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T H E R M A L DäFFUSE SCATTERING OF X RAYS 

G. M , B o r g o n o v i , R. F u l f a r o , K,. i m a k u m a , 

C, Rodr igues and L. A . V inhas 

A B S T R A C T 

THis 'epo's describes 'ne acriyifes .n -..-le f'eia o* "le-ingl d Huse scatie;.ng of K iays peiformed 

du:-n9 rfie pe' iod fio"^- feo 197'! ro Jan 1972 

The aon/t ies meie cot i i expeimen'a i aod comou laSionai ''he ex -len» appaatus was fnodi^ed n 

orde' to measuie t'^e ii+fuse scai te 'ng .n a coppe' ciystal- Tneiefo'e x o v ír.onocíiromat-zai^on and 

mon'to'at^op system; w9 'e cons'xucted 'n rne comou'.ar.onai tie'a se^/eai cooes vuee piepa'ei! and :esre?, 

the mam code >s a o ' o y a m fo ' fhe exaci calculation o* the second oroe' o f^use scattei ng 

1. I n t r o d u c t i o n a n d s u m m a r y . 

T h e purpose o f th is r e p o r t is t o summar i ze the act iv i t ies p e r f o r m e d d u r i n g the yeaf 

s ta r t ing February 1971 in the f i e l d o f Therma l D i f f use Sca t te r ing o f X r a y s f r o m crysta ls 

The rma l D i f fuse S c a t t e n n g ( T D S l o f X-rays is t he s t udy o f the weak i n tens i t y scat te red 

outs ide the Bragg pos i t i ons . Th is i n tens i t y is d e t e r m i n e d by the f ac t t h a t t he a toms in a real 

c rys ta l osc i l la te a b o u t the i r e q u i l i b r i u m pos i t i ons 

Since the TDS depends on the m o v e m e n i o f the a toms , i t f o l l o w s as a consequence t h a t 

t he s t u d y o f T D S can reveal i m p o r t a n t deta i ls a b o u t t h i s m o v e m e n t and f i n a l l y a b o u t t h e f o r c e 

f i e l d w h i c h are d e t e r m i n i n g the charac ter is t ic modes of v i b r a t i o n o f t he a toms in a 
c rys ta l * I * ' 2 ) 

The e x p e r i m e n t a i s t udy o f I D S o f X r a y s >s one of the avai lable t oo l s f o r t he 

inves t iga t ion o f l a t t i ce dynam ics . In recent years th is t e c h n i q u e has been s o m e h o w 

overshadowed by the m o r e recent t echn ique of ^ e l a s t i c scat ter ing o f neu t rons ' - ^ ' , m a i n l y used 

in c o n j u n c t i o n w i t h t r i p l e axis c rys ta l spec t romete rs 

Wh ' l e recogn iz ing tne general supe r i o r i t y o f the neut . fon m e t h o d fo r la t t i ce d y n a m i c s 

studies. I t shou ld be stressed t h a t f o r a n u m b e t o f c rys ta ls , due t o the h igh a b s o r p t i o n cross 

sec t ion , t h e n e u t r o n m e t h o d c a n n o t be app l ied 

I t seems the re fo re 'mpo i - tan t , f o r the d e t e r m i n a t i o n o f the d y n a m i c a l p roper t i es o f 

c rys ta ls l i k e i n d i u m o r c a d m i u m , w h i c h are s t rong n e u t r o n absorbers , t o be able t o re ly o n t h e 

X- ray m e t h o d Bacause o f th is reason (and also bacause of the absence a t the I n s t i t u t o de 

Energia A t ô m i c a o f a t r i p l e axis c rys ta l spec t romete r f a c l i t y ) a p rog ram of s tudy o f t he TDS o f 

X-rays was begun . The research invo lved e x p e r i m e n t a l as we l l as theore t i ca l and ca i cu la t i ona l 

studies. Some o f the deve lopments made undef th is p o g r a m may be usefu l f o r paral le l Imes o f 

research and i t seems the re fo re usefu l t o summar i ze the resul ts. 



