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An EXAFS (Extended X-ray Absorpt ion F i n e  S t r u c t u r e )  spec t rome te r  

has  been c o n s t r u c t e d .  The spec t rome te r  is equipped wi th  a curved 

c r y s t a l  monochromator t o  f o c u s  and select t h e  ene rgy  of t h e  

x-rays .  U t i l i z i n g  a sea l ed - tube  x-ray g e n e r a t o r  and Johann-type 

monochromator c r y s t a l ,  photon f l u x e s  between l o 4  and lo3 

photons/sec  a r e  ach ieved  i n  t h e  ene rgy  range between 5 and 20 K e V .  

The energy  r e s o l u t i o n  a t  11 k e V  is 1 4  e V .  

The EXAFS s p e c t r a  of  Ge i n  amorphous and crystalline states are 

measured wi th  t h i s  system, and are compared w i t h  r e s u l t s  from SSRL 

(S tan fo rd  Synchro t ron  Rad ia t ion  Labora to ry )  d a t a .  The n e a r e s t  

neighbour i n t e r a t o m i c  d i s t a n c e  ob ta ined  i n  t h e  exper iment  h a s  good 

agreement w i th  t h e  known d i s t a n c e ,  f o r  bo th  amorphous and 

c r y s t a l l i n e  germanium. 
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Chapter 1 

Extended x-ray absorption fine structure ( E X A M )  has proven to be 

a useful tool for structural studies. As a probe of local 

structure it has many advantages for obtaining information about 

complex systems and has been used in investigation of, for 

instance, amorphous materials, catalysts, and surface and 

biological systems [Lee et at. , 1981; Hayes and Boyce, 1982 I. 

The phenomenon of extended x-ray absorption fine structure refers 

to the oscillation of the x-ray absorption coefficient as a 

function of x-ray energy above the threshold. Such oscillation can 

extend up to 2000 eV above the edge and 

10% or more relative to the absorption at 

may have a magnitude of 

the edge. 

The absorption spectrum near the K-edge in crystalline Ge is shown 

in Fig. 1.1. The oscillation in the absorption may be interpreted 

in a quantitative way in terms of the scattering of the excited 

photoelectrons by the neighbouzing atoms and the resulting 

interference of the reflected electron wave with the outgoing 

photoelectron waves. 





Equation (1.1) describes the modifications of the photoelectron 

wave function at the origin due to scattering by N j  neighbours 

located a radial distance of R away. This is illustrated in Fig. 
j 

1.2 where an outgoing wave is shown backscattered by a 

neighbouring atom; f.(k,n) is the backscattering amplitude. The 
J 

photoelectron wavevector k is defined as 

where fro is the x-ray energy and E is the threshold energy for 
0 

absorption. The electron wave will be phase-shifted by 2krj by the 

time it makes the return trip to the neighbour. To this one must 

add &.(k), the sum of the phase change due to the backscattering 
J 

process and the phase change as the photoelectron leaves and 

returns to the potential of the x-ray absorbing atom. In addition, 

one has to account for the fact that the atoms are n6t stationary; 

in the harmonic approximation this can be accounted for by a 
2 3 

Debye-Waller term e -2k *', where d is the mean square relative 
j 

2 displacement between the scattering and absorbing atoms. So(k) is 



Fig 1.2 : Outgoin& photoeLectron uaves Csotid Lines) propasate to 

ndghbouring atoms represented by open ctrc tes. The backscat tered 

I waves Cdcrshed tines) d t f y  the wave functton at the centrat atom 

I 
l and give rise to EXAFS. 
I 

the correction for raany-body effects. Finally one has also to take 

into account that electrons that have suffered inelastic lcsses 

will not have the right wavevector to contribute to the 

interference process; this is crudely accounted for by an 

exponential damping term e-2Ri'\ where X is the inelastic 
I electron mean free path. 



In deriving equation (1.1) several assumptions are made, 2 . e .  

EXAFS is short-range (only the environment of the excited atom is 

responsible for EXAFS), only a single electron is excited, 

multiple scattering is neglected, and the harmonic solid 

approximation is used (which is equivalent to assuming that the 

distribution of atoms about the x-ray absorbing atom is Gaussian). 

Equation (1.1) is a valid approximation for some amorphous films, 

glasses and liquids in which a high degree of local order is 

preserved by covalent bonding or a strong ion-ion interaction 

[Crozier et aL., 19871. But frequently the degree of disorder is 

larger and ~ ( k )  must be represented by the more general equation 

[Stern, 1974; Crozier and Seary, 1980; Brown and Doniach, 19801: 

where P ( R . )  is the probability of finding the j-th species in the 
J 

range R. to Rj + dR . 
J j 

I 
.By using a Fourier transform, Sayers et at. [19711 show how to 

I invert equation (1.1), to obtain a model structure function which 

contains information on the number, distance to and distribution 



of atoms surrounding the absorbing atom. 

The amplitude of E X A M  oscillations is small compared with the 

total absorption background (about 10% for pure elements, and less 

than 1% for dilute systems); therefore, EXAFS analysis requires 

high-accuracy absorption spectra. Synchrotron radiation is the 

most suitable radiation source because of its properties of high 

photon flux, small beam divergence, structureless spectrum, and 

nearly linear polarization state. 

Synchrotron radiation, using a double crystal monochromator with 

flat crystals, can provide significantly good resolution. The 

energy resolution, AE, currently available in the hard x-ray 

regime at a synchrotron radiation source is hE r E, where E 

is the x-ray energy. Such resolution offers the possibility of a 

determining accurate coordination numbers since it allows for 

obtaining better information about second and more distant 

neighbours. The high resolution also allows the accurate 

measurement and utilization of edge and near-edge structure to 

gain a better understanding of the structure of the material. 

Increasing interest in synchrotron radiation, however, leads to 

restrictions in access to it. Therefore, the use of laboratory 

facilities for EXAFS studies on moderately concentrated samples, 

which do not make extremely high demands on photon flux, is 

essential [Stern, 19801. 



A severe limitation of a synchrotron radiation source is that time 

on the source is so precious that there is great pressure to 

measure as much as feasible because one will not be able to use 

the source again for several months. Under such conditions, any 

new ideas that come up while doing an experiment can not 

be implemented immediately. In a laboratory facility one can have 

continuous interactive innovation with the apparatus, one can 

think over an experimental setup and gain better understanding in 

the process. 

The purpose of this thesis is to describe an EXAFS system that has 

been developed in our laboratory at SFU. The facility is based on 

a focussing crystal monochromator, and uses the Brelnsstrahlung 

radiation from a sealed-tube x-ray generator. Under the control of 

a PDP 11/34 computer the output x-ray energy of the monochromator 

is varied and an x-ray absorption spectrum digitally obtained. 

This system provides photon fluxes of 10'-10~ photons/second over 

the energy range 5 - 20 KeV; at 11 keV, the energy resolution is 

14 eV. The system may provide photon fluxes of 10' photons/sec 

with the correct choice of a monochromator crystal and optimal 

bending of the crystal. This would also improve the energy 
L 

resolution to 5 eV at 11 keV [Thulke et at., 19831. 

We begin, in chapter 2, with a .general description of this EXAFS 

laboratory. First, we compare synchrotron radiation and sealed- 



tube x-ray generator sources. A discussion of flat and curved 
I 

crystal monochromators is in the next section. This chapter also 

describes the spectrometer configuration used in this thesis, i-e. 

Rowland circle and arrangement of source, crystal and sample. 

Several types of detectors with emphasis on ionization detectors, 

which we use here, are discussed. Consideration of radiation 

hazards and safety is included in the chapter. The setup procedure 

and alignment is discussed at the end of the chapter. 

Chapter 3 discusses the automation of the system. Hardware and 

software considerations of the system are discussed briefly. This 

chapter also contains a short description of EXAFS analysis. 

Chapter 4 discusses the performance of the facility. ft examines 

the data collection. Intensity and energy resolution as the 

result of the experiment are discussed, followed by consideration 

of the limitations of the equipment, and other types of 

experiments that can be done using the equipment. 

An application of this system to crystalline and amorphous Ge 

samples is given in chapter 5. The results are analysed and 

compared with data obtained at SSRL (Stanford Synchrotron 5 

Radiation Laboratory). 



In t h e  f i n a l  chapter  we  summarize our work and draw some 
b 

conc lus ions  from t h e  r e s u l t s  and d i s c u s s  fur ther  development o f  

the  system. 



Chapter 2 

EXPERIMENTAL TECHNIQUES 

An EXAFS spectrum can be derived from a measurement of the photo 

cross section over an appropriate range of x-ray energy. The basic 

apparatus to measure an E X A M  spectrum consists of an x-ray 

source, a monochromator to select energy, and detectors. 

2.1. Source 

Two sources of continuous x-ray radiation are available for EXAFS 

experiments: Bremsstrahlung from a conventional x-ray source and 

synchrotron radiation produced by electzon storage rings. 

In an x-ray tube, x-rays are produced when high-energy electrons 

strike the anode. The spectrum consists of both continuous 

Bremsstrahlung radiation and characteristic line spectra. The 4 

characteristic lines are more intense than the continuous 

'radiation. In an EXAFS scan, the continuous radiation is used; 

strong character istic emission lines can severely distort the 

EXAFS spectrum if they lie in the range of the scan. 



Synchrotron radiation is produced by electrons or other charged 

particles travelling at relativistic velocities in curved orbits 

in a storage ring [Winick, 19801. Synchrotron radiation has very 

high intensity: in SSRL running at 3 GeV and using a mirror to 

collect 6 m a d  of horizontal divergence, about 10" photons/sec eV 

are obtained in the 7 keV energy region. 

In our laboratory, the x-rays are generated by a water-cooled 

sealed tube, Elliott Marconi 315-TX, with tungsten target. The 

accelerating voltage of the Picker x-ray generator can be varied 

from 15 to 50 kVolts with tube current up to 45 mA. The size sf 

the x-ray source is 10 nun x 1 nun (normal focus). 

2.2. Monochromators 

One way to monochromatize an x-ray beam is by diffraction from a 

crystal. In our laboratory, a bent crystal monochromator is used. 

In addition to that, a bent crystal also focuses the source's 

diverging radiation on the sample, with a resulting increase in 

intensity (but with some loss in energy resolution). 

One can determine what kind of curvature of bent crystal to use in 

'focusing the x-rays by looking at .these two conditions: 

1. From the Bragg condition: the angles of incidence and 

reflection waves referred to the reflecting atomic planes must be 



equal at all points on the surface. 

2. In order to have monoenergetic x-rays, the angle of deviation yr 

of the reflected x-ray must be constant and equal to: 

y = 2 arcsin (m h/2d), 

where yt = 2 8 (see Fig. 2.1) 

Fig. 2.1: B r w g  diffrarction. 

Condition (1) dictates the direction of the curve at every point, 

while condition (2) dictates the position of each point on the 

curve. 

, 
It is easy to see that the two conditions are incompatible, by 

noting that condition (2) is satisfied if, and only if, the curve 

'is a circular arc through S and F (see Fig, 2.21, of radius R, 

where 



whereas c o n d i t i o n  (1) is no t  s a t i s f i e d  by t h i s  s o l u t i o n .  

Fig. 2.2: To iLLurtrate the Zmpossibility of satisfying both 

conditions for Brags reflection with a bent crystat over an 

extended surface if tha atomic reflecting planes coincide with the 

reflectin6 boundary of the crystal, ond if focusiw at F from 

source S is required. 

However. t h e  two c o n d i t i o n s  mentioned above do  n o t  have t o  be * 

imposed on t h e  same s u r f a c e .  s o  t h a t  one can  a r r a n g e  a geometry 

such  t h a t  both  c o n d i t i o n s  a r e  met (see Fig .  2 . 3 ) .  I n  t h i s  c a s e  t h e  

a tomic  r e f l e c t i n g  p l a n e s  and t h e  boundary s u r f a c e  of t h e  c r y s t a l  

are not  p a r a l l e l .  
-. 



Fig. 2.3: b w t a n d  Geometry. d tine source of x-rays, the focal 

Line on the t u b  tar#et. is Located at S perpendicular to the 

pt-  of &wing. Ms crystal AB is in the form of a rectcurgularr 

plate and has a set of reflecting planes parallel .to its surface. 

It is bent into a circular form SO that the radius of curvature of 
- 

the pLoare through C is 2R = CH; in this way, all the plane normals 

are made to pass t h r o w  W , which is Located on the S ~ J W  circte, 

of radius R, as the source S <assuming thcrt the Bragg plahes 

remain pcrralZel &aen the crystal is bent). If the face of the 

crystal is then cut away behind the dotted line to a radius of Re 

t h n  aLL rays dSver&ng from the source S will encounter the 

curd SEM are aZL equal to one another, being inscribed on the same 

arc SM. amd have the value (n/2 - 8 ) .  



