtb m said crystak less 
tban the distance, in a dinction perpcndicularto Ihe 
lattice planes tbcreof, which raid x-rays spread m pass- 
ing thoughsaid ctystal in adiremion paaIkl to& 
planes, and elecrrortn 'ctively exciting different ones of 
taidrryrtalsrepantelywithdiffcrcnt lUCCCIIjVClY Oc- 
curring o w  of said bums. 

23. T k  invention as sa forth in claim 21 wbmin 
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