The approach t a k e n has been t h a t o f c o n c e n t r a t i n g o n a s tandard crys ta l f o r w h i c h g o o d 

results are a l ready avai lable b o t h w i t h X-rays and neu t rons . The crys ta l chosen was copper , f o r 

w h i c h good theore t i ca l desc r ip t i ons o f t he i n t e r a t o m i c f o rce f ie lds are ava i l ab le ' ' * ' . 

The a im o f t he p rog ram in t he past year has been t o o b t a i n re l iab le results f r o m the Cu 

sample. Reasonable agreement o f t he present data w i t h the theo re t i ca l values have been 

o b t a i n e d , however a n u m b e r o f i m p r o v e m e n t s in t h e data t a k i n g apparatus c o u l d s t i l l be made. 

P r e l i m i n a r y measurements were p e r f o r m e d using a pa i r o f ba lanced f i l t e rs t o 

m o n o c h r o m a t i z e the r a d i a t i o n . Th is s i t ua t i on was c lear ly unsa t i s fac to ry , t he re fo re a c rys ta l 

m o n o c h r o m a t i n g sys tem was cons t r uc ted and also m o n i t o r i z a t i o n o f t he i n c i d e n t beam was 

i n t r o d u c e d . A d d i t i o n a l i m p r o v e m e n t s w o u l d be the a d o p t i o n o f a p r o p o r t i o n a l c o u n t e r instead 

o f a sc in t i l l a to r , t he evacuat ion o f t h e area a r o u n d the sample and the use o f a curved crys ta l 

m o n o c h r o m a t o r . 

Sec t i on 2 describes t h e d e r i v a t i o n o f t he ze ro , one and t w o p h o n o n X- ray sca t te r ing in a 

sho r t and c o m p a c t f o r m , 

Sec t ion 3 describes t he d e v e l o p m e n t o f e x p e r i m e n t a l techn iques . Besides the d e s c r i p t i o n 

o f the expe r imen ta l deta i ls , fa l l i n t o th is sect ion t he p repa ra t i on o f c o m p u t e r codes f o r 

o r i e n t a t i o n o f single crys ta ls , data c o l l e c t i o n , data analysis, the desc r i p t i on o f t he 

m o n o c h r o m a t o r and o f the m o n i t o r i n g sys tem. 

Sec t ion 4 describes t h e ca icu la t i ona l me thods used t o c o m p u t e t he f o r m u l a s der ived in 

Sec t ion 2 . Par t icu lar emphasis was given t o t he exac t ca l cu la t i on o f the t w o p h o n o n t e r m and 

t o t he compa r i son w i t h a p p r o x i m a t e t r ea tmen ts . A large a m o u n t o f c o m p u t i n g w o r k is 

necessary t o ca lcu la te exac t l y t he t w o p h o n o n t e r m . For th i s reason i t was f o u n d conven ien t t o 

store par t ia l results f r o m the theo re t i ca l mode ls on magnet ic tapes and also t o s tore o n a 

magnet ic tape a n u m b e r o f sub rou t ines used in t he ca l cu la t i on . 

Th ree appendices have been inser ted f o r the conven ience o f eventua l f u t u r e users o f t he 

codes deve loped . 

A p p e n d i x I con ta ins t he i n p u t i ns t ruc t i ons f o r some of t he codes deve loped unde r t h e 

p r o g r a m . A p p e n d i x I I con ta ins a s u m m a r y o f i ns t ruc t i ons t o hand le magnet i c tapes at t he I B M 

3 6 0 c o m p u t e r o f t he I ns t i t u te o f Physics a t the Un ive rs i t y o f Sao Pau lo , i n c l u d i n g i ns t ruc t i ons 

f o r use o f a l ready c o m p i l e d subrou t ines s to red on a magnet ic tape. 