The boundary of the crystal coincides with part of the circle at 

centre Q with radius R, called the Rowland radius. The atomic 

reflecting planes of this crystal are bent so that they coincide 

with concentric circles centered on the circumference of circle 0 

(radius 2R). 

From Fig. 2.3 the two conditions can be satisfied. The angles of 

incident and reflected waves are the same at all points, and the 

angles of the deviation of the beam are constant. This arrangement 

is called the Rowland geometry, and the crystal cut in this 

fashion is called a Johansson-cut crystal [Cullity, 19781. 

A precise Johansson-cut crystal is not easily achieved: the 

crystal is bent at radius 2R at first, and then it is ground so 

that the surface has radius R .  

One can consider another arrangement by noting that condition (2) 

above, fixing the position of the boundary of the crystal, is less 

stringent than condition (I), fixing the direction of the atomic 

planes. If the arc of the focal circle covered by the crystal is 
v 

not too large (or in other words the dimension of the crystal is 

small compared with the radius of a Rowland circle), the 

aberrations of focusing can be kept sufficiently small for 

practical purposes without requiring the difficulty of curved 

profiling of the boundary surface CDuHond, 19471. Such an 

15 



arrangement i n  which a c r y s t a l  is bent with radius t w i c e  Rowland 

c i r c l e  radius is c a l l e d  a Johann-cut c r y s t a l ,  

The fo l lowing f i g u r e s  (Fig  2 .4 )  show the comparison between Johann 

- and Johansson cu t ,  

Fiq.  2.4. ar) Johansson-cut crystat 

b3 fohomn-cut crystal 

I t  is found t h a t  the r e f l e c t i v i t y  o f  the  Johann crystal 

arrangement is r e l a t i v e l y  comparable to  t h a t  o f  the Johansson JLu 



and Stern, 19801. The Johansson crystal is 1.5 - 3.4 times more 

intense than the Johann crystal. The intensity gain in using a 

bent crystal over a plane crystal is substantial (200 - 300 times) 
and clearly worthwhile. 

Source 

C to F r m q  
P I % f ; i f ~ t e r ~ o n v m r t m r  I -  

--......-.L - 
h Stepping 

PDP 11/34 

Fig. 2.5: SchematZc dtagram of EXAFS spectrometer. 

Since the conference on laboratory EXAFS facilities and their 

relation to Synchrotron Radiation Source at Washington State 

University, Seattle, in April 1980, many new techniques and 

technologies have been developed and new laboratory EXAFS 



facilities have been built and published in the literature ICohen 

et at., 1980; Georgopoulos and Knapp, 1981; Khalid ot aL., 1982; 

Maeda et at., 1982; Cohen and Deslattes, 1982; Thulke st at., 

1983; Williams, 1983; Tohji and Udagawa, 1983; Ito and Iwasaki, 

1983; Kawasaki and Udagawa, 19831. A schematic diagram of the I 

focusing EXAFS system (based on the designed by Thulke et aL., 
I 

I 
1983) is shown in Big. 2.5. 

A Johann cut crystal monochromatizes and collects the x-ray beam 

from the source and focusses it on the exit slit, The specimen is 

placed after the exit slit between two detectors which monitor the 

incident beam intensity I and the transmitted photon flux I, The 
0 

detectors are ionization chambers. The ionization currents are 

amplified and converted to frequencies. The signals from the first 

and second ionization chambers are counted until inhibited by the 

timer. After readout, the spectrometer is set to the next 

incremental energy, and both counters are started again. The data 

of the spectra are stored on a diskette on the PDP-11/34 computer 

which also controls the motion of the spectrometer. Further 

details of the hardware and software are given in chapter 3. 

P 

The position of the source and the direction of the primary beam 

are stationary, Varying the energy of the photons requires 

rotating and translating the crystal, and moving the exit slit to 

keep track of the beam such that the source, crystal and exit slit 

lie on the arc of the Rowland circle (Fig. 2 . 6 ) -  Let the source be 



the origin of an orthogonal system of coordinates (x,y), where x 

is in the direction of the primary beam. Letting xe be the 

distance between source and crystal, from geometry xc has to 

satisfy the following equation 

xe = 2 R Sin 8., 

I' Exit Slit 

Fig. 2.6: Geometry of the monochromator based on a JoAmm-cut 

crystal. The coordinates of the crystal. center avrd the e x i t  slit 

are ( X  c , 0 )  (xS ,ym)  respectiuety. R is the focusing circte 



where em is t h e  Bragg a n g l e .  The e x i t  slit  is a l i g n e d  on t h e  

Rowland circle a t  t h e  same d i s t a n c e  as t h a t  between s o u r c e  and 

c r y s t a l .  The p o s i t i o n  of t h e  e x i t  slit  is g i v e n  by 

=L = x s i n  2 em 
C 

I n  p r a c t i c e ,  the e x i t  slit  is placed a t  a f i n i t e  d i s t a n c e  L from 

t h e  c e n t r e  of t h e  sample t r a n s l a t i o n  stage (see F ig .  2.7), s o  t h e  

p o s i t i o n  of t h e  c e n t r e  of t h e  sample t r a n s l a t i o n  stage is g iven  by 

where L was measured by a 

Xc 
is r e d e f i n e d  t o  be xz, 

v e r n i e r  c a l i p e r  t o  be 88.247 2 0.01 mm, 

and (xl,yi) are t h e  c o o r d i n a t e s  of t h e  

c e n t e r  of t h e  sample t r a n s l a t i o n  stage w i t h  t h e  c r y s t a l  as o r i g i n .  

The c h o i c e  of  t h e  c r y s t a l  s ize  and of its bending r a d i u s  is a 
v 

compromise between g a i n  of  i n t e n s i t y  and l o s s  of  r e s o l u t i o n .  The 

width  of  t h e  c r y s t a l  de t e rmines  t h e  minimum bending r a d i u s  which 

'is n e c e s s a r y  t o  gain maximum monochroraatic i n t e n s i t y ;  however, t h e  

ene rgy  r e s o l u t i o n  decreases w i t h  d e c r e a s i n g  crystal bending 

r a d i u s .  



Fig. 2 .7 :  The exit seii position. 

In our laboratory, we use a 60 mm wide and 20 mm high Si(ll1) 

Johann-type crystal with the radius of Rowland circle 354 f 5 mm. 

Due to the bending scheme, the area of the crystal exposed to 

x-rays is 40 mm x 20 mrn, 

2.3. Construction of the Spectrometer 

Fig. 2-8 shows the EXAFS spectrometer that we built at Simon 

Fraser University. The spectrometer consists of a single-axis 

goniometer and three translation stages, shown schematically in + 



Fig. 2 .9 .  The c r y s t a l  (CRYS) is t u r n e d  by t h e  goniometer (GON) 
8 

which is a t t a c h e d  t o  t h e  s l i d i n g  motor of t h e  lower s t a g e  (SM1). 

Th i s  lower s l i d e  moves t h e  goniometer acco rd ing  t o  e q u a t i o n  (2 .2)  

and a t  t h e  same t i m e  moves t h e  o t h e r  two s t a g e s  (SM2 and SM3). 

S t a g e s  SM2 and SM3 move t h e  d e t e c t o r  p l a t f o r m  (PLAT) such  t h a t  t h e  

c e n t r e  of PLAT is a t  t h e  p o s i t i o n  s p e c i f i e d  by e q u a t i o n s  ( 2 . 5 )  and 

( 2 . 6 ) .  

Fig. 2.8:  The EX- spectrometer at SFU. 



Fig. 2.9: The spectrometer Ctop view>, showing CRYS the crystal, 

GON single axis goniometer, SM1 Lower stage slidiw carriqe, SM2 

intermediate sliding carriage, SM3 upper sliding carriage, PLAT 

platform. T teLescopic cylinders, BS exit slit, I. aund I 

ionization chambers. 



The bent crystal is mounted on a crystal holder which is attached 

to the goniometer. The goniometer is driven by a stepping motor 

(Ebling 018) which has minimum angle increment 0.001 degree. The 

crystal holder has two micrometers to adjust small horizontal 

displacement and tilt of the crystal. The accuracy of the stepping 

motor was checked by using an interference method; i .e . ,  a front 

surface mirror was attached beside the goniometer; the 

interference pattern of a laser beam split by a parallel 

transparent glass was observed and measured on a microscope. 

The translation stages consist of three UniSlide motor-driven 

assemblies. SM1, SH2 and SH3 are driven by Superior Electric 

stepping motors SLO-SYN M093-FDll, M092-FDO8 and M093-FDll 

respectively. A motor providing 200 steps per revolution with a 

double start 20 thd/inch screw thread (O.lOOn advance per turn) 

produces 0.635 mm increments per turn (3.175 microns per step). 

The motors are interfaced. by translator modules with the computer 

(PDP 11/34). The total travel lengths for x,(xc), xl and yl 

movements are 450, 370 and 635 ram respectively. The actual travel 

lengths of the stages are monitored by the Mitutoyo Linear scales 
'I 

with an accuracy of 0.001 mm over the total length. SMl, SM2 and 

SM3 are monitored by Mitutoyo FN-450, FN-700 and FN-400 

respectively. Several stops (LED interrupt) are mounted at the end 

of each translation stage to restrict movement of the stages. The 

detector platform is mounted on a ball bearing which is fastened 



t o  SM3 ( t h e  upper l e v e l  of t h e  t r a n s l a t i o n  s t a g e ) .  The d e t e c t o r  

p l a t f o r m  is a l i g n e d  t o  t h e  r e f l e c t e d  beam d i r e c t i o n  by two r i g i d  

r o d s  ( each  9 1  c m  long  and wi th  d i a m e t e r s  0.95 c m )  which are 

f a s t e n e d  t o  t h e  f r e e l y  r o t a t i n g  p a r t  of a b a l l  b e a r i n g  on t h e  

goniometer ,  and which s l i d e  through l i n e a r  b a l l  bea r ings  below t h e  

d e t e c t o r  p l a t fo rm.  A se t  of t e l e s c o p i c  c y l i n d e r s  (TI made of b r a s s  

( t h i c k n e s s  0.3175 cm) is mounted between t h e  head of t h e  x-ray 

s o u r c e  and t h e  c r y s t a l  t o  p r o t e c t  users from x-ray r a d i a t i o n .  

Based on t h e  McMaster [I9691 t a b l e s ,  t h e  t h i c k n e s s  of t h e  b r a s s  

c u t s  down t h e  x-ray i n t e n s i t y  by a f a c t o r  of  2 .67~10" f o r  x-ray 

ene rgy  of 30 keV. However, t h e  a p p a r a t u s  normal ly  o p e r a t e s  below 

30 keV, meaning t h a t  t h e  s h i e l d i n g  r educes  i n t e n s i t y  even more. 

The maximum p e r m i s s i b l e  dose  rate is 0.1 rem/weekl [Morgan, 19631 

which is e q u i v a l e n t  t o  1.18xl0' photons/sec/cm2 ( s e t t i n g  t h e  x-ray 

g e n e r a t o r  a t  30 k V o l t s )  . An x-ray g e n e r a t o r  w i t h  t u b e  ene rgy  1 . 2  

kWatts (30  kVolts ,  40 mA) a t  1 meter d i s t a n c e  produces  less t h a n  

l x l o 9  photons/sec/cm2 (1 k e V  bandwidth a t  30 keV). T h i s  r a d i a t i o n  

is c e r t a i n l y  reduced t o  t h e  s a f e  l e v e l  by t h e  s h i e l d i n g .  

- - 

1 
- -- 

Rosntgen Equivabnt Man trern): T h a t  amount o f  ionizing radiation 
o f  any type  vhich produceu the same damago to man aa i roontgon o f  
about Zoo kv x-ray radiation. 

Roontgen (RX That quantbty o f  x-ray or gamma radiation such that 
the -ciatod corpusculcrr emission per 0 . 0 0 ~ 2 ~ 9  gram o f  dry air 
(-ah i cc at OOC a d  760 mm iIg> produces, in air, iono carrying 
i oeu o f  quantity o f  elsctricity o f  either sign. 



2.4. Detectors 

In EXAFS experiments, one detector is needed to monitor the 

incoming beam (I detector), and another is needed to measure the 
0 

transmitted or fluorescent x-rays. 

The ideal detector for laboratory EXAFS facilities, as described 

by Stern [19801, should have the following characteristics: highly 

linear, has a high and variable efficiency over the x-ray energy 

range of 2.5-20 KeV, can handle intensities up to 10' photons per 

second and has good energy resolution. For fluorescent use the 

detector should have a large area to maximize the counting rate. 

The standard x-ray detectors are photographic films. gas 

ionization detectors, and solid state detectors [Clark, 1955; 

Jaundrell-Thompson and Ashworth, 1970; Agarwal, 1979; Hayes and 

Boyce, 19821. Film is seldom used to record EXAFS scans. Two types 

of gas ionization detectors are cornmonly used in EXAFS 

experiments: the ionization chamber and the proportional counter. 

