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ABSTRACT 

Investigations into the Feasibility of EXAFS 

Measurements on the Local Lattice Structure 

Near Isolated Impurities in Crystals 

by 

David A Vanderwater 

In an effort to determine the feasibility of 

performing EXAFS measurements on the local environment 

of point defects in crystals, the spectra of several 

substitutional mixed alkali halide crystals was simulated 

by computer. These samples were chosen as preliminary 

systems that could be expected to give simple results. 

The results of these simulations, together with estima¬ 

tions of the magnitude of the background signal that 

would be present in any EXAFS measurement on impurities, 

indicates that with existing technologies even these 

preliminary samples could or\ly give marginally acceptable 

results. For this reason the actual experiment was not 

attempted. 
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I) Introduction 

The field of solid state physics, and the devices 

that have been developed as a direct result of an 

understanding of It, have In the past few decades 

proliferated to a point where they now directly affect 

everyone's dally life. As more uses are found for 

crystalline materials the need for a basic understanding 

of the physical processes responsible for the observed 

properties become more and more Important. All crystal¬ 

line materials contain some Impurities; many of the 

properties found most useful In the utilization of 

crystalline solids are due to specific Impurities or other 

types of defects. The wide spread use of the effects of 

defects In crystals makes It even more Important to 

develop techniques of gaining a closer understanding of 

their properties. 

One class of defects that has become increasingly 

Important Is an isolated Impurity In an otherwise 

perfectly periodic crystal lattice. In some cases there 

exist well developed methods of Investigation into the 

microscopic properties of such an Impurity. For example, 

If the impurity Is paramagnetic EPR studies can directly 

measure many of the properties of the electrons that are 

bound to the Impurity, and In some cases the properties of 

the neighboring atoms through their Interactions with 

these electrons.(1) In many cases, the Impurities will 

change the optical properties of a crystal sufficiently to 
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allow measurements on the macroscopic properties to show a 

part of the microscopic structure. 

The technique to be studied here/ EXAFS (an acronym 

for Extended X-ray Absorption Fine Structure)/ offers a 

unique opportunity for studying Impurities In crystals. 

Observation of the EXAFS spectrum will directly yield 

information on the local crystal structure surrounding an 

Impurity atom. Other methods of investigation; such as 

EPR/ ENDOR/ or various optical measurements; can give 

Information on the properties of the electrons/ and In 

some cases the Interactions between the electrons and the 

surrounding nuclei/ but not direct measurements on the 

local structure of the surrounding crystal. EXAFS allows 

such a direct measurement of the short range crystalline 

environment of the Impurity; leading to a deeper under¬ 

standing of the physical processes Involved. 

With a direct method of measuring the lattice 

structure surrounding an atom/ several novel studies 

become possible. The need to measure lattice symmetry 

would at first seem slight; since most of the macroscopic 

properties that have been found useful with the advent of 

'solid state electronics'/ have been due to electronic 

processes. There is/ however/ one quite Interesting case 

where the separation of the electronic properties and the 

nuclear motions/ normally called the Born-Oppenhelmer 

approximation/(2) is not justified; and an independent 

method of measuring lattice structure would be quite 



3 

useful. This is the Jahn-Teller effect, which is simply 

the breakdown of the Born-Oppenheimer approximation caused 

by an electronic ground state orbital degeneracy.(3) For 

this problem knowledge of the local lattice structure 

separate from electronic measurements would be quite 

useful In gaining an understanding of the physical 

processes involved. 

The initial system for study with this new technique 

would have to be simple enough, and well enough under¬ 

stood, to be expected to give simple predictable results. 

A substitutional impurity of a chemical type similar to 

the host, with no ground state degeneracy; would be 

suitable as an Initial system. These systems could be 

expected to give simple completely-symmetric distortions 

of the host lattice surrounding the Impurity atom. Once 

this Initial study has been completed a more interesting 

system could be attempted with a reasonable expectation of 

success 
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A) What Is EXAFS? 

When light passes through matter it Is attenuated. 

In certain energy regions the light will interact with the 

electrons In the material primarily via the photoelectric 

effect; where the photon Is lost and It's energy Is 

transferred to an electron. This leads to a series of 

absorption edges (shown In figure 1-1); each of these 

edges Is due to the ionization of one of the various 

electrons from It's atomic quantum state to a level in the 

continuum of free electron states. For the case of 

Ionizing one of the n=l (K shell) electrons this absorp¬ 

tion edge falls in the x-ray region of the photon energy 

spectrum. If the absorption of photons Is monitored 

carefully/ that portion of the spectrum just above the 

absorption edge Is observed to have 'wiggles' (see figure 

1-2). These 'wiggles' are called the Extended X-ray 

Absorption Fine Structure (EXAFS) portion of the spectrum. 

The basic process behind the production of these 

osclllatlons has been understood since the 1930'S/(4) but 

the technique by which the local lattice structure Is 

determined was not proposed until 1971.(5) 

The final state/ for one of these photolonlzed 

electrons/ Is nearly that of a free electron emanating 

from the absorbing atom; essentially an outgoing spherical 

wave. The outgoing electron wave function will be 

affected by other nearby atoms. Figure 1-3 shows an 

absorbing atom emitting an electron which Is partially 
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Figure 1-1: Typical absorption spectrum 

showing absorption edges. 

Figure 1-2 : Enlargement of a region of the absorption 

spectrum just above an absorption edge, showing 

the EXAFS 'wiggles' (from Stern^), 
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Figure 1-3: Outgoing spherical, wave emanating from 

the central atom and being reflected back by the 

surrounding atoms (from Stern7). 



reflected by the surrounding atoms. The 'wiggles' on the 

absorption spectrum are caused by just such a process; th 

outgoing spherical wave Is reflected back to the original 

atom causing quantum Interference/ which shows up as 

'wiggles'. 

With this explanation of the EXAFS it should not be 

surprising that/ ^/ the variation from the smooth 

photoelectric background/ would be oscillatory with a 

period related to the distance between the atom emitting 

the electron and the neighboring atom. The full result 

(derived In section II) Is: 

% ~ S/A// (* ‘C? ) /(v*) ) 

where the sum Is over neighbors/ Ry is the distance 

between the neighbor and the x-ray absorbing atom, k is 

the photoionized electron's momentum/ and f(*/) Is the 

backscatterlng amplitude. This function with it's simple 

dependence on distance contains the information necessary 

to derive the density of neighbor atoms as a function of 

distance from the central absorbing atom. The function 

(equation 1-1) is explicitly dependent on 1/k/ but the 

last factor/ is nearly proportional to 1/it making 

the value of k% vary approximately as the sine of 2kR . 

A simple Fourier transform of Kit will/ therefore/ show 

the density of neighbors surrounding the atom absorbing 

the x-rays. There are of course limitations on the 

measurement process: primarily band effects limit the 

lower end of the useable EXAFS spectrum to from 50 to 100 
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eV above the absorption edge,(5) and the Increasingly 

poorer statistics (recall that ^ must be multiplied by k3 ) 

mask any structure above about 1000 eV beyond the edge. 

If the material under study Is a mixture of several 

different types of atoms as Is the case for Impurities in 

a crystalline host, It Is possible to descrlminate between 

the different types of atoms by simply tuning the Incident 

x-ray beam to excite the electrons of only one type atom. 

In this way measurements on a sample consisting of a 

crystal with impurities, can yield the EXAFS spectrum due 

to the photoionlzed electrons from the Impurity atoms 

alone; leading to a direct determination of the local 

crystal structure around an Impurity. Once the EXAFS 

spectrum has been measured for the Impurity sites the 

local structure will follow from simple analysis of the 

data 
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I I ) Theory 

A) EXAFS Scattering Theory 

The absorption of photons by matter can be approxi¬ 

mated by a mass absorption coefficient (or an absorption 

probability expressed In terms of the mass density) for 

the particular material. The Intensity of the radiation 

as It passes through the material can be expressed as an 

exponential function with characteristic decay length 

related to the absorption probabl11ty. For Incident 

Intensity \0 the Intensity throughout the material will 

be: 

JZ> X, 

where Is the absorption coefficient for the particular 

material. 