A p p e n d i x I I I con ta ins a b r ie f d e s c r i p t i o n ( w i t h t he ca l l i ng s t a temen t and arguments ) o f a 

n u m b e r o f rou t ines w h i c h are p resent ly s to red o n magnet ic tape, 

2 . Theore t i ca l b a c k g r o u n d . 

In th is sect ion we summar i ze the essential steps in the de r i va t i on o f t he X- ray i n tens i t y 

scat tered b y a c rys ta l w h e n we a l l o w f o r t h e r m a l m o t i o n o f t h e a toms T h e scat te red i n t ens i t y 

w i l l be expressed in e lec t ron un i t s . A n e lec t ron u n i t is the q u a n t i t y e '^/m^'c" (e = e lec t ron 

charge, m = e lec t ron mass, c = speed o f l ight ) and is equal t o 7 .935 ba rn . A n i n tens i t y in 

e l ec t ron un i t s is essent ia l ly a m ic roscop ic cross sec t ion . 



Given a c rys ta l w i t h IM a toms o f t he same t y p e f i x e d at p o s i t i o n s t h e t o t a l i n t ens i t y in 

e lec t ron u n i t s , apar t f r o m a p o l a r i z a t i o n f a c t o r , is given b y : 

l e u = f V 7 e^-'̂ 'Q • ( l ^ - l , : ( 1 ) 

rr, = 1,N n = 1,l\l 
sine 

where f is t h e a t o m i c sca t te r ing f a c t o r and Q is t he m o m e n t u m t rans fer ( |Q| = 2 ^ be ing 

one ha l f o f t he scat te r ing angle and X the X-ray wave leng th ) 

I f t he a toms in t he c rys ta l are subject t o t h e r m a l m o t i o n , t hey w i l l be d isp laced f r o m 

the i r e q u i l i b r i u m pos i t i ons b y a m o u n t s u.̂ ,̂  w h i c h depend on t i m e . E q u a t i o n (1) t h e n becomes : 

I g ^ = \ e'^'^'Q - ( I . ; - I n ' e ^ ^ ' Q • - M n ' $2) 

m = 1 ,N 

n = 1 ,N 

T h e i n t ens i t y is n o w a t i m e dependen t f u n c t i o n . We are in terested in t he average value o f 

th is i n t ens i t y , o r : 

Veu/ ^ / e - - m -n ^e - - m - n / p , 

m = 1 ,N 

n = -| .N 

where t h e brackets < • • > ind ica te a t i m e average. 

W i t h i n t he l im i t s o f the h a r m o n i c a p p r o x i m a t i o n t he d i sp lacemen t o f an a t o m f r o m its 

e q u i l i b r i u m p o s i t i o n can be expressed as a supe rpos i t i on o f n o r m a l modes o f v i b r a t i o n in t he 

f o l l o w i n g w a y : 

a J 

C ^ , e-^'^'a • Lrn e ' ^ ^ q j J (4) 

In E q . (4) C^ ĵ a n d a r e the p o l a r i z a t i o n vec to r and the c i r cu la r f r e q u e n c y o f a c rys ta l 

wave o f wave vector q and Branch j . The sum is t o be made over one B r i l l o u i n zone . 

In p e r f o r m i n g the average in E q . (3) t he q u a n t u m mechan ica l resu l t k n o w n as B loch ' s 

t h e o r e m can be used. The t h e o r e m states t ha t 

e ^ ) = e < ^ ' > ' ^ m 
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where 

G. = = c o t h — — (7) 

- 2 m N p^. 2 K T 

In (7) m is t h e mass o f t h e a toms in the c r ys ta l , v • is the f r equency o f t he wave_qj , h t he 

Planck 's cons tan t and K the B o l t z m a n n ' s cons tan t . The sum in (6) is again over one B r i l l o u i n 

zone. 

The sum Z % = 2 M (8) 

is k n o w n as Debye Wal ler f ac to r . 