Both consist of an inert gas between two electrodes. Electron-ion 

pairs are produced when an x-ray photon is absorbed. In argon, for 

example, it takes approximately 30 eV to produce an electron-ion 

pair [Hayes and Boyce, 19821. Approximately 300 electron-ion pairs 

are produced for each 9-KsV photon absorbed. For a given x-ray 

intensity the output current from an ionization detector rises 



initially as the voltage across the electrodes increases and then 

reaches a constant value, the plateau region as indicated in Fig. 

2.10, where the gain is unity and independent of the applied 

electric field. In this case, the detector is referred to as an 

ionization chamber. If the electric field in the gas is increased 

to about 25000 Volts/ca [Clark, 1955; Agarwal, 1979; Hayes and 

Boyce, 19821, the electrons produced by the x-rays are accelerated 

sufficiently to produce secondary electrons. This gives the 

detector a gain which is proportional to the applied field, up to 

the potential where an electron avalanche or discharge occurs in 

the gas. The detector operated in this mode is referred to as a 

proportional counter [Wilkinson, 19501. 

Two types of solid-state detectors are commonly used: 

scintillation counters and semiconductor detectors. In e 

scintillation detector, pulses of visible light are produced by 

fluorescence resulting from the absorption of x-rays in 

scintillating material. The visible radiation is detected with a 

photomultiplier. These detectors have high gain, reasonable dead 

times, and relatively poor energy resolution. For standard NaI(T1) 

scintillation detectors, for example, the dead. time and energy 
1 

resolution are on the order of 1 microsec and 4000 eV at a 10-keV 

photon energy. Semiconductor detectors are Si or Ge crystal 

compensated with Li. They have an intrinsic gain of unity but 

short dead time (about 10 ns) and good energy resolution (about 

200 eV) at a 10-keV photon energy [Hayes and Boyce, 19821. 



Applied Voltage 

Fig. 2.10: I-V charucteristic. E f f e c t  of vottqe on resulting 

current rate for constant x-ray intensity. 

In our laboratory, we use home-made ionization chambers made of 

brass rectangular boxes with kapton windows (to reduce noise, 

kapton can be changed to thin aluminum mylar). Their planar v 

aluminum electrodes have a spacing of 14 ram and lengths of 30 mm 

and 120 mm (I). The ionization chambers are operated at about 

130 Volts DC. The chambers are filled with argon gas flowing 

continuously. 



2.5. Alignment 

2.5.1. Determine the center of the rotation stage 

a. Align Aluminium Base Center Line 

An A1 base (see Fig. 2.11) is placed on the top plate of the 

rotary stage (GON in Fig. 2.9). Bolts are inserted but are not 

tightened yet. A dial gauge is used to adjust the A1 base 

centerline to be collinear with the rotation axis. Bolts are 

tightened and never loosened again. 

b. Centering the Base Plate of the Crystal Holder 

The base plate (see Fig. 2.11) is positioned on the A1 base. Four 

bolts are used to locate the base plate. These bolts are tightened 

and never loosened again. 

c. Moving the Center of Rotation 

Once the center of rotation is known, another device (see Fig. 
" 

2.11) is used to extend the center to the level of the crystal 

position. This device consists of a flat plate placed parallel to 

both base plates, plus a vertical plate and a pointer. A mark is 

drawn through the center of rotation on the horizontal plate. The 

I mark is continued to a pointer mounted on the vertical plate by 

29 



u s i n g  a s u r f a c e  p l a t e  a v a i l a b l e  i n  t h e  S c i e n c e  Workshop.  his 

p r o c e d u r e  d e t e r m i n e s  t h e  p o s i t i o n  o f  t h e  p o i n t e r  i n  t h e  c e n t e r  o f  

r o t a t i o n  w i t h  a n  accuracy o f  a b o u t  0.005w. The p o i n t e r  is e x t e n d e d  

vert ical ly w i t h  a n e e d l e  s u p p o r t e d  by a h o l d e r  (see Fig. 2.12) .  

T h i s  n e e d l e ,  which w e  call t h e  8 n e e d l e ,  is t h e n  used i n  a l i g n i n g  

t h e  e x i t  slit. 

> 

I 

b 

Vertical P l a t e  1 1 Flat P a r a l l e l  P l a t e  

I I 
I - A 1  Base 

R o t a t i o n  S t a g e  

i 
F i g .  2.11: Centertng the rotation stage to deftne the axis of 

- rotation of the crystal. x ts 1.89 cm. 



Pointer c - 
Vertical Plate 

X - I+- Wecdle 

cp - Needle Holder 

Fig. 2.12: Center of rotation position. Tha diameter of t?w d t e  

is 0.071 crrr, x is 1.855 cm. 

2.5.2. Align the position of exit slit 

Before the exit slit was mounted, the width of the slit was 

calculated from a one-slit diffraction experiment using a He-Ne 

laser (X = 66326x10-? cm), see Pig. 2.13. The calculated width is 

244 f 7 pm. The slit is then mounted on a movable housing. The 

horizontal position of the slit can be adjusted by a micrometer. 

Screen 

Slit Diffraction ' 
Laser pattern 

He-Ne 

Fig. 2.13: One-stit dtffraction experiment to deterdne t?te exlt  



A s  follow-up t o  s e c t i o n  2.5.1, a n o t h e r  need le  is p laced  i n  t h e  

c e n t e r  of r o t a t i o n  a x i s  of t h e  sample p o s i t i o n  (PLAT i n  F ig .  2 . 9 ) .  

The need le  is h e l d  by a copper c y l i n d e r  and is a l i g n e d  t o  t h e  

c e n t r e  of t h e  r o t a t i o n  by us ing  a d i a l  gauge. I n  subsequent  s t e p s ,  

a n  x-ray sou rce ,  I, and I chambers a r e  used ( s e e  F ig .  2 . 1 4 ) .  

The purpose of t h e  a l ignment  is t o  p l a c e  t h e  e x i t  slit  on a l i n e  

between t h e  8 and sample need le s .  The x- ray  s o u r c e  is t u r n e d  on 

and t h e  c u r r e n t s  from I. and I chambers are recorded .  The y  a x i s  

( y  ) is moved pe rpend icu la r  t o  t h e  x-ray beam and t h e  I. and I 
a 

r e a d i n g s  a r e  recorded  wi th  a two-pen s t r i p  c h a r t  r e c o r d e r .  A s  y  is 

scanned,  I. w i l l  have a s i n g l e  minimum due t o  t h e  shadow of t h e  8 

need le  and I w i l l  have 3 minima, one due t o  t h e  8 need le  and two 

due t o  t h e  sample need le .  

I f  t h e  e x i t  s l i t  is a t  t h e  c o r r e c t  p o s i t i o n  (on  t h e  l i n e  between 

t h e  two n e e d l e s ) ,  t hen  t h e  p o s i t i o n  of t h e  minimum recorded  by t h e  

I0 chamber w i l l  be a t  t h e  same p o s i t i o n  as  t h e  c e n t r a l  minimum 

recorded  by t h e  I chamber, and two o t h e r  minimum p o s i t i o n s  of t h e  

I chamber w i l l  be a t  symmetr ical  p o s i t i o n s  ( a t  e q u a l  d i s t a n c e s  

from t h e  c e n t r a l  minimum). I f  t h e  e x i t  slit is n o t  a t  t h e  r i g h t  

p o s i t i o n ,  t h e n  t h e  I. minimum and t h e  c e n t r a l  minimum of t h e  I 

chamber w i l l  be a t  d i f f e r e n t  p o s i t i o n s  upon moving ys. From t h e  

asymmetr ical  p o s i t i o n  of t h e  o t h e r  minima of t h e  I  chamber, it c a n  

be determined which way t h e  e x i t  slit  must be moved h o r i z o n t a l l y  



to the correct position. The process is repeated several times. 

Sample need1 e 

X-ray Source I 
Slit 

*- 0 

8 needle 
y direction 

Sample needle 

8 needle 1 

Fig. 2.14: Extt sZit psttioning. The upper diagram shows thg 

source, the 8 needle, the exit stit and the sample needle on tine. 

Zn the initial setup, the exit position is unknown, and the y 

position is moved to determine the correct position of tAe exit 

After finding yS = 0 as described in the next section, another 

test is performed by removing the 8 needle. The horizontal 

position of the exit slit is deliberately moved away from the 

correct position by a certain distance. The y ax is  is then moved, 
m 



and the minimum and maximum positions of the 1 chamber after this 

movement are recorded. Subsequently, the exit slit position is 

moved in the opposite direction by the same distance, and a 

similar recording is performed- The minima must be symmetrically 

positioned with respect to the zero position reference of y .  The 

position of this slit on the micromter scale is 0.537 cm. 

2.5-3. Defining the Zero Position of the y-axis 

A slit of width 1 mm was first inserted on the x-ray housing of 

the x-ray tube. The slit was centered by adjusting its position 

until maximum intensity was recorded by an ionization chamber 

placed 3 crn from the housing. 

A needle placed in the center of the rotation stage ( 9  needle) is 

used to determine the zero position of the y-axis. The x-ray 

source is turned on and the %hadowH of the needle on the exit 

slit is recorded by moving y*. The procedure is repeated for 

several different positions of xc. 

From this measurement, the position of the head of the x-ray 

source can be adjusted until the shadow of the needle remains at 

the s a w  position on y- while the translation stage xa is moving. 

The position in this case is equivalent to y = 0 and it is 
C1 

electronically stored on the counter. The position relative to a 

mark point (absolute scale) of y- scale is recorded. This 



recording  is necessary  i n  t h e  event  of t o t a l  power f a i l u r e .  The ye 

p o s i t i o n  a t  t h e  mark p o s i t i o n  is 10.099 am. This  mark p o s i t i o n  is 

t h e  f i r s t  mark  of t h e  y scale count ing  from lower y. 
9 

The diameter  of t h e  need le  a t  t h e  r o t a t i o n  stage is 0.71 mm and a t  

t h e  sample p o s i t i o n  is 0.63 lam. The p o s i t i o n  of t h e  x-ray housing 

(on t h e  s c a l e  t o  determine t h e  r e l a t i v e  p o s i t i o n )  is 0.589". 

2.5.4. C r y s t a l  Bending appara tus  

Severaf methods t o  bend a c r y s t a l  t o  focus  x-rays and d i s c u s s i o n s  

of its c h a r a c t e r i s t i c s  have been mentioned by s e v e r a l  a u t h o r s  

[DuMond et a .  1947; White, 1950; Witz, 1969; Frank and 

B r e a k w e l l ,  1974; Webb, 1976; Borchcrt  et at., 1980; Crane, 19801. 

The bending scheme used i n  our l a b o r a t o r y  is s i m i l a r  t o  t h a t  

desc r ibed  by Crane. The bender c o n s i s t s  of four  c y l i n d r i c a l  rods  

( l e n g t h  7.5 cm, d iameter  0.32 cm) held  by two s e p a r a t e  brass 

p l a t e s  ( s e e  F ig .  2.15). The c r y s t a l  ( l e n g t h  6.5 cm,  width 3 c m  and 

t h i c k n e s s  400 m) is placed between t h e  p l a t e s ,  and t h e  rods  g i v e  

a bending moment at both ends of t h e  c r y s t a l .  The p l a t e s  are held  

by t e n  b o l t s  t o  a d j u s t  t h e  bending r a d i u s .  The c r y s t a l  bender is 

then  a t t a c h e d  t o  an  a d j u s t a b l e  mir ror  mount which has  two 

'micrometers t o  a d j u s t  t h e  p o s i t i o n  of t h e  c r y s t a l  v e r t i c a l l y  and 

h o r i z o n t a l l y .  



- Active region 
of the c r y s t a l  

I for  d f f f ~ a c t i o n  

Fig. 2.15: Crystal bend2n.g apparatus. T)LC upper &awing shows the 

bend us vtewrd f r a  t b  top. 2Xe Lower circarind is a sic& view. 

showtng one of L h s  brass pZaLes, four cyltndrtcot rods. and Lhs 

crystat d i c h  is hetd k t -  these rods. 



By us ing  t h i s  bending scheme, a c y l i n d r i c a l  cu rva tu re  can be 

obtained.  The scheme has  f u r t h e r  advantages:  t h e  bending can be 

va r i ed  by a d j u s t i n g  t h e  b o l t s ,  and d u s t  between t h e  c r y s t a l  and 

t h e  backing p l a t e  used i n  o t h e r  des igns  is not  a problem. However, 

t h e r e  a r e  some drawbacks t o  t h i s  scheme: it is n o t  p o s s i b l e  t o  

achieve  p e r f e c t  c y l i n d r i c a l  symmetry; it is n o t  known how large a 

c r y s t a l  may be bent  s u c c e s s f u l l y  i n  t h i s  way; and one is never 

s u r e  e x a c t l y  what shape t h e  c r y s t a l  has  t a k e n .  