The absorption probability contains the oscillatory 

EXAFS spectrum, as was described In the Introduction; a 

calculation of this probability would determine the EXAFS 

spectrum, as given by the definition: 

fx-z) 

where ^Is the actual absorption coefficient, andx^Is the 

non oscillatory background portion. The absorption 

probability for this photolonlzatlon process can be 

calculated from Fermi's Golden Rule: 

i<//&-S) 

where H' Is the perturbation Hamiltonian, /f) and Ji)> are 
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the final and Initial wave functions/ and f(E/) Is the 

density of final states.(8) For the case of light 

Interacting with matter; in the electric dipole approxi¬ 

mation/ the perturbation Hamiltonian/ H*/ can be taken as 

the potential energy due to an oscillating electric field: 

where E(t) is the electric field including the time 

dependence.(9) The Hamiltonian/ therefore/ will not cause 

the oscillatory dependence of the absorption that Is 

characteristic of EXAFS. Another possible source of the 

fine structure Is the density of states. Band structure 

in crystals can cause variations of the absorption with 

electron momentum/ as is characteristic of EXAFS; but the 

same type structure is observed for gaseous diatomic 

molecules as well as for crystalline solids. The initial 

state/ /I> / for the EXAFS problem Is that of a K shell 

electron on the absorbing atom; and will not change with 

photon energy. The only remaining possible source of the 

oscillatory nature of the absorption spectrum is the final 

state/ )f > . 

It should not be surprising that the EXAFS is due to 

the final state; since intuitively the EXAFS Is due to the 

modification of the photolonized electron by backscatter- 

ing from the surrounding atoms. To find the true final 

state that must be used in the calculation of the matrix 

elements/ it Is easiest to use simple Intuition. 

Following the derivation of Lee and Pendry/(10) the final 
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State Is essentially an outgoing wave that Is modified to 

Include the effects of scattering from the surrounding 

atoms. The unperturbed wave function of the photoejected 

electron will be that of a free electron with momentum, 

fik, given by: 
Kk* 
0? 

$7/ ~ 

where E0 Is the ionization potential of the K shell 

electron. The unperturbed wave function Is best repre¬ 

sented by a series expansion of the form: 

% * £ (*€<*'> L(*) (JP-V 

where ** Is the phase shift for the 1^ partial wave, Is 

a spherical Hankel function of the first kind, and A^, Is 

the coefficient of the l,m element of the sum. This form 

of the wave function, while representing an outgoing 

spherical wave, has the advantage that each element of the 

series corresponds to a single spherical harmonic allowing 

the manipulation of the sum with standard techniques. 

To calculate the modifications to this final state 

due to backscatterIng from the surrounding atoms, it Is 

necessary to expand this unperturbed wave function about 

the neighboring atoms. In terms of spherical harmonics 

about the neighbor at Ry one element of the expansion In 

equation 11-6 becomes: 

where j , Is the spherical Bessel function, really 
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neighboring atom 

Figure II-l: Coordinate vectors used in the 

expansion of the outgoing spherical wave about 

the neighboring atoms. 
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consisting of an Incoming as well as an outgoing Hankel 

function, and the coordinate vectors are defined as In 

figure I 1-1. This result comes from an expansion of e<-^'^’ 

In terms of Bessel functions and Is derived In appendix B. 

By defining the coefficient In brackets together with the 

remaining terms In the original expansion (equation 11-6) 

as „ the outgoing spherical wave function can be 

written as; 

Once the unperturbed state is expressed In this form 

the scattering from the neighbor at Rj can be calculated. 

The wave scattered from the atom at Rj will be: 

^J,(jr) = L (zr-9) 
where Is the phase shift of the L partial scattered 

wave. As with the unperturbed state, this scattered wave 

Is expanded about the original center; using the expansion 

of equation II-7 again: 

where the coefficient C^.is given by: 

t'j.*** A (tj 

ft ^ ■ i -1.). (3P-«) 
To relate this scattered wave to the EXAFS spectrum 

it Is necessary to relate C back to the original outgoing 

spherical wave t and It’s coefficients A^. Defining Z<iy 
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d {^y - X l(1} 

where: 

This Z0) matrix contains the modifications to the final 

outgoing wave due to neighbor backscatterIng from R^ # and 

once it Is summed over the neighbor atoms will contain the 

necessary information to compute the EXAFS spectrum from: 

The physical meaning of this matrix can be seen more 

easily If It Is considered as the amplitude of the 

Incoming scattered wave with L,,#M" symmetry due to an 

unperturbed outgoing wave with 1#m symmetry. 

Now that the amplitude of the backscattered wave is 

known it Is possible to calculate the absorption spectrum# 

and the EXAFS portion of it from the Golden Rule. The 

EXAFS spectrum will be given by equations 11-2 and 11-3: 

^ \< /a i-H'tor 
I <f m'U > i* j 
( << i M' i -i > / " -i • ^-ar" 

The unperturbed final state /f4^ is given by equation 

M*6! %’(£>■) 

The total wave function# Including the outgoing portion of 
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the scattered wave (the Incoming portion will not 

contribute) with amplitude given by Z, Is: 

Substituting these two Into equation 11-15 gives: 

Before trying to Insert specific values for Z Into 

this equation It Is possible to simplify this very general 

result to apply to the specific problem of EXAFS. The 

definite symmetry of the Initial state will determine the 

symmetry of the unperturbed wave function. From the S 

symmetry of the Initial state/ the only symmetry the 

photoelectron can have Is P symmetry; eliminating all but 

3 of the A^in equation 11-6. Just as the only matrix 

elements of the dipole operator that contribute to are 

for 1=1/ the only matrix elements between the scattered 

wave and the initial state } 1^ will be those with P 

symmetry. The only matrix elements that contribute to the 

EXAFS are/ therefore/ Zminii ; further/ for a cubic system 

it can be shown that Z/#^ Is diagonal leading to particu¬ 

larly simple form for XAI0) Inserting the expressions 

for f" and t ■ 

( <1 4. tfir)
 LGO [ i + 

<£/L. | 
-1. (*-") 

To proceed with the simplification of^ It Is 

easiest to now assume a specific direction for the 
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electric field of the incident photons. The case of 

polycrystalline samples# where it is necessary to average 

over the polarization directions# actually has a simpler 

form once an approximate value for Z is inserted# but for 

now It is easier to assume a direction. For light 

polarized In the z direction: 

e aos, <9 = <; & r sz) - j 

Each of the matrix elements In equation 1 !—19 are now of 

the form: 

= <V,ol Y,* I Xûô> . 6r-»0 

The equation for becomes: 

i 

neglecting the second order term: 

^ 3 
This expression for *K neglects the phase difference 

between the incident photons and those absorbed# back- 

scattered# and reradiated. The affect on the photon 

absorption of the EXAFS backscatterIng process can be 

considered as a result of a photon being absorbed and 

reradiated; the correct expression for^ must include the 

phase shift due to the absorber. The more correct form of 

^ ,S: -/= 3 
where ^ Is the phase shift on leaving or entering the 

absorbing atom. For the case of polycrystalline samples 

the should be replaced by an average over the three 

diagonal elements of Z/Wi(K_ # representing the three 
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polarization directions. The expressing valid for 

polycrystalline samples Is: 

spn 

To actually use this It Is first necessary to 

approximate the full solution for , given by equation 

11-13. If the atomic radius Is small enough/ the 

curvature of the spherical waves can be neglected/ 

allowing the spherical waves to be approximated by plane 

waves. Using an unperturbed wavefunctlon that represents 

a plane wave moving In the R3- direction: 

£?• /J&4-) >L 
After expanding this In terms of functions centered about 

Rj, using the first of: 

e*- ~ = X (2JL4I) <Le jjkr) ft <C6S&) (k-zcn) 

= X 
*£/*K 

where £ Is the angle between k and r/(S) the scattered 

wave Is: 

4?-= 

As In equation 11-25 this can be approximated by a plane 

wave at the origin: 

IP' Substituting for jg^r^O) and expanding the exponential 

using II-26B: 

■JL (ZEC'^ 
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This leads to a 1^3J of: 

Using the asymptotic expansion for h^J: 

41^ * L % ) tifaU'J <?r*o u 
Noting that the sum over 1* Is 

backscatterIng amplitude: 

2<v „ \,? -± i 
-Ijbfcosr) ^ m &'*0 

the exact form of f(TT), the 

Sc & 

kef 
/ Sr*) ~ K*ûÇ') 

Substituting this approximate form of Z into 

for fi 

X* iL 2*3 
"V 

^s.j 

(JF-32) 

the equation 

- * *« «-<■«( ^ Æ‘ïîs) 

= ^ S/A) ^ ) .//V) . fin-33^) 
J ^ 

where Is the argument of the complex number f (TT*) . 