We can n o w replace (6) i n t o (3) o b t a i n i n g : 

( i g ^ ) = f ' ^ e^""^ " ' I m - i n ' e - q T ^ i '=°=27rq . ( r ^ - r j } ^ 

m = 1,N 191 
n = 1,N 

^ f2 g - ^ M y gZTTiQ • ( r ^ - r j e S i cos 27rq . ( r ^ - ) 

m = 1 ,N 

The last e x p o n e n t i a l in (9) is n o w e x p a n d e d o b t a i n i n g : 

27riQ • ( r ^ - I n ) (1+5 \ ' e u / = e ' - "^ ' ^ -<^m-- in) { 1 + ^ G^^ cos 27ra • ( l^ - i p ) + 

n = 1 ,N 

•'i-T I %i c o s 2 7 r q - ( r ^ - r J c o s 2 7 r q ' • d̂ -rJ+•••;: 
ai a' i ' 

= lo + l i + h + -

The above procedure is known as phonon expansion. \q is the zero phonon or elastic term 

whe re t he ope ra to r A is any l inear c o m b i n a t i o n o f h a r m o n i c osc i l la to r coo rd ina tes . Us ing 
B loch 's t h e o r e m , e q u a t i o n (4) and p e r f o r m i n g an average over an ensemble o f h a r m o n i c 
osc i l la tors in e q u i l i b r i u m at t e m p e r a t u r e T one ob ta ins 



w h i l e l i and 1^ are t he one p h o n o n and t w o p h o n o n c o n t r i b u t i o n . The dependence on r ^ ^ a n d 

can be el inninated b y t a k i n g advantage o f t he f a c t t h a t 

,27r'Q • (tr^ - i n ' = N ^ A ( Q ) 

m = 1 ,N 

whe re 

r 

(11) 

A ( Q ) = -

0 if Q ^ I 

1 i f Q = T 

(12) 

E q u a t i o n (11) is a very g o o d a p p r o x i m a t i o n f o r N very large. In (12) is any rec ip roca l 

la t t i ce vec to r . 

A f t e r us ing (11) and (12) in (10) and a f ter some m a n i p u l a t i o n s we o b t a i n t h e f o l l o w i n g 

expressions f o r the one and t w o p h o n o n in tens i t ies per a t o m : 

I , 
= f^ e " * ^ N / G„ . , (13) 

N 

I 
f2 g - : z M 

i i ' q 

. M e t h o d s used t o ca lcu la te exac t l y (13) and (14) f o r a cub i c c rys ta l w i l l be descr ibed in 

Sec t i on 4 . Due t o the s imp le express ion o f t he one p h o n o n t e r m , i f one can measure t he one 

p h o n o n in tens i t y one can der ive i m p o r t a n t i n f o r m a t i o n a b o u t the la t t i ce d y n a m i c s o f a c r y s t a l , 

especia l ly f r o m measurements p e r f o r m e d in s y m m e t r y d i r ec t i ons . 

The measured i n tens i t y is usua l ly a s u m of one p h o n o n , t w o p h o n o n and m o d i f i e d o r 

C o m p t o n in tens i t ies , h igher o rde r T D S be ing genera l ly d is regarded. The exac t ca l cu l a t i on o f 

e q u a t i o n ( 1 4 ) , us ing a m o d e l , is ra ther l abo r ious , b u t can be p e r f o r m e d using a d ig i ta l 

c o m p u t e r . Such e x a c t c a l c u l a t i o n has been one o f t he purposes o f t he present p r o g r a m . 

3. D e v e l o p m e n t o f e x p e r i m e n t a l t echn iques . 

3 . 1 . O r i e n t a t i o n o f s ingle crys ta ls . 

One o f the requ i remen ts in a measurement o f t h e r m a l d i f f use sca t te r ing is a precise 

p o s i t i o n i n g o f the c rys ta l w i t h respect t o t he i n c i d e n t and scat tered X- ray beams. T h e 

e q u i p m e n t avai lable was a R i g a k u - D e n k i w i d e angle SG-8 d i f f r a c t o m e t e r w i t h a gon ios ta t w h i c h 

pe rm i t s th ree ro ta t i ons o f t he c rys ta l sample a b o u t t he axes c j , x and 0. 