The geometry can be checked and c o r r e c t e d  us ing  a n  weye-bal l ingw 

method [Templeton, 19861, i -e .  after t h e  c r y s t a l  is mounted and 

bent,  a s h a r p  t i n y  o b j e c t  is placed i n  f r o n t  of t h e  bent  c r y s t a l  

and t h e  image i n  t h e  c r y s t a l  is observed by t h e  eyes.  Any 

i r r e g u l a r i t y  of t h e  image t e l l s  t h a t  t h e  c r y s t a l  h a s  no t  been bent  

properly.  The t e n  b o l t s  are used t o  a d j u s t  t h e  c r y s t a l  u n t i l  a 

proper image is seen.  This neye-bal l inga method a l s o  g i v e s  a rough 

e s t i m a t e  of t h e  r a d i u s  of t h e  c r y s t a l .  

The c r y s t a l  is f u r t h e r  checked by a n  o p t i c a l  scheme, i-s. a laser 

beam is passed through a narrow l i n e  slit, and t h e  image of t h e  

r e f l e c t e d  beam is observed on a screen .  I f  t h e  c r y s t a l  is bent  

c y l i n d r i c a l l y ,  t h e  image forms a l i n e .  The l a s e r  beam is a l s o  used 

t o  determine t h e  r a d i u s  of c u r v a t u r e  of t h e  c r y s t a l  by assuming 

' t h a t  t h e  bent c r y s t a l  is a converging mir ror .  From t h e  experiment, 

t h e  f o c a l  l e n g t h  is 354.5 + 0.5 rmm. For a Johann-type c r y s t a l ,  t h e  

f o c a l  l eng th  is t h e  Rowland circle rad ius .  



2.5 .5 ,  Adjust ing C r y s t a l  P o s i t i o n  

Adjus table  Mirror Mount 

- A1 Base 

C r y s t a l  and C r y s t a l  
Bender \w 

I 

Fig. 2.16: Crystat position ali-nt. , 

The 8 needle (from alignment i n  s e c t i o n  2.5.3)  is removed. The 

r 
P o i n t e r  - 

c r y s t a l  bender is placed on t h e  t o p  of v e r t i c a l  p l a t e  2 of  t h e  

--- 

c r y s t a l  holder  ( s e e  Fig.  2.16). The two micrometers are a d j u s t e d  

1 
t-- Micrometers 

such t h a t  the cryaka1 touches t h e  p o i n t e r  ( c e n t e r  of r o t a t i o n ) .  

Vertical P l a t e  1 - 

Afte r  t h e  c r y s t a l  is mounted, t h e  x-ray beam is observed 

( recorded)  by us ing  a Polaro id  f i l m  placed approximately a t  t h e  

f o c a l  p o i n t  of t h e  monochromator to  check whether t h e  c r y s t a l  has 

I , - Base P l a t e  

J 
I 

& - 

+-- V e r t i c a l  P l a t e  2 



Bragg Planes 

Bragg 
Planes 

Fig. 2.16: Crystal orientation. TAe top crystal shaus that the 

x-ray b u m  i s  refbcted in  a w r o v  direction. iha crystat i s  I 

rotated 90•‹ to bet u correct ortentattoh 
I 

I 



c o r r e c t  pos i t i on .  been proper ly  i n s t a l l e d  i n  t h e  The f i r s t  

photographs showe~d t h a t  t he  r e f l e c t e d  beam was not a t  t he  expected 

f o c a l  point .  However, when t h e  crystal pos i t i on  was checked by 

using a laser beam i n  reverse  order  ( t h e  laser beam source  was 

placed behind the e x i t  slit, and a screen  placed on the x-ray I 
I 

head), the r e s u l t  showed t h a t  t h e  crystal was proper ly  a l igned.  

This discrepancy led to t h e  conclusion that t h e  Bragg planes of 

t h e  c r y s t a l  were not p a r a l l e l  t o  t h e  su r f ace  of t he  c r y s t a l .  

Cutting Direction 

Fig. 2.18: Orientatton for cuttiw the crystat .  Ths crystat C s  cut 

-atlet to the f Zat sZ& of the wafer. 
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A Laue photograph t aken  t o  examine t h e  crystal revealed  t h a t  t h e  

o r i e n t a t i o n  of t h e  Bragg p lanes  (111) was no t  p a r a l l e l  t o  t h e  

c r y s t a l  su r face ,  b u t  t i l t ed  with r e s p e c t  t o  t h e  s u r f a c e  by 3,6•‹. 

To g e t  a c o r r e c t  o r i e n t a t i o n ,  t h e  crystal was r o t a t e d  90•‹ (see 

Pig.  2.17); i n  o t h e r  words, t h e  c r y s t a l  w a s  cat p a r a l l e l  t o  t h e  

f l a t  side of t h e  crystal wafer (see Fig .  2 .18) .  

2.5.4. Determine t h e  Zero P o s i t i o n  of t h e  x-axis 

A t  t h i s  poin t ,  y* is known accura te ly ,  b u t  xi, xz and k still have 

be c o r r e c t e d  by c o n s t a n t  o f f s e t s .  

where primes denote  t h e  measured values.  
I 

The fol lowing procedure is used t o  determine t h e  f i r s t  estimate of 

t h e  o f f s e t s :  The e x i t  slit d e f i n i n g  xs and ys is placed a t  a 

c e r t a i n  p o s i t i o n ,  The x ( o r  xi) is changed u n t i l  t h e  r ecorde r  i n  
C 

t h e  So chamber shows maximum cur ren t ,  and t h e  four  parameters are 

recorded. 



Upon finding maxima in I. by moving xl, the other 

(yap xl  and 8 )  are moved one by one until an abaolu 

three stages 

tte maximum is 

found. The parameters are then varied to a different position and 

a similar experiment to find the position of absolute maximum 

intensity is performed again. By compa~ing one position with 

another and by using equations (2.21, (2.5), (2.6) and (2 .3 ) ,  the 

positions of xi, xz and B are calibrated. 

x, = 2 R sin (2 9 - 2 eOtr) 

x* = ( x z  t L 1 cos (2 8 - 2 Bolt), 

From the equations,. one can derive: 

e and xi are calibrated, and then, the result is used to 

calibrate xz. 

The absolute calibration is done by searching for emission lines 

of the tungsten target of the x-ray tube. Initially, erom the 

energy where the emission line is, the four parameters (xi, yi, x1 

and 8) are calculatsed, and then by using the calibration results 

described in the previous paragraphs, all the motors are moved to 



their respective positions. Subsequently, all four parameters are 

varied (by moving the motors) until an absolute maximum reading in 

I 0  is found. The results are tabulated in Table 2.1: for each 

emission line, the first row gives the initial calculated values 

and the second row gives the measured values. 

Table 2.1: Emission Lines 

Emission 
Lines 

The measured and calculated values are compared to calibrate 8, xl 

and x2. The calibration results are stored electronically on the 

counters. The reference point of xi is at -22.554 mm measured from 

the lower position of x*. The reference point of xz is at 500.544 

nun measured from the high position of x2. The 8 scale is 

calibrated within 1.76 millidegrees, this error giving uncertainty 

in the absolute energy of about 0.528 eV for Si(333) at 11 keV. 

'Table 2.2 shows the errors for several energies. 



Table 2.2: Energy Error Due to Uncertainty in 8 

Suuunary of the alignment results: 

Energy (keV) 

4 

8 

1, The exit slit position on the micrometer scale is 0.537 nvnr 

2. The x-ray head position on the scale is 0.589n 

Crystal 

Si(111) 

Si(ll1) 

3. The Rowland circle radtus (Johann-type) is 354.5 f 0.5 mam 

Error 

0.216 

0.962 

4. The reference points of the translation stages are in Table 2.3 

Table 2.3 : Reference Points 

X1 (1) } -22.554r I lower scale 1 left 

Translation Reference Point 
Stage 

1 m 

Measured 
from 

1 

X2 ( 2 )  500.544 x n  - 

Switch 
Direction 

Y j  (3) 

higher scale right 
I I 

10.099 anma lower scale left 



Chapter 3 

As i n d i c a t e d  i n  t h e  beg inn ing  of t h e  p r e v i o u s  c h a p t e r ,  a n  EXAFS 

l a b o r a t o r y  f a c i l i t y  is used t o  measure t h e  x-ray a b s o r p t i o n  

c o e f f i c i e n t  of a sample a t  a g iven  x-ray energy,  change t h i s  

energy  by some predetermined amount, t h e n  re-measure t h e  

a b s o r p t i o n .  The c y c l e  is r e p e a t e d  f o r  many d i f f e r e n t  e n e r g i e s  and 

t h e  d a t a  a r e  s t o r e d  i n  some form f o r  l a t e r  a n a l y s i s .  Each 

measurement produces l a r g e  amounts of data; hence, f o r  e f f i c i e n c y ,  

some means of au tomat ion  is needed. Automating a n  EXAFS f a c i l i t y  

has  been d i s c u s s e d  by s e v e r a l  a u t h o r s  [Elam, 1980; Georgopoulos et 

at. , 1980 I .  The b a s i c  s t e p s  i n  our  l a b o r a t o r y  r o u t i n e  (see F ig .  

3.1) a r e :  se t  t h e  Bragg a n g l e  of t h e  c r y s t a l  f o r  a c e r t a i n  energy,  

move t h e  t r a n s l a t i o n  s t a g e s  t o  p l a c e  t h e  e x i t  s l i t  i n  t h e  Rowland 

circle, measure t h e  s i g n a l s  of t h e  i n c i d e n t  and t r a n s m i t t e d  

x-rays,  p a s s  t h e  s i g n a l s  t o  a DC-to-frequency c o n v e r t e r  and 

i n t e g r a t e  f o r  a p r e s e t  t ime,  and f i n a l l y  r e c o r d  t h e  c o u n t s  a l o n g  

w i t h  t h e  Bragg a n g l e  on a d i s k .  T h i s  p r o c e s s  is r e p e a t e d  f o r  

d i f f e r e n t  e n e r g i e s .  

The computer (PDP 11/34 w i t h  RT-11 o p e r a t i n g  sys tem)  th rough  a 

CAMAC i n t e r f a c e  is used t o  c o n t r o l  t h e  whole movement of t h e  



spectrometer, record the data and do some preliminary 

assess the quality of the data, detecting the possible 

analysis to 

presence of 

unwanted effects in an EXAFS experiment (harmonic contamination, 

pinholes in the sample [Stern and Kim, 1981; Goulon et at., 19821, 

crystal glitches [Bauchspiess and Crozier, 19841, e t c . ) .  

PDP 11/34 Memory I 

Fig. 3.1: BLock diagram for tcrboratory EXAFS apparatus. 
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The x-ray energy is changed by a stepping motor under computer 

control. An intermediate controllez is used to adjust the logic 

signal from the computer to switch the high current required by 

the motors (theta and three translation stages). After the 

spectrometer is set at a certain energy, the ionization chambers 

measure the x-ray flux. The signals are amplified and then sent to 

DC-to-frequency converters (Anadex model 1700-5044-001, whose 

output is a series of pulses whose frequency is proportional to 

the input signal. The pulses are counted by a scaler (3610 Hex 

Scaler from Kineticsystems Corporation). A timer (Real Time Clock 

RTC-018 from Standard Engineering Corporation) inhibits the 

process after a certain period of integration time. The scaler and 

the timer are controlled by the CAHAC interface which takes all 

commands from the computer. The data are stored in the disk of the 

computer. 

3.1. Hardware 

The basic computer hardware in the laboratory consists of the 

central computer, program and data storage, and the interface to 

t h e  electronics. In addition to these, it is also necessary to 

have a graphics terminal and some means of transferring data from 

the central computer to other systems. 

The central computer in our laboratory is a PDP 11/34 

minicomputer. The PDP-11 family is a product of DEC (Digital 



Equipment Corporation). It is a 16-bit minicomputer (it has direct 

addnessing of 32 K 16-bit words) with the fallowing 

characteristics: asynchronous operation, modular component design, 

direct memory access, automatic priority interrupt (four-line 

system permits grouping of interrupt lines according to response 

requirement), vectored interrupt+s (fast interrupt response without 

device polling) and power fail & automatic restart. The central 

processor, connected to a UNIBUS as a subsystem, controls the time 

allocation of the UNIBUS for peripherals and performs arithmetic 

and logic operations and instruction decoding. It contains 

multiple high-speed general-purpose registers which can be used as 

accumulators, address pointers, index registers, and other 

specialized functions. The processor can perform data transfer 

directly between input/output devices and memory without 

disturbing the processor registers. The operating system used is 

RT-11, a small, s ingle-user f oreground/background system that can 

support a real-time application job's execution in the foreground 

and an interactive or batch program development in the background. 

Dual disk drives are used, in which the spectrometer driver 

programs are stored on one diskette and data on the other. An 

additional storage device (hard disk) is used to store other 

programs and data. 