There are several assumptions Implicit In this 

treatment of the scattering. The first Is that the effect 

of the absorbing atom can be represented by a potential of 

range smaller than the Interatomic spacing; so that the 

effect on the photoelectron can be described by a phase 

shift/ . This approximation Imposes an lower limit on 

the momentum of the electron for which the EXAFS can be 

used/ as was discussed In the Introductlon.(7) The second 

approximation is the neglect of the crystal field in the 

determination of the symmetry properties of the ejected 

electron. Crystal fields can perturb the potential of the 

absorbing atom enough to allow non P symmetry excited 
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electrons# but since two matrix elements enter Into the 

EXAFS this would be a second order effect and can be 

Ignored. The third and final approximation Is the neglect 

of multiple scattering processes. This problem like the 

first Is negligible beyond about 50 eV above the band 

edge# and so can be Ignored.(7) 
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B) Phase Shifts and Scattering Amplitudes 

Now that a theoretical base has been set for the 

form of the EXAFS portion of the absorption spectrum# all 

that remains before computing the spectra Is to determine 

the sample dependent parameters. The two parameters that 

are difficult to determine are the phase shifts and the 

backscatterIng amplitudes. Much experimental work has 

been done in this area without any derivation of these two 

factors; by using a known sample as a calibration# it Is 

possible to extract information on the local structure 

without knowing either the phase shifts or the scattering 

amplitudes. For the present case# however# some calcula¬ 

tion of these factors is necessary If the EXAFS spectrum 

Is to be computed without actually performing the 

experiments. Recently Lee and Beni (11) have proposed a 

method of determining these factors and Lee# Teo# and 

Simons (12) have done the actual calculations. Their 

method will be outlined and the results quoted without 

repeating the entire derivation here. 

The problem of calculating these phase shifts and 

scattering amplitudes is really that of the scattering of 

electrons by an atom. The problem can be considered as a 

problem of "the construction of an effective scattering 

potential that adequately accounts for the exchange and 

correlation effects caused by the electrons In the 

atom."(11) The method of constructing this effective 

potential Is to consider the atomic electrons as compr- 
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îsing a homogenous electron gas surrounding the nuclear 

charge. The procedure is to use Hartree-Fock atomic wave 

functions to determine the spatial dependence of the 

charge density. This charge density is then used to 

calculate the Fermi energy throughout the atom, and 

finally to calculate the complex potential which will be 

dependent on the kinetic energy of the incoming electron. 

This potential is added to the electrostatic potential of 

the nucleus, and then the phase shift and backscatter1ng 

amplitude can be calculated. 

Once the backscatterIng amplitude is calculated in 

this manner it is found, "that for all practical purposes, 

the amplitude function F(k) for scatterers with atomic 

number< 36 can be approximated by a Lorentzian."(12) 

A W) = (jZ7-3-A) 
! + -8*C *-<!)*• 

The three parameters are plotted verses atomic number, Z, 

In figures 11-2 and 11-3. By plotting this function for 

several specific values of Z (see figure 11-4) the 

expected results can be seen. The amplitude for lower Z 

is much lower at large momentum and the peaks occur at a 

lower value of k. 

The parameterization of the phase shifts is done In 

two parts; separating the contributions of the absorbing 

and the backscatter!ng atoms, the total phase shift Is 

given by: . J / 

where ^ Is the phase shift due to the absorber and é Is 
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Figure II-2: Plot of the first two parameters used in 

the scattering amplitude verses atomic number (from Teo/ 

et. al.12). 
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Figure II-3: Plot of the third parameter of the 

scattering amplitude verses atomic number (from 

Teo, et. al.12). 
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Figure II-4: Scattering amplitudes for the alkali 

and the halide ions; from equation 11-34. 
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-3 

Cz-u) 

due to the backscatterer. Each of these two phase shifts 

can be parameterized In the form: 

4- a, j? + a * as£ 

Je* 4 < Jr < /(, Â" 

These parameters are plotted as functions of Z In figures 

11-5 through 11-8, the curves Indicated by 'a1 refer to 

the parameters for the absorber, and those marked with *b* 

refer to the backscatterlng atom. 

The phase shift for several atoms are plotted In 

figure II-9, three of these curves are strikingly linear; 

which should not be surprising when the low value of b2 

and b3 are considered. These three curves can be written 

as: t 

#-3-7) 4k - ' * & + ft 

Substituting this Into equation II-33C for /^yields the 

result: 

Z W fa ^ fi] 

The effect on the transform will be to shift all peaks an 

equal amount as well as to change the phase. 

When applying these calculation to alkali halide 

Ions In crystals, the Ionic character of the crystals must 

be considered. The number of electrons on the atom will 

determine the scattering properties of the Ion, not the 

charge on the nucleus. Tables I 1-1 and 11-2 list the 

various parameters for the alkali and the halide Ions 

based on their Ionic charge. 
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Figure II-5: Plot of the first parameter in equation 
12 

11-36 verses atomic number (from Lee/ et_. al. ). 
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Figure II-6: Plot of the second parameter in equation 

H—36 verses atomic number (from Lee, et< al. 
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Figure II-7 : Plot of the third parameter in equation 

12 
11-36 verses atomic number (from Lee, et. al^ ). 
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Figure II-8: Plot of the fourth parameter in equation 

12 
11-36 verses atomic number (from Lee, ^t. al. ). 
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Figure II-9: Phase shifts (backscattering) for the 

alkali and the halide ions; from equation 11-36. 



A (A) B (A) C (A ) 

Li+ 
**’*■ 

4.2 1.5 0 

P ,Na 
_ — + 

.75 .31 2.82 

Cl ,K 
*" -f 

.81 .23 3.7 

Br ,Rb .58 .158 8.9 

Table II-l: Scattering amplitude parameters 

for alkali and halide ions. 

ao/bo ai'bi a2 'b2 a3 ' b3 
Absorber 

K+ 1.9 -.95 .0285 12. 

Br+ 7.3 -1.06 .027 21. 

Backscatterer 

Li+ 0 -.85 .001 0 

F-,Na+ 2.15 -.28 .003 0 

o 
1 

*
+ 

5.5 -.32 .0025 0 

Br”,Rb+ 8.4 -.212 .0015 -168. 

Table II-2: Phase shift parameters for alkali 

and halide ions. 
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III) Samples 

The limitations on the choice of samples will be set 

In part by the availability of sources of x-rays; the 

current limits for EXAFS measurements are those atoms with 

an atomic number between 19 (13) and 35 (14). The ideal 

sample for this study would, therefore, be an Impurity 

with an atomic number between 19 and 35. The host crystal 

that this Impurity is In should be made of lighter atoms, 

that would absorb less of the incident x-radiation than 

the impurity atoms; a host crystal containing slightly 

heavier atoms would not completely rule out a system if 

the heavier atoms did not have absorption edges In the 

region of the EXAFS spectrum. The host crystal as well as 

not interfering with the absorption of the incident 

photons should, to give a stronger EXAFS signal, have a 

large backscatterlng amplitude for the electron collision 

process that is responsible for EXAFS. Generally heavier 

atoms will have larger backscatterlng amplitudes, and so 

would be desirable as host ions. These two requirements 

are contradictory reducing the set of desirable samples 

even further. The ideal host crystal would, therefore, 

consist of atoms only slightly lighter than the absorbing 

Impurity atoms. 