The s tandard g e o m e t r y o f t he d i f f r a c t o m e t e r is s h o w n in f i g . 1 , w h i c h i l lust rates t h e 

angles co, x, 0 and 26. T w o codes have been deve loped t o fac i l i t a te single c rys ta l w o r k . T h e 

code L E A S T pe rm i t s t he d e t e r m i n a t i o n , b y i te ra t ive least squares m e t h o d , o f the Euler angles e, 

7j, I w h i c h de f i ne t he o r i e n t a t i o n o f the crysta l w i t h respect t o t he l a b o r a t o r y sys tem. F igure 1 

shows th is l abo ra to r y sys tem O X Y Z and a system O x y z f i x e d w i t h the c r ys ta l . The Euler angles 

are de f i ned w h e n the gon ios ta t is in a f u n d a m e n t a l p o s i t i o n , t h a t is w i t h t he c i rc le no rma l t o 

the X- ray beam. T o use L E A S T one has f i r s t t o d e t e r m i n e e x p e r i m e n t a l l y a m i n i m u m of th ree 

(non cop lanar ) Bragg re f lec t ions . A f t e r t he Euler angles have been f o u n d , t he code O R I E N T 

permi ts t o ca lcu la te the set t ings f o r b r i ng ing i n t o re f lec t ing p o s i t i o n any desired la t t i ce p lane. 

T h e code L E A S T and O R I E N T are present ly l i m i t e d t o cub i c crys ta ls b u t c o u l d be easi ly 
m o d i f i e d f o r d i f f e r e n t symmet r i es . 

The i n p u t desc r i p t i on f o r the code L E A S T and O R I E N T is given in A p p e n d i x I. 

3.2 . Data taking. 

Disregard ing the T D S o f o rder h igher t h a n t w o , t he t o t a l i n tens i t y scat tered f r o m a 

crysta l ou ts ide a Bragg d i r e c t i o n is 

' total = ' l + l2 + I3 1 1 5 ) 

where I j and 12 are t he f i r s t and second order T D S respect ive ly and l^ is the C o m p t o n 

i n tens i t y . Fo r la t t i ce d y n a m i c s studies i t is i m p o r t a n t t he accurate d e t e r m i n a t i o n o f I ] . Since I2 
and IQ can be o b t a i n e d t h e o r e t i c a l l y , one can see t h a t i t is essential t o measure the absolute 
t o t a l i n t ens i t y , t h a t is t o measure li;otal e lec t ron un i t s . Rather t h a n t r y t o measure t he 

i nc i den t beam i t is be t te r t o measure t he scat te r ing f r o m an a m o r p h o u s sample o f k n o w n 

c o m p o s i t i o n , l i ke pa ra f f i n o r l uc i t e , and use th is as a s tandard . 

In measur ing the scat tered i n tens i t y one has t o accoun t f o r d ivergence and abso rp t i on 
co r rec t ions N o p rov i s i on was made y e t f o r d ivergence c o r r e c t i o n , b u t a b s o r p t i o n was t aken 
i n t o accoun t . I f one uses a c rys ta l p la te and the i nc i den t and scat tered beams are s y m m e t r i c 
w i t h respect t o the n o r m a l t o the p la te , the a b s o r p t i o n c o r r e c t i o n is i ndependen t o f t he 
scat ter ing angle. A code D A T A was w r i t t e n f o r data t a k i n g . The code c o m p u t e s t he p o s i t i o n o f 
the crysta l f o r sca t te r ing f r o m a desired p o i n t in rec ip roca l space, w i t h t he add i t i ona l c o n d i t i o n 
t h a t the sca t te r ing be s y m m e t r i c w i t h respect t o t he crys ta l face. I n p u t t o the code are t he 
Euler angles and the o r i e n t a t i o n o f the n o r m a l t o t he crys ta l p la te . T h e code is designed in such 
a way t o be used d u r i n g t h e data t a k i n g process, t he actual n u m b e r o f coun t s be ing w r i t t e n 
d i r e c t l y on t h e paper o u t p u t f r o m the c o m p u t e r . 