A CAMAC is used to interface the computer and all other 

electronics equipment in the laboratory (scaler, timer, motor 



controller, and scales/counter for the translat ion stages and 

theta). This multiple-crate CAMAC (type 1533B) is linked to the 

UNIBUS as the means of interconnection between the PDP-11 and the 

various crate controllers. During each UNIBUS cycle the computer 

can communicate with any of up to ten crate controllers. An 

addressed on-line crate controller accepts a command via the 

UNIBUS and generates the corresponding crate dataway command 

containing station number, sub-address and function. 

The model 3610 hex scaler (6-channel, 50 MHz counter) is a 

single-width CAMAC module containing six 24-bit counters. These 

counters accept input and can count frequency up to 50 MHz. The 

counters can be inhibited by dataway inhibition or by a 

front-panel signal. All the six counters can be used at' the same 

time, allowing simultaneous expe~iments. 

The model RTC-018 real-time clock is used in timing and 

controlling the experiments. This timer is loaded with values 

determined by the experimental setup file, and counts down to 

zero. On reaching zero, it sends an inhibit signal to the front 

panel of the hex scaler. 

The type 1700-5044-00 DC to frequency converter provides an output 

frequency that is directly proportional to the DC input signal. 

The output frequency range is nominally from 0 to 1 MHz with input 

of 0 to 10 volts. The conversion factor of the three ports of this 



equipment is 100 kHz/volt.  A t  t h e  moment, o n l y  two p o r t s  are 

used; one each  t o  r e c e i v e  t h e  I ( i n c i d e n t  beam) s i g n a l  and t h e  I 
0 

( t r a n s m i t t e d  beam) s i g n a l .  I n  later  development, t h e  t h i r d  p o r t  

can be used f o r  o t h e r  purposes ,  such  as f l u o r e s c e n c e  exper iments .  

The motor c o n t r o l l e r  (made by t h e  SFU e l e c t r o n i c s  shop)  c o n v e r t s  

l o g i c  s i g n a l s  from t h e  computer t o  t h e  h igh  c u r r e n t  s i g n a l s  

r e q u i r e d  by t h e  motors.  The c o n t r o l l e r  a l s o  r e a d s  t h e  f o u r  

p o s i t i o n  c o u n t e r s  and checks  t h e  l i m i t  sw i t ches ,  p l a c i n g  t h e i r  

v a l u e s  on t h e  CAMAC dataway where t h e y  a r e  a v a i l a b l e  f o r  t h e  

computer t Seazy, 1987 I . 

3.2. Sof tware  

The s e t u p  expe r imen ta l  programs were w r i t t e n  i n  FORTRAN, by Andrew 

Seary,  and then  t r a n s l a t e d  i n t o  t h e  computer ' s  machine language by 

a compi le r  w i t h  RT-11 o p e r a t i n g  sys t em f o r  t h e  PDP 11/34. The 

d r i v e r  programs were f o r  t h e  most p a r t  w r i t t e n  i n  FORTRAN, b u t  f o r  

e f f i c i e n c y ,  some p a r t s  were w r i t t e n  i n  assembly language ( f o r  

hardware d r i v e r  and t i m i n g  r o u t i n e s ) .  The program package w a s  

w r i t t e n  such  t h a t  from t h e  u s e r ' s  p o i n t  of view, it h a s  similar 

f e a t u r e s  ( r e g a r d l e s s  of hardware c o n f i g u r a t i o n )  t o  t h e  program 

w r i t t e n  f o r  EXAFS exper iments  a t  SSRL ( S t a n f o r d  Synchro t ron  

R a d i a t i o n  Labora to ry ) .  



mainframe (IBM 3081 GX running the MTS operating system) by using 

VS APL, or alternatively using STSC APL for an IBM PC machine or 

compatible; we can also analyse data on the 11/34 using DEC APL. 

This data analysis package is the same on the three systems, 

except for hardware-dependent features such as graphics. The same 

package is used for analyzing SSRL data. 

The functions of the programs for running the EXAFS apparatus can 

be divided into several major areas: [Elam, 19801 

- initialization and hardware setup, such as monochromator 

calibration 

- software setup, such as selecting the scan range 
- data acquisition 
- data analysis 

3.2.1. Initialization and hardware setup 

Before anything else is done, the program must first read the 

initial position of the monochromator, as given by the position of 

theta and the position of the three translation stages. The 

counter for the theta position is set to some initial known 

position value and the positions of the translation stages are 

recorded by the linear scales. These scales show the absolute 

position of the stages. 

The program must also include hardware initialization, i. e. 



specification 

describe the 

of several constants required by the program to 

hardware configuration during the running of the 

experiment. Other constants are also required for conversion of 

the theta position to energy, including the lattice spacing of the 

monochromator crystal. 

This information is stored in a master file, from which many 

different files for different setups of experiments can be 

produced. The master file also holds the information of hardware 

parameters which are seldom changed, such as the bending radius 

and lattice spacing of the crystal, and several time-dependent 

parameters which change fairly frequently. 

3.2.2. Software Setup 

Selecting the scan range is necessary before data are taken. 

Furthermore, different setups can be used for x-ray energy scan 

(E-scan) or photoelectron momentum scan f k-scan) . A11 parameters 
must be specified in advance and saved in a setup file. The 

parameters associated with scanning are the starting and endEng 

points, the increment size, and the integration time. These scan 

parameters are specified directly in energy in eV or photoelectron 

monentum in &' It is useful to have these parameters since the 

program is capable of selecting different regions with different 

step sizes, reducing the time spent in taking data. Only a few 

points are taken below the edge, more points are taken around and 



above the edge, and a fairly coarse increment can be taken far 

above the absorption edge. 

3.2.3. Data Acquisition 

The process of data acquisition consists of the following steps: 

move the monochromator position (theta), move the three 

translation stages, read all motor positions, read the incident 

flux (I 1, read the flux transmitted through the sample (I), write 
0 

theta, I and I to a file, change theta, move the translation 
0 

stages, and repeat the procedure. 

There are also a few other details of taking and storing data,. 

such as keeping up with the increment in theta, the starting and 

the ending values, the name of the file in which data is stored 

and some cornanent about the scan (the name and condition of sample, 

the source, etc. ) . 

Several extra features are added to save time and energy, such as 

a simple check to see that the x-ray beam is on by ensuring I is 
0 

above some preset minimum, and a check that the translation stages 

are still on the operational range (do not hit the stops). The 

program also has the ability to do multiple scans, and can handle 

up to 6 scalers, allowing for simultaneous transmission and 

fluorescence experiments, or collecting data on a reference sample 

of known structure [Seary, 19871. 



3 . 2 . 4 .  Data Analysis 

As indicated earlier, preliminary data analysis is included in the 

package to get a rough estimate of the quality of the data. The 

analysis includes: plotting the raw data ( I  or I . theta), log 

Io/I us. energy, plotting on a graphics terminal elementary 

analysis of the EXAFS oscillation in k-space and in R-space the 

Fourier transform (real part, imaginary part or magnitude) of the 

kn weighted EXAPS interference function *( k )kn. Subsequently, the 

data is transferred to a different system for further analysis. 

On the other system (University mainframe/MTS, SBM PC compatible, 

or DEC APL) the data are analyzed in a similar fashion as the data 

from SSRL. A comprehensive EXAFS software package has been 

developed for data analysis for these systems. 

At first the program reads the raw data (set data of theta 

position, I and I) and converts it to the logarithm of IJI us. 
0 

energy. The result is dispzayed on the screen (CRT) by using a 

graphics routine in APL. By using a Victoreen fit [Lytle et at., 

19751 absorption background is removed. The inflection point (k=O)  

is determined by picking the maximum point of the derivative of 

the absorption us. energy around the edge. After finding the 

inflection point (a point, which at least in a pure metal, is 

taken to be the threshold for absorption [Hayes et at., 19761), a 



grid calculation is used to convert the energy scale to the 

momntum scale (k) . After this conversion, the EXAFS oscillation 
in k-space is displayed on the CRT. The data are then normalized 

under certain weighted values of k. A Fourier transform is then 

applied to permit examination in real space. 

All the steps mentioned above use the interactive mode in APL. The 

graphics displays are very useful in picking up several points or 

ranges in the analysis. Further analysis with examples is 

discussed in chapter 5. 



Chapter 4 

Perf ornmnce 

4.1. Data Collection 

4.1.1. Intensity 

The intensity of the Brenrsstrahlunq, integrated over the 

whole spectrum, is given by [Fisher, 19801 

where k is a constant (1.5+0.3)~10* related to the Bremsstrahlung 

cross-section, i is the tube current, Z is the atomic number of 

the target, and V is the accelerating voltage of the tube. 

In our lab, an x-ray generator is used with a water-cooled sealed 

tube with a tungsten target. The accelerating voltage can be 

increased up to 50 kVolt and the current up to 45 mA, but the 

accelerating voltage must be kept below the excitation level of 

higher harmonics which might be diffracted by the monochromator 

crystal. The take-off angle of the x-rays was set to 8O by the 

telescope used for radiation shielding. 



The photon flux N at the exit slit (width 240 put) can be 
0 

evaluated from the measured ionization current To according to 

where E. is the average ionization energy per ion-pair in the 
L 

ionization chamber with length d and absorption coefficient p. 

Operating the x-ray generator at 15 kVolt and 31 mA with a 

tungsten anode, and ionization chamber with d = 30 nmn filled with 

argon gas at atmospheric pressure, an ionization current of I. = 

0.05lxl0-~ A was measured at a photon energy of E = 11000 eV. 

With average ionization energy of EL= 30 eV, and p argon of 0.0987 

em-' at 11 keV (from McMaster tables), a photon flux of No= 

3.39~10' photons/s can be calculated from equation (4.2 1.  When the 

generator is operated at 20 kVolt and 40 mA, a photon flux on the 

order of los photons/s can be obtained. 

4.1.2. Linearity of Detection System 

The detection system for the experiment has been tested. The tests 

involved: examining the characteristic of the ionization chambers 

for difference voltages, checking the linearity of the picoalnuaeter 

(Ithaco Model 1211 amplifier), and calibrating the DC-to-frequency 

converter and the computer system. 



The I-V characteristics of the I and I, chambers were examined by 

feeding several different voltages from 0 to 600 volts to the 

chambers. The x-ray was turned on (at voltage 20 kV and current 40 

mA) and directed to the chamber (e  was set 31.193O, x* = 211.085, 

xz = 367.180 and y, = 403.554). and the currents measured. The 

results show that the I. chamber reaches the plateau region (see 

Fig. 2.10) at voltage 11 volts, and I chamber at about 3 volts. 

Both chambers are still in the plateau region above 600 volts. 

The linearity of the picoamaneter was checked by feeding currents 

from a picoampere source (261 picoampere source from Keithley 

Instrument Inc.) and the voltages were measured. The output and 

the input of the apparatus have a correlation factor of ,9999976 

(highly linear). 

The DC-to-frequency converter was calibrated separately. Input 

voltages over the range 0 to 10 volts DC , measured by a voltmeter 
(Fluke 8810A), were fed in to the input of the converter. The 

output showed square wave voltage. The frequency was recorded by a 

frequency meter (532719 Timer Counter, Hewlett Packard) . The zero 
control of the converter was adjusted such that a zero input gives 

zero output, and the span control was adjusted such that an input 

voltage of 10 volts gives 1 MHz output frequency. 

The calibration was done to the three ports of the converter. All 

the ports showed linear correlation between the input and output. 



The conversion factors (from the top ports to the bottom) are 

100.00224, 100.00529 and 99.8712 kHz/volt, respectively. The 

correlation factor between the voltage input and the frequency 

recorded is 1 for the three ports. 

The linear response of the computer system was checked by feeding 

DC signals to the DC-to-frequency converter and recording the 

output data on the computer. This measurement showed that the 

computer has a linear response (the correlation factor 

being practically 1). 

There are many sources of signals which can modify or add 

structure to an absorption spectrum, thereby reducing the 

information which can be extracted from the measured EXAFS 

spectrum. These can be classified into two sources [Hayes and 

Boyce, 19821: statistical noise (all fluctuations of a statistical 

nature, such as the intrinsic measurement error in detecting a 

finite number of photons and the noise figure of the amplifiers) 

and systematic distortions (x-ray source instabilities and 

variations, harmonic contamination of the beam, detector 

nonlinearities, and sample inhomogeneity). 

The noise level of the picoammeter is about A. The 

statistical noise is given by No = 100 photons/s which is 



equivalent to a noise current of 2x10-* A. It has been observed 

in our laboratory that the most dominant noise comes from the 

ionization chambers, about 1xl0-- A. The x-ray source has 0.1% kV 

stability and 0.02% laA stability. The harmonic contamination can 

be removed by reducing the accelerating voltage of the x-ray 

generator. Great care must be taken to prepare the sample. 