The Initial samples to be studied would have to have 

a simple structure that could be expected to give simple 

results. The samples would also have to be easily 

prepared from constituents that are readily available; for 



33 

example the alkaline earth oxides have simple structures/ 

but have a high enough melting point to be difficult to 

prepare. Transition metal impurities have multiple 

valence states introducing the additional difficulty of 

determining which of many charge states are present. The 

alkali halide substitutional mixed crystals are well 

suited: with simple cubic structures, without the 

problems of multiple valence states, and with low enough 

melting temperatures to be easily prepared. Of these, few 

are suitable; since the impurity would have to be K or Br 

(there is the possibility of using Rb, but the K shell 

absorption edge Is at 15.16 KeV which is very near the 

limits of the SSRL). 

For most studies on Impurity defects a low concen¬ 

tration of impurity ions is used, to ensure that the 

defects do not Interact. For this experiment, however, it 

Is desirable to use some samples that are more concen¬ 

trated. By intentionally preparing samples with impurity 

concentrations high enough to allow interactions between 

adjacent Impurity atoms, It Is possible to verify the 

homogeneity of the samples. In a crystal with high 

Impurity concentration, the additional impurity atoms 

nearby will change the EXAFS spectrum; comparing this with 

the spectra of samples with lower impurity concentrations 

can serve as a check on the quality of the samples. The 

EXAFS spectra of high concentration samples will show the 

additional structure of the nearby impurity ions. The 
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other nearby Impurity atoms, being a different chemical 

type, will backscatter the photoejected electrons with a 

different amplitude and phase; leading to changes in the 

EXAFS spectrum. Additionally the positions of the various 

host ions will be distorted by the nearby impurity atoms; 

leading to broadening of the transform peaks. The spectra 

of a sample with clustering would not show any dependence 

on concentration being essentially the spectra of the 

Impurity crystal alone. 

Alkali halide mixed crystals with a common ion, 

"tend to give continuous solid solution provided the 

relative difference In interatomic distance is small 

enough"(15). For this problem. It is necessary to 

determine If a particular alkali halide mixture will form 

a solid solution. A phase diagram will show the number 

and nature of solid phases of one of these systems. There 

are two major types of phase diagrams: those with a 

eutectic and no solid solution, shown in figure III-1A; 

and those that will form a solid solution, figure III-1B. 

There are, of course, other more complicated forms of 

phase diagrams, but they will not be needed here. 

Figures 111-2 and I 11-3 present, in tabular form, 

the phase diagrams for several binary alkali halide 

systems containing K and Br, respect!vely.(16) The tables 

show the phase diagram of the two major constituents 

indicated by the column and row labels and the Impurity K 

or Br. It is evident from figure ill-2, that of the 9 
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F Cl Br 

Figure III-2: Phase diagrams for alkali halide mixed 
16 

crystals containing K (from Levin ). 

F Cl I 

Figure III-3 s Phase diagrams for alkali halide mixed 
16 

crystals containing Br (from Levin ). 
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systems presented with K Impurities: 1 Is unknown; 5 show 

eutectic behavior with no solid solution; 1 shows the 

subsolIdus causing the solid solution to be unstable at 

room temperature; and 1, RbF:K and RbC1:K show the desired 

behavior. Figure I 11-3 shows a brighter picture for Br 

impurities: with 1 system unknown; 2 showing eutectic 

behavior; 1 system/ LIF :B r showing a solid solution up to 

a concentration of 3% of Br; and 5 other systems with 

simple solid solution behavior. 

Unlike most studies of crystalline defects EXAFS/ 

being a measure of short range order only, does not 

require a single crystal sample. Most EXAFS done on 

crystalline materials has been done on polycrystal 11 ne 

powders. The use of polycrystalline samples not only 

eliminates problems of orientation/ but also simplifies 

the preparation of samples greatly. For this study a 

simple method of preparation with normal precautions to 

insure homogeneity would suffice. First the proper 

proportions of the two salts are melted together and 

allowed to cool. This melt Is then sealed In an evacuated 

quartz vial/ and heated to a point below the melting point 

of the mixture for several hours; this allows the sample 

to anneal. Finally the sample Is quenched to room 

temperature to fix the lattice in It's annealed state.(17) 
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IV) Simulations 

A) Introduction 

The evaluation of the sum over the neighbors in 

equation II-33C requires a knowledge of the NaCl crystal 

structure. Figure IV-1 shows a portion of one octant of 

an alkali halide crystal/ with the square of the distance 

from the central atom Indicated In the circle. It should 

be noted that the smaller atoms are all indicated with 

even distance squares/ allowing an easy method of 

determining the type of atom In any shell. Table IV-1 

contains a compilation of the information on the cubic 

crystal structure necessary to perform the sum In equation 

II-33C. 

The next step before actually programming a computer 

to simulate the experimental data Is to quantiIfy the 

distortions. There has been some theoretical and 

experimental Interest In lattice distortions around 

Impurity Ions In alkali halide crystals.(18) The 

theoretical estimations have been done by considerations 

of the electrostatic effect due to the polarization of the 

crystal by the Impurity. The displacement of the atoms 

beyond the first shell are assumed to be given by an 

Inverse square law. The magnitudes of the distortions for 

three of the proposed samples have been calculated In this 

way; the results are given in table IV-2 together with 

hard shell model estimations. There Is experimental data/ 
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The Naci crystal structure (from Stern ). Figure IV-l: 
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2 
distance 
(lattice units) 

number type 

1 6 + 

2 12 - 

3 8 + 

4 6 - 

5 24 + 

6 24 - 

8 12 - 

9 24 + 

9 6 + 

10 24 - 

11 24 + 

12 8 - 

13 24 + 

14 48 - 

16 6 

IV-1J Population and distances for the 

first 15 shells of the NaCl crystal 

structure. 
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derived from the quadrupolar broadening of the nuclear 

magnetic resonance lines of the host !ons/ on one of the 

proposed samples; also shown in table IV-2. The actual 

distortion would be expected to be smaller than the value 

predicted by the hard shell model, the available data does 

tend to support this with a lower limit of approximately 

half the value. Table IV— 3 shows some Ionic radii and the 

hard shell model distortions of the nearest neighbors. In 

the actual simulations the distortions are based on the 

first shell displacement, which Is taken to be the hard 

shell value, and an inverse square law for more distant 

shel1s. 

The simulations were performed on an 8080 based 

microcomputer system with a floppy disc mass storage 

system. Appendix A contains a FORTRAN source listing of 

the final version of the simulation program; and a second 

program written to generate plots of the data on an analog 

plotter, through the use of a pair of digital to analog 

converters that are Interfaced to the microcomputer. The 

programs are structured to store, on the disc, the 

simulated EXAFS spectrum, the real, Imaginary, and 

magnitude parts of the Fourier transforms; together with 

sufficient headings to characterize all input parameters. 
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B) Results of the Simulations 

Assuming there Is no phase shift the transform of 

the expression for Xk5 (equation 11-330 would give a 

symmetrically shaped Imaginary, and antisymmetric real 

transform at each peak of the magnitude. Figure IV-2 

shows such a transform peaking at the maximum of the 

magnitude. Figure 1V—3 shows a typical transform with the 

theoretical phase shifts Included. The expected results 

are shown with the peak position shift and loss of the 

simple phase relation between the real and Imaginary parts 

of the transform. 