F o r accurate measurements o f d i f f use scat te r ing m o n o c h r o m a t i c rad ia t i on is requ i red . 

Since a m o n o c h r o m a t o r be fo re t he sample was n o t avai lable w i t h the present X - ray e q u i p m e n t , 

a p r e l i m i n a r y measurement was made using a set o f N i and Co ba lanced f i l t e rs . The crysta l used 

was a 1 0 x 1 0 x 5 m m c o p p e r s lab, w i t h the face para l le l t o t h e plane 2 2 0 . T h e scat te r ing f r o m 

luc i te at 145° was used as s tandard t o p u t t h e i n tens i t y in abso lu te u n i t s . 



I t was soon clear t h a t t he ba lanced f i l t e r m e t h o d is n o t accurate e n o u g h , however t he 

e x p e r i m e n t p r o v i d e d use fu l exper ience in deve lop ing paral le l aspects o f t he t e c h n i q u e . 

F ig. 2 shows an e x a m p l e o f e x p e r i m e n t a l data a l ready reduced , as c o m p a r e d w i t h t he sum 

o f one and t w o p h o n o n T D S and C o m p t o n sca t te r ing . I t can be seen t h a t in sp i te o f t he large 

stat is t ica l er rors t h e o rde r o f m a g n i t u d e o f t he i n tens i t y measured is c o r r e c t . 

Average c o u n t i n g t imes were a b o u t 8 m inu tes each, f o r t he C o b a l t as we l l as t he N i cke l 

f i l t e r . The X- ray genera tor was run a t 3 5 K V and 2 0 m A . 

The prec is ion o f these measurements is n o t h igh enough t o p e r m i t any conc lus ions a b o u t 

t he va l i d i t y o f t he la t t i ce d y n a m i c a l m o d e l . 

I n p u t desc r i p t i on f o r t he code D A T A , w h i c h prepares t he paper o u t p u t necessary f o r da ta 

t a k i n g , is given in A p p e n d i x I. 

3 . 3 Data analysis 

The p rocedure f o r data analysis is s imi lar t o t h a t descr ibed in ref. ( 6 ) . B r i e f l y , t he 

c o u n t i n g rate f r o m the sample is given b y : 

1 + c ° ^ ' 2 0s 'toiB, (^^) 
(CR lg = K ( 1 6 ) 

w h i l e t he c o u n t i n g rate f r o m the luc i te sample (C5I-I8O2) is given by 

1 + c o s ' 2 9 ^ 5 [ f ' -H i ( M ) ] ^ + 8 + 2[f'^ + \ ( M ) ] ^ 

( C R ) L = K — • ( 1 7 ) 

2 5 ( A M ^ ) ^ - H 8 ( A ; ; ^ ) ^ + 2 ( A M ^ ) ^ 

In ( 1 6 ) and ( 1 7 ) t he su f f i xes S , L , C , H , 0 refer t o sample , l uc i t e , c a r b o n , h y d r o g e n , and 

o x y g e n respect ive ly . K is a p r o p o r t i o n a l i t y cons tan t , 26 is t he sca t te r ing angle, f is t h e a t o m i c 

scat te r ing f a c t o r , i(IVI) is t he m o d i f i e d ( C o m p t o n ) sca t te r ing per a t o m , A is t he a t o m i c w e i g h t 

and is the mass a b s o r p t i o n c o e f f i c i e n t . 