An optimum signal can be calculated in the following way [Kincaid, 

19751: suppose that Nl photons/sec are absorbed in ionization 

chamber 1 (Io chamber) and Nz are transmitted through the sample 

and are stopped in the I chamber per second: 

L 

Here No is the incident photon flux, p* is the absorption 

coefficient for I. chamber, xs is the length of I. chamber, ~ 1 1  is 

the sample absorption coefficient, and xs is the sample thickness. 

The fluctuation in WI and Nz due to photon counting statistics are 

then (Ns) i /p  and ( N ~ ) ' ~  respectively. Except for a constant of 

proportionality depending on the gains of the ionization chambers, 

the ratio, R, of the current in the I chamber to that in the I. 

chamber is 



The rms fluctuation in R due to photon statistics then becomes 

The signal, 8, to be optimized is the small variation in R with 

energy that characterizes EXAFS 

So the signal-to-noise ration S/N is 

Maximizing this with respect to sample thickness xs gives an 

optimum sample thickness: 



4 . 1 . 4 .  Energy r e s o l u t i o n  

Due t o  t h e  a n g u l a r  d ive rgence  of  t h e  x-ray beam emerging from t h e  

x-ray tube ,  a f i n i t e  bandwidth pas ses  th rough  t h e  monochromator t o  

t h e  e x i t  slit. The monochromtur  e n e r g y  r e s o l u t i o n  is d e f i n e d  as 

where hBm is t h e  f u l l  wid th  a t  h a l f  maximum ( F W H W )  range  abou t  t h e  

mean d i f f r a c t i o n  a n g l e  em. The ene rgy  r e s o l u t i o n  c a n  be c a l c u l a t e d  

by t w o  methods: by measuring t h e  wh i t e  l i n e  of  a n  EXAFS spectrum' 

i n  t h e  l a b o r a t o r y  f o r  a c e r t a i n  sample and comparing t h e  

broadening w i t h  t h a t  of  a s i m i l a r  spec t rum t a k e n  a t  SSRL w i t h  a 

c e r t a i n  convo lu t ion  f u n c t i o n ,  o r  by c a l c u l a t i n g  t h e  d ive rgence  of  

Mm due t o  such  f a c t o r s  as t h e  s ize  of  t h e  sou rce ,  t h e  crystal and 

t h e  e x i t  sl i t .  

One can assume t h a t  t h e  r e s o l u t i o n  f u n c t i o n  can  be described by a 

Gaussian of t h e  form lLenge le r  and S i senbe rge r ,  19801: 

where T is a parameter  which c h a r a c t e r i z e s  t h e  Gaussian.  The FWHM 
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o f  t h i s  G a u s s i a n  is ( 2 1 n 2 ) i ' z ~ .  W r i t t e n  i n  terms o f  t h e  

p h o t o e l e c t r o n  momentum w a v e v e c t o r  d e f i n e d  i n  (1.2), t h i s  becomes:  

a 
. F i g .  4 . 1 :  By using a Gaussian convoZution function, the white Line 

of amorphous Ge spectrum taken at SSRL is convoZved to  a similar 

spec t rm taken at SFU. 



The white-line spectrum of amorphous Ge measured at SSRL (assumed 

to contain little or no smearing from finite energy resolution) 

was convolved with the resolution function ( 4 . 9 ) ,  and T was varied 

until agreement was obtained with the spectrum measured at our 

-laboratory (See Fig. 4.1). 

Fairly good agreement between the two curves was obtained for 

7 = 5 . 4 .  This confirmed the Gaussian as an adequate description of 

the resolution function. The FWHM value of the resolution is 

2 (  21n2)''2~ = 12.72 eV. 

Several authors [Knapp et cZ., 1978 ; Cohen e? at., 1980; Khalid 

et at., 1982; Georgopoulos and Knapp, 1981; Zschornack, 19821 have 

discussed how to calculate the energy resolution from the 

geometrical arrangement. 

From the equation derived by Knapp et aL. and Khalid et aL. (see 

Appendix for details), the FWHM range M about the mean angle 8 is 

stated: 

Ae = [8R sin B]-'f(W + ws12 + [(2 ln 2 cos B sin B)/p12 + 
a 

2 1/2 (h2/8~ cos 8 )  3 , 

where W is the projected width of the anode image, W is the 
a a 

width of the receiving slit, p is the absorption coefficient of 

the crystal, h is the height of the anode image and the receiving 



slit, R is the radius of the Rowland circle and 6 is the angle of 

diffraction. 

In our laboratory the width of the anode is 1 mm, with take-off 

angle 8O, W is 0.99 nm; W. is 0.24 nun; h is 15 nun; R is 354 nun. 
Q 

At energy 11.1 KeV, C( crystal is 74.95 cm4 [McHaster et at., 

19691 and 8 is 32.4O. By using these figures, Af3 is 8.1479~10-~. 

From equation (4.11) the energy resolution is 14.24 eV. This 

calculation agrees with the energy resolution obtained from 

experiment and processed by convolution. 

The energy smearing can affect the determination of the structural 

parameters (the coordination number and the Debye-Waller factor), 

and hence the EXAFS spectrum must be corrected. Lengeler et at. 

have worked on this correction by convoluting the theoretical 

expression in equation (1.1) for the EXAFS interference function 
U 

x(k) with the resolution function (4.10) : 

The sine factor in equation (1.1) creates the strong variations of 

~ ( k ) ,  whereas the other factors are slowly varying functions of k. 

By extracting the prefactors from the integral in equation (4.12) 



and convoluting only the sine, an8 taking into account that the 

main k-dependence of the argument of the sine function is from 

2kr. and from the linear term of b(k), Lengeler et at. have been 
J 

able to solve the integral analytically. The result of the 

convolution is 

~ . ( k )  x sin t2kR. + 6(k)) x 
J J 

2 2 2  4 2  exp [-(2r. t a,) m r  /2h k I 
J J 

The finite-energy resolution (the monochromator energy resolution) 

shows up as an exponential damping factor: 

Z P Z M!k? = exp I - ! 2 r  + a.! m?./2tr'k2:  
j J 

This correction factor is discussed in detail in the next 

chapter. 

4.2. Liabilities and Limitations 

4.2.1. Energy Range 

The energy range of the spectrometer depends on several factors, 

the most obvious of which is the geometrical constraint of the 

spectrometer. Based on equations (2.21, (2.5) and (2.6), the 



I energy range can be calculated. 

Without the presence of the telescopic shielding, xO (the crystal 

position) can travel from the position 170 man (this minimum 

distance being limited to 280 man if the telescopic shielding is 

installed) to 500 mr, x* can travel from -55 na to 280 ar, ys can 

travel from -7 rara to position 580 mm, while 8 can rotate 

practically 360 degrees (see Fig. 2.9). 

The Rowland circle radius is 354 mm, so from equation (2.2) the 

range of 8 is 13.89~ to 79.8O, but equation (2.5) restricts the 

maximum of 8 (based on the minimum value of x*) to 47.71•‹. Based 

on this 8 range, the energy range covered by the monochromomator 

using Si(ll1) is 2.677 - 8.251 keV and by using Si(333) is 8.032 - 

However, for the initial work described in this thesis, it was 

decided that the radiation protection for personnel was very 

important; thus, the telescopic shield was constructed and 

installed between the x-ray housing and crystal holder. With the 

presence of this shielding, x is limited to the miniraurn value of 
C 

280 mar, and as a result, the energy range covered by this 

configuration is limited to 3 - 5.9 keV for Si(ll1) and 8.03 - 
15.03 keV for Si(333). 

With the crystal used in the present work, the x movement is not 
C 



so sensitive to the intensity recorded by the ionization chamber; 

this insensitivity spans 100 mm. This means that xc can be set to 

the minimum 180 ram, and as the result, the 8 has the minimum value 

14.7O . Based on this new scheme, the energy range covered by the 
monochromator using Si(l1l) is 3 - 7.81 KeV and by using Si(333) 

is 8.032 - 23.4 KeV. 

4.2.2. Sample Considerations 

The sample should be homogeneous, and of uniform thickness with no 

pinholes. Any variation in the effective sample thickness will 

lead to a distortion of the EXAFS, which takes the form of an 

apparent decrease in the EXAFS amplitude [Stern and Kim, 1981; 

Goulon et at,, 19821. Significant distortions in E X A M  amplitude 

occur when p x >, 1.5; therefore, even though the optimum total 
a e 

sample thickness as determined by statistical considerations is 

pmx. 
= 2.55, the thickness effect will introduce errors in the 

amp1 i tude . 

To ascertain whether the thickness effect is insignificant, 

several measurements of EXAFS can be made as a function of 

thickness. If the EXAFS does not change significantly as the 

thickness is varied, the effect is negligible. In practice, one 

must be suspicious of any EXAFS measurements made on a sample with 

an edge step thickness greater than 1.5, unless explicit tests 

have been made for the thickness effect [Stern, 19811. 
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Powdered samples a r e  commonly used i n  EXAFS measurement because 

many m a t e r i a l s  can be prepared t h i n  enough f o r  t r ansmiss ion  EXAM 

by powdering and apply ing  t h e  powder i n  a t h i n  l a y e r .  However, it 

is obvious t h a t  each p a r t i c l e  i n  t h e  sample exposes varying 

th ickness  t o  t h e  beam - even i f  t h e  powder were completely 

composed of one s i z e  of p a r t i c l e ,  t h e  beam would sense  a spread of 

th ickness  - t h e r e f o r e  t h e  p a r t i c l e  diameter  D should be ve ry  

small, pD * 0.1 [Stern ,  1981; Goulon et at., 1982; Crozier  et at., 

19871. The c r o s s - s e c t i o n a l  area of t h e  x-ray beam should be less 

than  t h a t  of t h e  sample and should be de f ined  by a p p r o p r i a t e  masks 

preceding t h e  ID chamber. 

S o l i d  samples with t h e  r equ i red  t h i c k n e s s  can u s u a l l y  be obtained 

as evaporated o r  s p u t t e r e d  

powder. 

4.2.3. Form of experiment 

The experiment which has  

f i lms ,  as  f o i l s  o r  as f i n e l y  ground 

been done i n  t h e  l a b o r a t o r y  w a s  a 

t ransmiss ion  EXAFS experiment ( i n  which t h e  second d e t e c t o r  is 

placed d i r e c t l y  behind t h e  sample) .  Th i s  appara tus  could  a l s o  be 

used t o  a c q u i r e  EXAFS d a t a  i n  t h e  f l u o r e s c e n t  mode o r  o t h e r  forms. 

The core  ho le  t h a t  is c r e a t e d  by t h e  photoabsorpt ion process  can 

decay by either a r a d i a t i v e  o r  a nonrad ia t ive  t r a n s i t i o n ,  as 

i l l u s t r a t e d  i-n Fig.  4 .2 .  



In radiative decay, a higher-lying electron fills the core hole 

with the emission of a photon of energy fwf, equal to the 

difference in the two energy levels. This fluorescent photon 

energy is characteristic of the atomic transition that fills the 

core hole and is therefore independent of the incident photon 

energy. The intensity of the fluorescent yield is proportional to 

the probability that the incident photon has created a core hole; 

that is, it is proportional to the absorption coefficient. Thus 

the fluorescence will exhibit EXAFS. 

In this kind of EXABS experiment, the tluorescent radiation at iw+ 

is monitored as a function of the energy of the incident radiation 

absorbed in the sample. The resulting fluorescent radiation is 

monitored by a detector placed at 90•‹ to the incident beam to 

reduce the contribution of scattered radiation (Sandstrom and 

Fine, 1980; Hayes and Boyce, 19821. The position of the first 

detector (Io detector) is similar to that in a transmission 

experiment . 



Vacuum 

Fluorescence 

Fig 4.2. Rre two processes. by 

photoexcitation prucess  can 

Auger 

which the core hole created in the 

decay. In radiative decay. a 

f tuorescent photon is emitted with cur ensrdy equal. to the 

dLf ference tn the t m  enerdy Zevels. bf = E - E CW is ths tower 
X V 

energy tewt  c o n t a i n i ~  the core h i e  atPLei X is  the energy feveL 

from which the de-exci tat ion occurs). In the nonrdiattve decay 

process. cur Auger electron is emitted to take up the energy from 

the X + V tramst t ion. Q is the . tonizat ion 

energy, 



5.1. Sample 

Chapter 5 

Application 

As indicated in chapter 4, section 4, the sample should be 

homogeneous, and of uniform thickness with no pinholes, Any 

variation in the effective sample thickness will lead to a 

distortion of the EXAFS, which takes the form of an apparent 

decrease in the EXAFS amplitude, This will affect determination of 

the coordination number and the peak width, but will not seriously 

affect near-neighbour spacing [Hayes and Boyce, 1982 1. 