Figures IV-4 through IV-15 are plots of the 

simulated EXAFS data and the magnitude of the transform 

for 6 of the 8 possible samples (there are no scattering 

amplitudes or phase shifts available for Iodine). The 

distortion used In each of these Is the hard shell value 

given In table IV-2. The phase shifts and scattering 

amplitudes are given by the theoretical results quoted In 

tables I I-1 and 11-2. Figures IV—16 and IV-17 show the 

actual data and the magnitude transform for LIF:Br with 

and without the expected 28% distortion. In figure IV-17 

the Inverse square law dependence of the distortion can be 

clearly seen. Figures IV—18 and IV-19 show similar 

results for NaClrBr and RbCl:K the smaller distortions do 

not show the dramatic effects seen In the case of LIFrBr, 

but are still observable. 
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Figure IV-4: EXAFS data for RbF:K. 

Figure IV-5: Magnitude transform for RbClrK. 
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Figure IV-6: EXAFS data for RbClsK. 

R (A) 
Figure IV-7: Magnitude transform for RbCl:K. 

2 
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Figure IV-8: EXAFS data for LiF:Br. 

R (Â) 

Figure IV-9: Magnitude transform for LiF:Br. 
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Figure IV-10: EXAFS data for LiClsBr. 

Figure IV-11: Magnitude transform for LiCl:Br. 
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Figure IV-12: EXAFS data for NaClîBr. 
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Figure IV-14ï EXAFS data for KClîBr. 

2 3456789 
R (A) 

Figure IV-15: Magnitude transform for KCl:Br. 
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Figure IV-17: Comparison of the magnitude transform 

for LiFsBr with and without the expected 28% distortion 
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Figure IV-18: comparison of the magnitude transform 

for RbClîK with and without the expected -4% distortion. 

Figure IV-19: Comparison of the magnitude transform 

for NaCl:Br with and without the expected 5% distortion. 
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V) Relation to Actual Experiment 

A) Experimental Setup and Expected Statistics 

So far nothing has been said about the actual 

experimental setup. Although the technique was first 

proposed in 1971 (6), it was not until 1974 (20) when 

synchrotron radiation/ used as a source of high Intensity 

x-rays become available; that EXAFS became a realizable 

experimental technique. When charged particles move In a 

circular path the acceleration they undergo just to remain 

on the path causes the particles to emit electromagnetic 

radiation. If the particles are moving slowly (compared 

to the speed of light c) the radiation will be emitted in 

many directions/ as shown in figure V-1A. Alternately/ if 

the particles have relativistic velocities the radiation 

pattern will be highly directional/ as shown in figure 

V-1B. This well collimated beam of radiation is ideal for 

use in measuring EXAFS spectra. 

The energy spectrum of the radiation emitted by 

these highly relativistic charges will appear to be nearly 

constant until a cutoff frequency/^/ is given by: 

(c/e) C&-1) 
where € Is the radius of the circular path/ and 6 is the 

ratio of the electron energy to it's rest energy.(21) The 

spectral distribution from the SPEAR storage ring Is shown 

In figure V-2. The real necessity of using a synchrotron 

as a source of photons Is the Intensity of the extremely 
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RADIATION EMISSION PATTERN BY 
ELECTRONS IN CIRCULAR MOTION 

2 0 
Figure V-l: (from Lindau and Winick ). 
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broad band x-ray radiation. "More than 100,000 times 

higher flux is available from synchrotron radiation than 

from a powerful, rotating anode x-ray tube."(22) This 

higher flux allows the EXAFS spectrum to be measured 
4 s 

approximately "10 - 10 times faster than with a standard 

x-ray source, and with better resolution and better signal 

to noise."(20) 

The positron-electron storage ring at Stanford has 

been set up for use as a source of synchrotron radiation. 

At the Stanford Synchrotron Radiation Lab (SSRL) facil¬ 

ities have been set up for EXAFS measurements; with all 

necessary monochromators, counters, and data acquisition 

equipment available for users. The problem of EXAFS 

measurement Is reduced to one of sample preparation and 

subsequent data analysis. The signal to noise ratio of 

this experimental setup has been reported to be as high as 

10,000 for a run lasting 30 minutes to scan through an 

entire EXAFS spectrum.(14) 

The quantity that is measured Is not the EXAFS 

portion of the spectrum, Yi but the total absorption cross 

section,^. The smooth background, must be removed 

from the measurement of M to get Y defined by equation 

11-2: 
yU,-/CU 

To estimate the minimum concentration of impurities that 

would give satisfactory EXAFS data it Is necessary to know 

the magnitude of this background, X» Table V-l contains 
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for samples containing K impurities 

ph0t0n(KeV) 3.5 
energy 

3.607* 4.0 4.6# 5.0 

F 184 - 124 82 64 

Cl 1050 - 732 498 398 

Rb 999 - 695 473 379 

K 151 1290 982 670 538 

K* 148 1290 980 671 537 

for samples containing Br impurities 

photon ,n n 
(KeV) 10*° 

energy 
12.0 

* 
13.47 14.5# 15.0 

Li .34 .27 .23 .22 

F 8.11 4.72 2.73 2.48 

Na 15.3 8.93 - 5.12 4.64 

Cl 56.2 33 .2 - 19.2 17.4 

K 78.0 46.3 - 26.9 24.4 

Br 50.8 31.4 157 128. 117. 

Br^ 48.9 29.8 155 127. 116. 

* _ just above the K shell absorption edge 

# - interpolated from Victoreen's formula 

- photoionization processes only 

Table V-l: Mass absorption data for the proposed 
23 samples (from Robinson ). 
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mass absorption coefficient data for the various consti¬ 

tuents of the samples proposed* This data together with 

the simulated EXAFS spectra computed In section IV will 

allow the determination of the amplitude of the EXAFS 

signal, and the background signal, for a given sample. 

The EXAFS spectrum, as previously mentioned, is 

approximately proportional to k3 (the plots in section IV 

of ^ks show nearly constant amplitude); leading to the 

noise first washing out the EXAFS signal at larger values 

of k. Table V-2 shows some approximate amplitudes, from 

the data presented In section IV, of the EXAFS signal at 

approximately k=16 A”1. Also included is a calculation of 

the absorption of photons, approximately 1 KeV above the 

impurity K shell absorption edge, due to the host crystal 

and the Impurity Ions based on the mass absorption data in 

table V-l. The last column contains an estimation of the 

minimum detectable impurity concentration based on a ratio 

of EXAFS signal to background of 10,000 at k=16 A"'(or 

KeV above the absorption edge). 

The data in table V-2 tends to show that of the six 

samples considered two, RbF:K and RbCltK, would not be 

suitable due to the large background absorption washing 

out the signal in any sample that could possibly be 

expected to contain isolated impurities. The two proposed 

samples not Included in table V-2, NaltBr and KI:Br, would 

show similar problems since the host crystal is made up of 

such heavy constituents. Of the four remaining samples; 
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three/ LlCl:Br/ NaClîBr/ and KCl:Br would be at best 

marginal and can only remain as candidates If the EXAFS 

spectra are not expected to be measurable out to k=16 A'1. 
Eliminating these 7 of the 8 originally proposed samples/ 

only one system/ LlF:Br/ remains that can still be 

considered suitable for study; surprisingly of the 

original 8 this sample has by far the largest expected 

distortion (see table IV-2). 
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B) Other Sources of Errors 

There are other complications to the problem that 

have not yet been considered. The first Is the Inclusion 

of the lattice vibration due to the non-zero temperature, 

In the simulation of the EXAFS spectrum. The effect of 

lattice vibrations Is normally expressed In terms of a 

Debye-Waller factor, &’, which when Included In equation 

I I-33C results In: 

where Is determined by the rms variation In the 

position of the j4 atom.(24) The magnitude of this 

fluxuation has been measured by comparing the spectra of 

known substances, In this case Br* and GeBrtH,, with that 

calculated from the theoretical scattering amplitudes 

given In section I I —B.(12) These are, of course, 

measurements on simple molecules not on solids; neverthe¬ 

less, for lack of a better estimate the result of =0.052 

Â has been Included In the simulation program, and the 

results for LlF:Br are shown In figures V-3 and V-4. As 

expected this Debye-Waller factor further reduces the 

amplitude of the EXAFS spectrum at higher k values. The 

EXAFS amplitude of 2.3 xlO* quoted In table V-2 for LIF:Br 
- y 

Is further to a value of 6.0 xlO which will Increase the 

minimum observable concentration to .08?; although worse 

than before this would still not Indicate that the sample 

is unsuitable. 

The remaining complication to the theory to be 
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Figure V-3: Comparison of the EXAFS data for LiF:Br 

with and without the Debye-Waller factor. 

Figure V-4: Comparison of the magnitude transform for 

LiF:Br with and without the Debye-Waller factor. 
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considered Is the practical problem of removal of the 

smooth background from the measured EXAFS spectrum. As 

was discussed In section V-A this background can be much 

larger than the actual EXAFS portion of the signal making 

careful removal of the background Important. To be able 

to remove the background It Is necessary to know the 

energy of the K shell absorption edge accurately. Free 

atoms have well understood, well measured Ionization 

thresholds; but atoms In a crystalline environment are not 

so easily described; the actual energy of the absorption 

edge Is changed by the surrounding atoms. Nothing more 

will be said here beyond noting the existence of this 

problem. 
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VI) Conclusions 

All Indications shown here tend to support the 

possibility of successful measurement of the EXAFS spectra 

of only one system, LIF;Br. This system Is, by far not 

the most Interesting system; In fact It was proposed only 

as a part of the preliminary trial of a procedure Intended 

to be used for more complicated problems. Although the 

possibility of successfully performing the measurement on 

this one system remains good; the likelihood of actually 

gaining any useful Insight Into a more complicated system 

appears to be slight. 

Systems other than the very specialized type 

considered here may be used, but none could give a very 

much better ratio of EXAFS signal to background absorption 

than LIF:Br. No conceivable sample could have a signif¬ 

icantly lighter host or heavier, more absorbing, Impurity; 

making L!F:Br an Ideal sample for low background together 

with high EXAFS signal. The requirement that a sample be 

expected to give solid solution, presented In section 111 

as a tool to be used as a check on sample quality, can be 

relaxed. With a small enough concentration of Impurities, 

many samples can be prepared that would not mix at higher 

concentrations; but again, the magnitude of the background 

signal will necessitate the use of as concentrated a 

sample as Is possible. 

Improvements In experimental procedure can be made 

to Increase the signal to noise ratio. The major problem 
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will remain one of Increasing the intensity of the 

incident x-radlatlon. SSRL/ being a parasitic operation 

on the high energy work done at SPEAR/ does not operate 

the storage ring for maximum radiation intensity. By 

operating the storage ring with higher electron beam 

currents more photons are radiated; allowing higher count 

rates and a better signal to noise ratio. Another method 

of improving the intensity of the radiation is through the 

use of 'wiggler' magnets. These 'wlgglers' are powerful 

magnets placed in the electron beam causing sharp bends In 

the electron path;(22) with the electrons undergoing 

larger accelerations/ more photons are emitted. 

What Initially appeared to be a rather direct 

application of an already proven experimental technique; 

has# upon further investigation developed Into quite a 

difficult problem. With the experimental facilities 

currently available/ work with EXAFS on Impurity centers 

in crystals appears to be at best only marginally 

feasible. The main reason for this conclusion is the 

extremely large signal to noise ratio necessary to 

successfully extract the EXAFS signal from the much larger 

background. The necessarily small impurity concentration 

In any sample of this type produces such a large back¬ 

ground signal/ In comparison with the small EXAFS signal/ 

that It is difficult/ If not impossible with current 

technologies/ to remove the EXAFS signal from the 

absorption spectrum that is measured. 



Appendix A 

C VECTOR 'C' CONTAINS THE PARAMETER LIST AS FOLLOWS 
Cl - K LOW, K HIGH, K STEP, NO. OF SHELLS, B. DIST, T. DIST 
C7 - D-W FACTORS ABS TYPE, OTHER TYPE; PHASE SHIFTS: 4 ABSORBER 
C13 - 4 ABS TYPE HOST, 4 OTHER HOST ION; SCATTERING AMPLITUDES 
C21 - 3 ABS TYPE HOST, 3 OTHER HOST ION; INTERATOMIC SPACING 
C2S - 8 4BYTE WORDS OF LABLE, 2 WORDS OF NAME (NO EXTENSION) 
C39 - OF POINTS IN EXAF DATA, ERROR FLAG. 
C MESSAGES ON FILE 4 , HEADING ON FILE 5 
C FILE NAME 'MESSAGES.EXF' , AND 'HEADING .NEW' 
C FILES G-9 USED FOR OUTPUT DTA,REA,I MA,MAG 

LOGICAL A(9,5) 
INTEGER FLAG- 
REAL N(3,4),DATE (2),X(400,2),C(40,20) 
DATA N/2** ','DTA ',2*' ','REA ',2*' ','IMA ', 
*2*' ','MAG '/ 

' DATA C/4.,16.,.05,8.,236*0.0/ 
DATA A/20*' ','R’,'E','A','L',' ',' ',' ',•I','M*,'A', 

*'G','I','M','A','R','Y','M',
,
A','G','N','I','T','U

,
,'D',' 

CALL CPEN(4,'MESSAGESEXF',0) 
CALL OPENC5,'HEADING NEW',0) 
WRITE(3,1000) 
READ (3,1001)DATE 
DO 100 1-1,20 

110 WRITEC3,1002)(C(J,I),J-1,36) 
WRITE(3,1003) 
READ (3,1004)FLAG 
FLAG-FLAG+1 
GOTO (200,202,204,206,208,210,212,214,216,110),FLAG 

202 WRITE(3,1100) 
READ(3,1108)C(1,I),C(2,I),C(3,I) 
GOTO 110 

204 WRITE(3,1102 ) 
READ(3,1103)C(4,I) 
GOTO 110 

206 WRITE(3,1104 ) 
READ(3,1108)C(5,I),C(6,I) 
GOTO 110 

208 WRITE(3,1103) 
READ(3,1108)C(7,I),C(8,I) 
GOTO 110 

210 WRITE(3,1107) 
READ(3,1108)(C(K,I),K»9,20) 
GOTO 110 

212 WRITE(3,1109) 
READ(3,1101)(C(K,I),K»21,26) 
GOTO 110 

214 WRITE(3,1110) 
READ(3,1111)(C(K,1),K*27,36) 
GOTO 110 

200 WRITE(3,1112) 
READ (3,1001)C(37,l),C(38,l) 
IF(I.EQ.20)G0TO 100 
DO 150 K-l,36 

150 C(K,I*1)-C(K,I) 
100 CONTINUE 
216 WRITE(3,1114) 

LIMIT-1-1 
R EAO(3,1004)F LAG 
GOTO (300,302,304),FLAG 

300 CALL OPEN(6,'EXAFRUN DTA',0) 
FFLOAT-FLOAT(LIMIT) 
WRITE (6,1005)FFLOAT 
WRITE (6,1005)((C(L,M),L-l,40),M-1,LIMIT) 
ENDFILE 6 
STOP 



302 CALL OPEN(6,'EXAFRUN DTA',0) 
READ (6,1006)FI 
LIMIT-IFIX< FI> 
READ (6,100G)((C(L,M),L-1,40),M-1,LIMIT) 
ENDFILE 6 

304 DO 400 J-l,LIMIT 
DO 410 K-l, 4 
N(1,K)-C(37, J) 
N(2,K)«C(33,J) 

410 CALL OPEN(K+5,N(1,K),0) 
WRIT£(5,1116,ERR-2000)C(37,J),C(38,J) 
R0-0.5*C(27,J) 
RMAX-3.0*C(27,J) 
RSTP-0.01*C(27,J) 
DO 420 K-5,9 
WRITE(K,1010,ERR-2000)(A(L,K-4),L-l,9),DATE,RO,RMAX,RSTP 

420 WRITE(K,1002,ERR-2000)(C(L,J),L-1,36) 
FLAG-26 
DO 421 K-6,9 

421 WRITE(K,1120,ERR-2000)FLAG 
CALL EXFSIM(X(1,1),C(1,J)) 
IF(C(40,J).NE.O.)GOTO 430 
CALL FFT(X(1,1),R0,RMAX,RSTP,C(39,J)) 