The BXAFS spectra of crystalline and amorphous germanium have been 

measured in our laboratory, The amorphous germanium in this 

investigation was two thin layers (each layer 24 pm) deposited on 

Kapton by evaporation from a graphite boat using an electron beam 

in a vacuum better than 2 x 1 0 - ~  Torr. The crystalline germanium was 

ground with mortar and pestle to make a fine powder, The powder 

was rubbed by hand on the sticky side of transparent Scotch tape, 

then formed 

checked by 

into several layers. The thickness of the sample was 

measuring the absorption of Ge above the edge (at 



11.104 keV). I t  w a s  measured t h a t  3 l a y e r s  of sample has an 

absorbance ( p x )  z 0.557.  

5 . 2 .  Experimental  Resu l t s  and Analyses 

F igure  5.1a shows t h e  EXAFS spectrum of amorphous germanium. The 

d a t a  w a s  averaged over f i v e  scans ,  each scan  c o n s i s t i n g  of 1 1 2  

p o i n t s ,  namely 4 p o i n t s  in t h e  pre-edge, 1 5  p o i n t s  i n  the edge, 

and 92 p o i n t s  i n  t h e  post-edge reg ions .  The i n t e g r a t i o n  time of 

each p o i n t  w a s  60 seconds.  Each scan  took approximately two hours. 

- E (in units of 10 eV) 

Fig .  5 . la :  Absorbance as a function of photon enarm of x-rays for 

amerp?wus Ge obtained at SW. 





Figs. 5.la and 5.lb show the natural log I /I us. energy, which is 
0 

related to the absorption coefficient p by the equation I = I e-9X, 
0 

where x is the sample thickness. The figures show the substantial 

increase in the absorption as the incident photon energy is 

increased past 11.1 keV, which marks the onset of absorption due 

to photoexcitation of electrons from the Ge K-shell. 

The EXAFS is manifest as sharp oscillations in the absorption 

cross section above the K-edge. These oscillations have been shown 

to contain considerable information about the local environment of 

the excited-atom species [Sayers et at., 1971; Stern et at., 1975; 

Asheley and Doniach, 1975; Lee and Pendry, 1975; Hayes et at., 

1976; Crozier et at., 1977; Lee et aZ., 19811. 

All analyses of the EXAFS region of the spectrum start with the 

basic equation stated in (1.1): 

Given a set of data and the basic EXAFS equation (5.11, there are 

clearly a large number of approaches for extracting distances and 

information about phase shifts, the amplitudes, and the Debye- 



Waller f a c t o r s ,  One of t h e  e a r l i e s t  a n a l y s e s  [ Sayers  et at. ,1971 1 

was based on t h e  Four ie r  t ransform of t h e  d a t a  expressed i n  

photoe lec t ron  momentum space.  The a b s o l u t e  va lue  of t h e  t ransform 

was found t o  peak a t  d i s t a n c e s  s h i f t e d  from t h e  known va lues  by 

s e v e r a l  t e n t h s  of angstroms. La te r  on Lyt le ,  Sayers  and S t e r n  

t 19751 c o r r e c t e d  t h i s  s h i f t  us ing  systems with known d i s t a n c e s  t o  

e x t r a c t  bond l eng ths .  C i t r i n  et a t .  t 19761, f o r  a sixly>le system, 

e x t r a c t e d  t h e  phase func t ion  bfk)  by d i r e c t  curve f i t t i n g  t o  

equat ion  (5.1) t o  show t h a t  t h i s  func t ion  could be t r a n s f e r r e d  t o  

o t h e r  s imple systems t o  e x t r a c t  bond l e n g t h s  with a n  accuracy  of 

0.01 t o  0.02 , This  approach, however, is no t  g e n e r a l l y  

a p p l i c a b l e  t o  systems of more than one p r i n c i p a l  d i s t a n c e .  The two 

methods of Four ie r  t ransform and curve  f i t t i n g  have been combined 

t o  analyze more complicated systems. The curve f i t t i n g  is 'carried 

ou t  e i t h e r  i n  Four ier  r-space [Hayes et al., 19761 o r  i n  k-space 

by backtransforming of a c e r t a i n  s h e l l  [Crozier  and Seary, 1980; 

Lee et a t . ,  19811, 

Teo and L e e  t19791 have c a l c u l a t e d  t h e  EXAFS ampli tude and phase 

func t ion  from f i r s t  p r i n c i p l e s  (us ing  a small atom s c a t t e r i n g  

t h e o r y )  f o r  K- and L-edges of n e a r l y  ha l f  of t h e  elements i n  t h e  

p e r i o d i c  table. These t h e o r e t i c a l  EXAFS f u n c t i o n s  can be used t o  

avoid  t h e  t e d i o u s  t a s k  of searching ,  measuring, and ana lys ing  

model compounds. I n  t h i s  t h e s i s  work, two methods t o  e x t r a c t  t h e  

s t r u c t u r a l  information are used: c u r v e - f i t t i n g  with Teo and L e e  

c a l c u l a t i o n s  [Crozier  and Seary, 19803 and comparison with SSRL 



results. 

In applying equation (5.1) (see chapter 1 for the meaning of all 

symbols), two general material-dependent factors must be 

considered [Brown and Doniach, 1980 1 : 

a, the mean electron density of the absorber environment, which 

determines the importance of multiple scattering effects; and 

b. the degree of coordination order, determining the nature of the 

distribution function P ( R )  (see equation (1.3)). 

Point (a) determines a fundamental physical limitation, i.e. the 

lower bound on the range of the photoelectron k-vector, k~,, 

below which multiple scattering effects become important and where 

equation (5.1) fails. In practice, k min 
is usually determined 

empirically for a given class of materials. For instance, in 

earlier works on EXAFS, in organic molecules (where the absorber 

environment has low 2 and low coordination number) k rnin 
was 

usually set in the region of 3 %' (corresponding to photoelectron 

energies of about 35 eV). On the other hand, for dense material, 

such as metallic Cu, it has been argued that multiple scattering 

effects may well be important to 300 eV (about 9 11 -') leading to 

a much more restricted range of validity for (5.1) [Ashley and 

Doniach, 19751. However, recently it has been shown theoretically 

[Muller and Schaich, 1983; Schaich, 19841 that a single scattering 

approach can be used to calculate the final state in x-ray 

absorption, which means k, can be set lower. Furthermore, Bunker 



and Stern [I9841 have shown experimentally that the effects of 

multiple scattering at low k are much smaller than had been 

thought. In particular, in analysing amorphous materials, the 

crystalline counterpart provides an excellent reference; the 

empirical amplitude and phase shift can be transferred because the 

multiple scattering effects are basically the same in crystalline 

and amorphous material. This opens up prospects for using the ~ ( k )  

data down to k % 1 g-' [Bunker and Stern, 19841. The upper value 

of the k range, k-, is usually determined by the data itself. 

The value of k depends strongly on experinrental considerations, 
Il#X 

dilution of absorber species, available photon counts, etc. In 

practice, values of k- range from 11 to 22 X-'. 

Point (b) determines the nature of physical information to extract 

from EXAFS data, information about shell-coordination distances, 

backscattering amplitudes, phase shifts, etc. For polycrystalline 

and molecular material, P(R) consists of a series of well-defined 

coordination shells whose atomic constituents are in general 

disordered as to orientation (except in single-crystal samples) 

but very well defined as to distance. For amorphous or liquid 

samples, on the other hand, both angle and interatomic distances 

are disordered so that P ( R )  must be represented by a continuous 

distribution rather than a series of &functions as in the 

crystalline and molecular case [Crozier and Seary, 1980; Crozier 



5.2.1. Removal of Background Absorption 

ft is convenient to regard the total experimental absorption cross 

section as the sum of two distinct contributions: the Ge K-shell 

absorption cross section p, which contains the EXAFS information, 

and a slowly varying background absorption pe. This background 

absorption is due to the photoexcitation of those electrons in the 

system which are less tightly bound than the K-electrons of 

interest in this case. As obtained experimentally, the 

pre-threshold absorption also includes energy-dependent 

contributions from the x-ray photon counter, the sample holder, 

and so on [Crozier and Seary, 1980; Hayes and Boyce, 19821.  

Normally, the first step in data reduction is to subtract the 

background due to excitation of higher shells by using a Victoreen 

fit (or some functional form) [Lytle et at., 19751 of the form pt 

= Ch' - D A ~  , where X is the x-ray wavelength and C and D were 

found by fitting this formula to the measured absorption curve on 

the lower-energy side of the edge, yielding p(B)x, the total 

absorption of the K-shell of the sample of thickness x (see Fig. 

5.2). If there is large noise involved, then the data is smoothed 

before any other analysis; e the data points are weighted so 

that unwanted noise in the data is averaged. Given a set of data 

(xt,xz,xs,. . .x  1 corresponding to data , y , ,  . . y , new data 
n 

is formed [Seary, 19871: 



The general term reduces to 

YY = - 5  yi + .25(yi-* + yi+, 1 

when xi - xi* - - - x. (the data step is constant). 
1. 

The data is then converted from energy space to momentum space 

(k) according to equation (1.2): 

where E is the threshold energy. There is no simple relation 
0 

between features in the experimental spectrum and Eo as defined by 

equation (5.2) because several complicated physical processes such 

as chemical bond effects and core relaxation affect these features 

near the threshold [Stern et at., 19751. At first approximation, 

E is arbitarily fixed at a special feature in the spectrum (at a 
0 

point of inflection). Later on, for further analysis, E can be 
0 

made an adjustable parameter to compensate for the inadequacies of 

the simple EXAFS formula and permit the use of a wide range of 

model compounds or calculated phase shifts in determination of 

d istances . 



B E !in units ef 10 eV? 

5 . 2 :  K-shcLL absorbance Cpx) as a function of  photon energy of 

x-rays for anwrphow Ge. The data wao smeothecl p r i o r  to pre-e 

rellbowzl. 

5.2.2. Extraction of the EXAFS Interference Function ~ ( k )  

The next step is to obtain ~1 (k), the slowly varying function of 
0 

p(k) above the edge. A low-order polynomial is fitted to p(k)k" 

by a least-squares procedure. This fit has the eEfect of averaging 

out EXAFS modulations, so that on subtracting the resultant from 
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data, the residual modulations oscillate rather evenly about zero. 

In all cases the fit was restricted to the EXAFS range that was to 

be used in the final structural analysis. Finally, the resulting 

background-subtracted data may be normalized to a per-atom basis 

by dividing by the background-fit function at each value of k, 

yielding an empirical evaluation of the EXAFS modulation function 

~ ( k )  

However, dividing by pe(k) at each k may cause some problems if 

<(k) is not highly smoothly varying. In this case, the 

normalization is done by scaling ~ ( k )  to the jump in the 

absorption coefficient at the K-edge energy and using the McMaster 

table [I9691 fits to remove the k-dependence of the background 

absorption above the K-edge [Crozier and Seary, 19811. 

x(k) = 
0 

X # 

Edge jump p( k 

where the edge jump, p(O)x, is measured at k=O from the lowest 

point of the absorption spectrum to the mid-point of the 

oscillation (see Fig. 5.2). 

Fig. 5.3 shows the EXAFS interference function ~ ( k )  for amorphous 

germanium. 



Pig. 5.3. NormatLzad sh) versus k ptots for amerphoup Gs 

5.2.3. Fourier Transform into R-space 

The nert step in the EXAFS analysis is r Fourier transfozm of the 

EXAFS function yielding a radial structure function (RSF) , * (R 1 . 
- This isolates the .contributions of the different shells of 

\ 

I 

neighbours and allows the use of filtering techniques to remove 

much of the noise and to study each shell separately. 
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where kn is a k-weighting term to compensate for the diminishing 

amplitudes at high k-values, kmi, and kmw are the minimum and 

maximum values of k specifyng the range of the transform. W(k) is 

a Gaussian window function [Crozier and Seary, 19801 used to 

suppress transform artefacts. The function is centered about the 

k-space range and decreases to 108 at the ends of the range. 

The interference function ~ ( k )  is the sine transform of the pair 

distribution function P ( R )  (see equation (1.3)); thus,to recover 

P(R1 the inverse sine transform should be taken. However, because 

of the finite range of the data, particularly the truncation at 

low values of k, the inverse sine function is a rapidly 

oscillating function from which it is difficult to assign peaks to 

bond lengths. Consequently it is convenient to take a complex 

transform and examine its magnitude. For systems in which P(R) is 

Gaussian, the interatomic distance is then determined from the 

position of the peak in the magnitude of the transform [Crozier 

and Seary, 19801. Use of the magnitude avoids the need to have a 

quantitative knowledge of b(k); the effective shift in the peak 

position due to b(k) is calibrated by a reference compound (from 

the EXAFS data of a known structure which has a similar chemical 
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Fig 5 . 4 .  Mcrcgnttude  of Fovrfer tramsfern of k ~ C k )  &ta 

Ccr) for amorphous Ge, k min = 3.38 Ti crnd k = 9.83 2" 
mou 

Ch.2 f o r c r y s t a l l i n e G e , k  = 3 . 6 8 p a n d k  =9.832-'  
min max 

The phase s h i f t  ?ass not been included and a Gaussian Window 

function C i a  at  kminand k > WP. wed. - -  
max 
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environment) or is fitted using theoretical calculations. Fig. 5.4 

shows the magnitude function of the EXAFS RSF. 