430 IF (C(40,J).EQ.-2.)GOTO 2500 
CALL OUT(255,J) 
ENDFILE 6 
ENDFILE 7 
ENDFILE 0 
ENDFILE 9 

400 CONTINUE 
ENDFILE 4 
ENDFILE 5 
WRITE (3,2010) 

2010 FORMAT (' EXAF SIMULATION COMPLETED ') 
STOP 

2000 WRITE(4,2008) 
2003 FORMAT (' DISC ERROR IN MAIN PROG HEADING GENERATION ') 

EfJDFILE 4 
ENDFILE 5 
STOP 

2500 WRITE(4,2006)N(1,1),N(2,1) 
ENDFILE 4 
ENDFILE 5 
ENDFILE 6 
ENDFILE 7 
ENDFILE 8 
ENOFILE 9 
CALL OPEN(6,1EXAFRUN DTA',0) 
FLIMIT-FLOAT(LIMIT-J+l) 
WRITE(6,1005)FLIMIT 
WRITE(6,1005)((C(L,M),L-1,40),M-J,LIMIT) 
ENDFILE 6 
STOP 

2006 FORMATC EXECUTION WAS TERMINATED WHILE IN FILE *,2A4) 
1116 FORMAT( 2(1'X/),5X, 2A4/) 
1101 FORMAT(6E10.0) 
1000 FORMATC ENTER DATE (8 CHR) ') 
1001 FORMAT(2A4) 
1004 FORMAT(11) 
1100 FORMATC NEW LIMITS - L,H,S ') 
1102 FORMATC NO. OF SHELLS ') 
1104 FORMATC DISTORTIONS; BREATHING,TETRAGONAL ') 
1005 F0RMAT(1X,6E12.6/1X,GE12.6/1X,6E12.6/1X,GE12.6/1X,3E12.G/ 

*1X,11A4,2FC.2) 
1006 FORMAT(6E12.G/6E12.6/GE12.6/6E12.6/3E12.G/llA4,2F6.2) 

. 1106 FORMATC DEBYE-WALLER FACTORS; ASS TYPE HOST, OTHER HOST ') 
1108 FORMAT(4E10.0) 
1107 FORMATC PHASE SHIFTS; LINE 1 ABSORBER, 2ABS TYPE HOST,3 OTHER'/) 
1109 FORMATC SCATTERING AMPL.; ABS TYPE HOST, OTHER ') 
1110 FORMATC INTERATOMIC SPACING (5 CHR), LABEL (32 CHR) ') 



1111 FORMAT(F5.2/9A4) 
1114 FORMATC ENTER 1- TO SAVE DATA FOR LATER EXECUTION '/ 

18X,'2- TO EXECUTE DATA PREVIOUSLY ENTERED '/ 
28X/

,3- TO EXECUTE THIS DATA NOW ') 
1112 FORMATC NAME OF OUTPUT FILES (NO EXTENSION) ') 
1120 F0RMAT(1X,A1,125X) 
1003 FORMATC ENTER 0- CONTINUE 1-CHANGE LIMIT 2- SHELLS' 

1/7X,'3-OISTORTION 4-DEBYE-WALLER 5-PHASE SHIFTS'/ 
2 7X,'G-SCATTERING 7-SPACING 3-EXECUTE') 

1010 FORMATCIX/9A1,' TRANSFORM GENERATED ON ',2A4,' - R « ', 
12(F6.3,','),F6.4) 

1002 FORMATC SIMULATED EXAF DATA-K3 K « ', 2(FG.3,' , ' ),F6.4 
1/1X,F4.0, ' SHELLS USED - DIST. (1/R2); BREATHING ',F7.5, 
2' TETRAGONAL ',F7.5/' DEBYE-WALLER FACTORS: ABS TYPE’, 
3' HOST I ON*,F8.4,' OTHER HOST ',F8.4/' PHASE SHIFTS ' 
4,'(A0+A1-K+A2-K2+A3/K3): ABSORBER- ',2E12.C/1X, 
52E12.6,' ABS TYPE HOST '3E12.6/1X,E12.G,' OTHER TYPE', 
64E12.6/' SCATTERING AMPL (A/( B*( 1*K*C) 2 ) ) : ', 
7'ABS TYPE HOST- *,2E12.6/1X,E12.C,' OTHER TYPE ', 
83E12.6/' (EOH) INTERATOMIC SPACING ',F6.3,2X,9A4) 

END 

SUBROUTINE FFT(X,RO,RMAX,SSZ,FMAX) 
C OUTPUT TO FILES 7,8,9 ; MESSAGES TO FILE 4 
C THESE FILES MUST BE OPENED IN THE CALLING PROG. 

DIMENSION X(400,2),FMAX(2),RBUF(32),CBUF(32),FBUF(32) 
IBUF-1 
IMAX-I FIX(FMAX(1)) 
DO 200 1-1,I MAX 

200 X(I,1)-X(I,1)*2.0 
950 R-RO 
210 COS I NT-0.0 

SINlNT-0.0 
SIP-SIN((X(2,1)-X(1,1))*R) 
ClP-COSC(X(2,1)-X(1,1))*R) 
CP-COS(X(1,1)*R)*CIP+SIN(X(1,1)*R)*SIP 
SP-SIN(X(1,1)*R)*CIP-COS(X(l,l)*R)*SIP 
DO 220 J-l,I MAX 
CPO-CP-CIP-SP-SIP 
SP-SP-CIP+CP-SIP 
CP-CPO 
SI NI NT-SIMlNT+XC J,2)*SP 

220 COS INT-COSINT+X(J,2)*CP 
FMAG-SQRTCCOSINT-COSIMT+SININT*SINlNT) 
WRITE(3,1004)R,COS INT,SI NI NT,FMAG 
RBUF(IBUF)-R 
CBUF(IBUF)-R 
FBUF(IBUF)-R 
RBUF( I BUF+D-COSI NT 
CBUF(IBUF+1)-SINlNT 
FBUF(IBUFfl)-FMAG 
IBUF-IBUF+2 
IF CIBUF.GE.33)GOTO 800 

750 IF((INP(255).AND.8).EQ.8)GOTO 2500 
p s p x C C7 

IF(R.LE.RMAX)GOTO 210 
RBUFCIBUF)-0. 
CBUF(IBUF)-0. 
FBUF(IBUF)-0. 
WRITE(7,ERR-2000)(RBUF(I),I»1, I BUF) 
WRITE(8,ERR-2000)(CBUF(I),1-1,IBUF) 
WRITEC 9,ERR-2000)(FBU F(I),1—1,IBUF) 
WRITE (4,2002,ERR-2000) 
FMAX(2)-0. 
RETURN . 



300 

2000 
2001 

2500 

2002 
1004 

WRITE(7,ERR-2000)RBUF 
WRITE(3,ERR-2000)CBUF 

WRITEC 9,ERR-2000) FBUF 

IBUF-1 
GOTO 750 
WRITE C4,2001)R w „ 
FORMATC' DISC ERROR IN FFT AT 

FMAXC2) —1. 
RETURN 
FMAX(2)—2. 

RETURN 
FORMATC FFT COMPLETED') 
FORMATCIX,F6.3,' R»',E13.7,' 

END 

R- ’,F7.3) 

I -• , E13.7, M=',E13.7) 

C 

C 

SUBROUTINE EXFSIM(Y,PA) 

OUTPUT TO FILE 6, MESSAGES ON FILE 4 (THESE MUST BE OPEN NOW) 
DIMENSION Y(400,2),PA(40),R2(15),N(15),BUFF(32) 
D AT A R2/1.,2.,3.,4.,5.,6.,8.,9.,9.,10.,11.,12.,13.,14.,16./ 
DATA N/6,12,8,6,24,24,12/24,6,24,24,3/24,43,6/ 
IND-0 
I BUFF-1 

X-PA(1) 

TO TRANSFORM DISTORTIONS TO ABS. UNITS FOR 1/R2 USE. 
PAC 5)-PAC 5)*PA(27)*PA(27) 
PA(6)-PA(6)*PA(27)*PA(27) 

120 

490 

500 

C NO 

130 

1004 

750 

F-0. 
FMN-PA(24)/(l+PAC 25)*(X+PA(26)) - CX+PAC26))) 
FM-PA(21)/(1+PA(22)*(X+PA(23))*(X+PA(23))) 

EA-PAC 9)+PA( 10)*X+PA( 11 )*X*X-*-PA( 12)/(X*X*X) 
EBN-PAC17)+PA(13)*X+PA(19)*X*X+PA(20)/(X*X*X) 

EBM-PA(13)+PA(14)*X+PA(15)*X*X+PA(16)/(X*X*X) 

JMAX-IFIX(PA(4)) 

DO 130 J - 1,UMAX 
IF(R2(J).EQ.2*IFIX(R2(J)/2.+.l))GOTO 490 

EB-EBN 
G2-PAC 8) *PA(8) 
A-FMN 
GOTO 500 
EB-EBM 
G2-PA(7)*PA(7) 

A-FM 
R-SQRTCR2CJ))*PA(27) 

RSQ-R-R 
C-N(J)*A/(RSQ-X) 
I F(PA(6).NE.0.0)GOTO 200 
TETRAGONAL DISTORTION 
F«F+EXPC-2.*X*X*G2)*SIN(2.*R*X*(1.+PA(5)/RSQ)+EA«-EB)*C 

CONTINUE 
IND-IND+1 
Y( IND/D-X 
F-F*X*X*X 
Y(IND,2)-F 
WRITE(3,1004)X,F 

FORMATC' F-K3C',F8.3,’)=’,E14.7) 

BUFF(IBUFF)-X 
BUFF( I BUFF+D-F 
I BUFF-I3UFF+2 
IF(IBUFF.GE.33)GOTO 800 
X-X+PAC3) 
IF((INP(255).AND.8).EQ.8)GOTO 2500 

IF(X.LE.PAC2)) GOTO 120 
BUFFCI BUFF)«0. 
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1100 

300 

2000 
1102 

2500 

200 

') 

WRITEC G,ERR*2000) ( BUFFO),1*1,I BUFF) 
WRITE (4,1100,ERR*2000) 
FORMATC' EXAF simulation completed 
PAC 39)*1ND 
PAC 40 ) *0. 
RETURN 
URITE(6,ERR*2000)BUFF 
IBUFF-1 
GOTO 750 

FORMATC'* Disc Error In EXAF simulation at K * ',F10.5) 
PA(40)*-1. 
RETURN 
PAC40)—2. 
RETURN 

FÎF*sÎN(ll*R*X*cîi+2.*PA(B)/RSQ)*Cl.*PA(5)/RSQÎ*EA*EB)*Cl 

F*F*SI N(2.*R*X*(1.-PA(6)/RSQ)*(1. + PA(5)/RSQ) + EA'*,EB)*C1*2. 
GOTO 130 
END 
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PLOTTING PROGRAM 
DIMENSION X(400,2),SCALE(4) 
LOGICAL H(5),FLAG,NAM(12) ,NAN(11) 
CALL PLTLIB 

100 WRITE (3,1000) 
1000 FORMATC ENTER NAME OF FILE TO BE PLOTTED ') 

READ (3,1001)NAM 
1001 FORMAT(12A1) 

DO 110 I -1,3 
110 HAN(I)-32 

D0120 1-1,9 
IF(NAM(I).EQ.4G)G0T0 130 

120 NAN(I)-NAM(I) 
130 NAN(9)*NAM(I+1) 

NAN(10)-NAM(I+2) 
NAN(11)-NAM(1+3) 
CALL OPEN(G,NAN,0) 

IDO READ (6,1002,ERR-2000,END-140)H 
1002 F0RMAT(5A1) 

IF((H(l).NE.91).OR.(H(5).NE.93))GOTO 150 
IF (FLAG.EQ.4)GOTO 157 
YLL-1.0E35 
YUL—1.0E35 

157 DO 180 J-l,400,16 
JNXT-J+15 
READ(G,ERR-2000,END-192)(X(I,1),X(I,2),I«J,JNXT) 
DO 180 I-J,JNXT 
IF((X(I,1). EQ. 0. ). AND. (X( I +1,1.). EQ. 0. ) )GOTO 190 
IF (X(I,2).GT.YUL)YUL-X(I,2) 

130 IF ( X ( I , 2 ). LT . Y LL ) Y LL-X ( I , 2 ) 
190 l-l-l 

ENDFILE 6 
195 WRITE(3,1003) 
1004 FORMAT(ll) 
1003 FORMATC ENTER 1 FOR NEW SCALES'/7X,12 FOR NEW Y ONLY' 

*/7X,'3 FOR OLD SCALES '/7X,'4 FOR MULTI PLOT ') 
R-EAD (3,1004)F LAG 
GOTO(200,210,220,100),FLAG 

200 SCALE(1)-1023./(X(I,1)-X(1,1)) 
SCALE(2)--X(1,1)*SCALE(1) 

210 SCALE(3)-1023./(YUL-YLL) 
SCALE(4)—YLL*SCALE(3) 

220 WRITE(3,1005) 
1005 FORMATC ENTER 1 FOR AXIS ') 

REAO(3,1004)FLAG 
IF (FLAG.NE.1)GOTO 300 
WRITE(3,1006)X(1,1),X(I,1),YLL,YUL 

100G FORMATC RANGE OF X - ',2E12.G/' RANGE OF Y - ',2E12 G/ 
*' HOW OFTEN DO YOU WANT MARKS (X,Y) ') 

READ (3,1007)XMK,YMK 
1007 FORMAT(2E12.0) 

I0-IFIX(SCALE(2)) 
IF((I 0.AND.Z'FCOO').NE.0)10-0 
J0-IFIX(SCALE(4)) 
I F((JO.AND.Z'FCOO1).NE.O)JO»0 
CALL BORDER(SCALE(2),SCALE(4),XMK*SCALE( 1),YMK*SCALE(3)) 

300 WRITE(3,1008)NAM 
1008 FORMAT(IX,12A1) 

CALL PLOT(X(1,1),X(1,2),I,SCALE( 1)) 
GOTO 100 

192 l-J 
GOTO 190 

140 WRITE(3,1100) 
1100 FORMATC FILE DOES NOT EXIST ') 

ENDFILE 6 
GOTO 100 

2000 WRITE(3,2001) 
2001 FORMAT(' DISC ERROR DURING READ??? ') 

GOTO 100 
ENO ' 
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Appendix B 

The scattered wave theory given In section II used 

the expansion of an outgoing spherical wave emanating from 

one center In terms of spherical harmonics centered about 

another point. These expansions are derived using a 

standard expansion (and some variations on It) following 

the derivation of Johnson (25): 

Ckr) Am 'COt > • 6 
Considering this type of expansion of the function: 

€éà’Cc.-n) ^ 4*àr. . 

equating equation B-l acting on this function with 

equation B-2, and multiplying by and integrating over 

al 1 space yields: 

■* "tt-./ilL's-r.) . /-£. 

The expansion used in section II Involves the Hankel 

functions rather than the Bessel functions; It comes from 

the expansion: 

/V ^<V, 
Rewriting this for 3 vectors: 

\n - ^ 

and rearranging the vectors: 
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Substituting the expansion In equation B-3 for the terms 

involving x2 - rTi 

’ y,££ > &/V.) 

ft»-. ^ <ÿ ) J >/&. U-■ @-7) 

Equating this with equation B-5 and canceling common 

terms : 

//(W® - &. -Cd". ) 4 

j<‘(t*■>> &«• L g*,»» &'-!) 

Identifying r, with -Rj and r7 with r-Ry gives the 

required result: 

t-rcw -Jy^ - <*-*) 
■ L , v* » £W 

which Is valid for - RyJ. 
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