The large peak at 2.2 is the result of the contribution from 

the first shell of Ge neighbours. Other smaller peaks visible at 

larger distance are due to noise rather than to more distant 

neighbours. The Fourier transform peaks at an apparently lower 

distance than the known crystallographic distance of 2.45 due 

to the effect of the phase shift b(k). 

5.2.4.  Curve Fitting 

In order to determine the structural parameters of a given shell, 

a curve-fitting analysis was performed. The first step in the 

curve-fitting procedure is to process the EXAFS interference 

function ~ ( k )  by a Fourier filtering technique, which consists of 

Fourier-transforming the data (actually k~(k). us. k) into R-space, 

selecting the distance range of interest with a square window, and 

retransforming back to k-space. The dashed line in Fig. 5.4 is a 

square window function for isolating the first shell EXAFS. In the 

transformation, the Gaussian window in k-space is removed by 

dividing by W(k). 

Using the calculation of b(k) by Teo and Lee C19791, the origin of 

the total phase shift was shifted by varying Eo until obtaining 

the best straight line (in the least squares sense) passing 



through the origin. The values of E were found to be -0.05 eV and 
Q 

0.$7 eV for amorphous and crystalline germanium, respectively. 

The amplitude of equation (5.1) can be written as: 

where 

A first approximation to l f ( k ) l  is obtained by interpolation of 

the calculations of Teo and Lee E19791. For first shells, 

inelastic effects are included in if (k) 1. The factor 8:(k) is 

assumed to be a constant, so that N must be obtained from 

a reference compound. 

k A(k) 
The quantity In ( ) was least-squares fitted to k2 over a 

T(k) 

certain linear region (see Fig. 5.5). From fitting, the values N 

and d can be deduced. Fitting over the range 5.67 - 8.5 ff-* for 

amorphous germanium gave the results N = 2.99 f 0.1 and cf = 

0.0064 + 0.002 ZI'; and over the range 5.22 - 8.52 for 

crystalline germanium gave N and of to be 3.57 + 0.9 and 0.0046 t 

0 .OO25 x2, respectively. 



Fig. 5.6 shows the comparison of the interference function ~ ( k )  

obtained from experiment and the fitted value by using the 

theoretical calculation of Teo and Lee t19791.  The two curves show 

fairly good agreement over most of the k region. At lower k the 

curves do not fit well because the theoretical calculation is 



intrinsically incorrect at low k [Crozier and Seary, 19811. 

Z t n e  show the data, the broken tthe shows the theoreticat f Ct. 

5.6 : Compcrrison of the EXAFS interference f m t  ions. 'Ihe sot id 

The values of Eo obtained from the fitting were used to modify the 

original data of the BXAFS interference function, by shifting the 

origin of the k scale. The function was then transformed to real 

space to obtain the nearest atomic distance. In taking the 

transform, the phase shift b(k) obtained from the fitting was 

removed. The nearest atomic distances for amorphous and 

crystalline germanium were found to be 2.444 f 0.01 and 2.425 f 
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0.04, , respectively. The monochromator resolution affects the 

amplitude of ~ ( k )  and not its phase, so these values for the 

interatomic distances are accurate. However, the values of N and 

oZ are in error because the monochromator resolution function has 

not yet been included. 

5.2.5. Data Comparison 

Assuming that chemical transferability is valid (the back 

scattering amplitude and the phase shifts are the same for an atom 

which has similar chemical environment), the structural 

information can be obtained by comparing data to a known 

reference. 

The data obtained in our laboratory were compared to reference 

data tcrystalline germanium) obtained in SSRL. From equation 

(5.11, the amplitudes can be compared as follows: 

The phase shifts can be compared: 
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from SFU data and crystalline Ge of SSRL data. From least-squares 

fitting over the region 4.65 - 9.53 , the difference of the 

Debye-Waller factors was found to be -0.0015 +- 0.0003 X', and the 

ratio of AC = (N R* /N RZ ) was found to be 0.826 2 0.054. 
d u  n r L  #st m f u  

Fitting equation ( 5 . 9 )  over the range 3.45 - 9.83 g-' gave the 

result 

A similar comparison was done for crystalline germanium data 



obtained at SFU and its counterpart obtained at SSRL. Over the 

fitting range 4.27 - 9.53 St* it was found AC = 0.866 f 0.03, 

2 2 
0 - a - -0.00045 +- 0.0003 g2 and, over the fitting range 3.68 

crfu crerl- 

- 9.83 8-' it was found RdU- 
Rr,~-' 

0.024 2 0.006 g. 

Comparing with the SSRL results [Crozier and Seamy, 19811, the 

2 2 value of udu can be calculated, namely, ad" (amorphous Ge) is 

0.00501 + 0.00051 ft2 and o2 (crystalline Ge) is 0.00395 2 0.00048 
rtu 

r. The interatomic distances for amorphous and crystalline 

germanium obtained using this method are close to the known 

crystallographic distance. When both SFU data were compared to 

each other, it was found: Ae2 = 0.004 k 0.006 gz and AR = 0.012 & 

0.003 8 (amorphous to crystalline). The large error in Au2 

reflects the noise present in the two SFU data sets being 

compared. 

The two methods of calculation (fitting with the theoretical 

calculation of Teo and Lee, and comparing with SSRL data as a 

reference) show that the coordination numbers of amorphous and 

crystalline germanium obtained at SFU are lower than the known 

value. The two calculations also indicate that the Debye-Waller 

factors of the data obtained at SFU are larger than those of their 

counterpart data obtained at SSRL. This is because the 

monochromator resolution, AE, at SFU is larger than that at SSRL. 
L 

The finite resolution has the effect of decreasing the amplitude 

) 
(see equation 4.14); the Debye-Waller factor d determined by the 



fitting procedure increases. The effect is more pronounced at 

lower k, causing the coordination number found to be lower than 

the known value. 

The monochromator resolution function is given by equation (4.14): 

2 2 2  4 2  
M(k) = exp - (2R + a) m T /2h k (5.10) 

If we assume that T = 0 for the SSRL double crystal monochromator 

at the Ge K-edge, then the instrumental broadening of SFU data is 

given by the equation: 

Since the value of a can be obtained from the phase calculation of 

Teo and Lee, and the value of R has already been calculated in the 

previous section, then the value of 7 can be calculated by fitting 

the data as in equation (5.11). 

I 

Fig. 5.8 shows the comparison between the EXAFS interference 
I 

functions obtained at SFU (amorphous Ge) and SSRL (crystalline 

I Ge). The SSRL data was convolved according to (5.11) for different 
> 

) 
7 until it matched the SFU data. A good agreement between the two 

i curves was achieved on setting T = 6.3, meaning the energy 

resolution of the monochromator is 14.835 eV. The result is in 
) 

1 good agreement with the other calculation indicated in chapter 4. 



Fig. 5.8: 

Cobtatned 

Comparison between the EXAFS interference function of 

Ge Cobtatned at SFU, &s?md Line2 and amborphous Ge 

art SSRL, solid Ztnd. The upper ptot shows the data 

before convoLution is applied. The SSRL &ta is then conusZued by 

varyiw 7 of the nwnochronroltor function fiucction. The t w  c-s 

reach a sood cyreement Clower ptot, &ten T is set to 6.3. 



This convolution result also indicates that the quality of the 

Fourier filtered data obtained at SFU is relatively comparable 

with the result obtained at SSRL. The energy resolution of SFU 

data is worse than for the result from SSRL data, and causes 

2 deterioration in its amplitude and u . By correcting with the 

monochromator resolution function, better values of amplitude and 

2 
a can be recovered. 

Finally, the experiments also show that the Debye-Waller factor of 

amorphous germanium is greater than that of crystalline germanium. 

This is due to the fact that the Debye-Waller factor can be 

separated from two contributions as follows (Sayers et at., 1971) : 

where T and D indicate thermal and structural disorder broadening, 

respectively. The thermal effect for the two kinds of germanium is 

the same, but amorphous germanium has greater structural disorder 

[Crozier and Seary, 1981 1 .  



Chapter 6 

Conclusion 

Synchrotron radiation, because of its unique properties of 

polarization, extremely high photon flux, and tunability, will 

continue to be the choice for EXAFS research. However, a great 

many EXAFS experiments can be performed successfully using 

alternate energy sources such as from a conventional x-ray 

generator with a water-cooled sealed tube or from a rotating anode 

x-ray generator. 

This work has demonstrated that EXAFS spectra can be collected 

with our laboratory EXAFS facilities even though the x-ray 

intensity collected through a focusing crystal scheme is 

relatively low (10' - 10" photons/sec), the energy resolution is 

very broad (about 14 eV at 11 keV) and the detectors are noisy. 

The nearest neighbour interatomic distance obtained in this 

experiment for crystalline germanium (2.425 k 0.01 x )  is in good 
agreement with the known crystallographic distance 2.4498 

[Cullity, 19781. The nearest neighbour distance for amorphous 

germanium was found to be 2.444 f 0.01 2;'In an earlier work using 



synchrotron radiation [Crozier and Seary, 19811 the distance was 

found to be 2.45 2 0.01 in amorphous germanium. 

The Debye-Waller factors were found to be 0.0050 f: 0.0005 gz and 

0.0040 f 0.0005 ZL' for amorphous and crystalline Ge. The factor is 
larger for the amorphous material due to the structural disorder. 

The results compare favorably with other experimental values 

[Crozier and Seary, 19811 of 0.0035 f: 0.0002 x2 for crystalline 

germanium and 0.0053 k 0.0002 g2 for amorphous germanium. 

The finite energy resolution of the monochromator decreases the 

amplitude of the EXAFS intereference function and will lead to 

coordination number smaller than the known values. However, by 

applying the energy resolution function, the coordination numbers 

can be corrected. Alternatively the coordination numbers can be 

obtained by comparing to reference compounds measured under the 

same operating conditions. 

The laboratory can be developed further to obtain higher intensity 

x-rays, producing better quality EXAFS data as the result, by 

improving the bending crystal scheme, designing better detectors, 

and changing the x-ray source to a more powerful rotating anode 

source. The bending scheme used in the present work has a 

disadvantage: it causes defocusing of the beam in the vertical 
b 

direction. This effect reduces the intensity by a factor of three. > 

! It also defocuses in the horizontal direction. The defocussing 

I 
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effect broadens the energy resolution. A better bending scheme can 

be tried by cementing a crystal wafer to a backing plate which has 

a fixed radius [Khalid ct aL., 19821. The energy resolution can be 

improved by decreasing the take-off angle. While we were unable to 

identify the source of the noise in the detector, it might be less 

noisy if the collecting plates and other conducting materials were 

made of the same metal. An ionization chamber built at SFU for 

fluorescent experiment at SSRL has smaller contact potentials and 

is less noisy (the noise level is one tenth of the present 

detectors). By replacing the present normal focus tube with a fine 

focus, the x-ray intensity can be increased. Also, a rotating 

anode source can increase the intensity by a factor of fifteen. 

On the whole, the experiment/designing laboratory is good for 

learning/teaching EXAFS theory and practice. With the improvements 

suggested above, the facility can be used for preliminary 

experiments prior to going SSRL. Some experiments with 

concentrated materials, which do not demand high x-ray intensity, 

can also be done. 



Evaluation of r Focusing Mo~hromator 

The energy resolution of a crystal monochromator depends on the 

geometrical precision and the size of the crystal, the widths of 

the anode image and receiving slit and the absorption coefficient 

of the crystal. 

Various geometrical factors affecting the resolution of the 

resolution can basically be divided into three categories: 

horizontal and vertical broadening of the beam, and effects of the 

depth of penetration of the x-rays into the crystal, 

. Fig. A . l :  Focusing arrangement. 



The maximum horizontal broadening is 

W + W  
s a Ae = 

H I 

4R sin 8 

where WI is the width of receiving slit, We is the projected width 

of the anode image and R is the Rowland circle (see Fig. A . 1 ) .  

The vertical broadening is [Khalid et at., 19821 

C18 = h2/2 
V ( 4 ~  sin 8 ) ( 4  R cos 8)' 

where h is the height of the anode. image. 

The x-ray beams penetrate the crystal at the effective distance 2 

l n ( 2 )  where is the linear absorption coeffient of the 

I crystal. This penetration causes broadening: IGeorgopoulos and 

Knapp, 19811 

I 

I 21n(2) cos 8 cos 8 
Ae = 
P 

(A .3 )  
p 4 R sin 8 

I 
I 
1 
t The maximum full width broadening can be calculated by combining 

(A.l), (A.2) and (A .3 ) :  
i 

I 



Ae = 1 Z U Z  {(w + w + (hz/8a cos elZ + (21n2 cos e/p) 1 
4R s i n  8 

u a 
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