( C R ) g and (CR)|_ are c o u n t rates co r rec ted f o r b a c k g r o u n d . A code A N A L Y S I S w h i c h 

c o m p u t e s t he i n tens i t y in e l ec t ron un i t s o n the basis o f ( 1 6 ) and ( 1 7 ) has been w r i t t e n . T h e 

code c o m p u t e s t he e r ro r on the abso lu te i n tens i t y f r o m all the s ta t is t ica l er rors invo lved and 

uses l inear i n t e r p o l a t i o n f r o m t a b u l a t e d values fo r t he a t o m i c sca t te r ing fac to rs and t h e 

C o m p t o n sca t te r ing . 

3 . 4 . M o n o c h r o m a t i z a t i o n o f X - rays . 

A f t e r t he in i t i a l t r i a l w i t h t he pa i r o f ba lanced f i l t e rs a m o n o c h r o m a t i n g sys tem was b u i l t 

and adapted t o t he R igaku w i d e angle d i f f r a c t o m e t e r . The s u p p o r t f o r t he c rys ta l 

m o n o c h r o m a t o r a l l ows f o r r o t a t i o n , t r ans la t i on and t i l t i n g m o t i o n o f t h e c r ys ta l . These 

movemen ts were ob ta i ned using parts o f s tandard R igaku g o n i o m e t r i c heads. 
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A p i c to r i a l d r a w i n g o f t he m o n o c h r o m a t o r s u p p o r t is s h o w n in f i g , 3 . The s u p p o r t was 

designed t o be used w i t h t he re f l ec t i on 2 0 0 o f L i F and Cu K^j r a d i a t i o n . When us ing the 

m o n o c h r o m a t o r t h e X- ray t u b e has t o be d isp laced f r o m its o r ig ina l p o s i t i o n . A n a l u m i n u m 

s u p p o r t , w h i c h a l lows f o r some a d j u s t m e n t o f t he t u b e f o r i n tens i t y o p t i m i z a t i o n , was b u i l t . 

A suggested p rocedu re f o r a l ign ing the m o n o c h r o m a t o r is the f o l l o w i n g : 

a) Check o p t i c a l l y t h a t t he axis o f the o u t p u t c o l l i m a t o r f r o m the m o n o c h r o m a t o r 

intersects the co axis in t he center o f t he gon ios ta t . 

b) W i t h de tec to r at ze ro degrees (no sl i ts) o r i e n t t he L i F m o n o c h r o m a t o r f o r m a x i m u m 

d i f f r a c t e d i n t e n s i t y , 

c) Use the f i ne r o t a t i o n o f al l the d i f f r a c t o m e t e r a r o u n d the cj axis f o r f u r t h e r 

o p t i m i z a t i o n . 

d) Measure t he angular p o s i t i o n o f the i n c i d e n t beam and co r rec t t he values o f 2d f o r t he 

inev i tab le angular d i sp lacemen t o f the beam f r o m the zero o f the d i f f r a c t o m e t e r . 

3 .5 . M o n i t o r i z a t i o n o f t h e i n c i d e n t beam. 

A l t h o u g h the o u t p u t f r o m the X- ray generator is r emarkab l y s tab le, the a d d i t i o n o f a 

m o n o c h r o m a t o r makes the s tab i l i t y o f t he m o n o c h r o m a t i c beam ra ther c r i t i ca l . V e r y smal l 

m isa l ignments l i ke those p r o d u c e d by an a m b i e n t t e m p e r a t u r e va r i a t i on a f fec t sensib ly t h e 

i nc iden t i n t e n s i t y . 

F o r th i s reason a n d because o f t he l ong c o u n t i n g per iods imposed b y t h e l o w c o u n t i n g 

rates in d i f f use sca t te r ing e x p e r i m e n t s , i t was t h o u g h t necessary t o i n t r o d u c e a m o n i t o r i n g 

sys tem, 

F ig . 4 shows a v i ew o f t he m o n i t o r i n g sys tem and associated e lec t ron ics . T h e 

m o n i t o r i z a t i o n was i m p l e m e n t e d b y a Na l ( T h a l l i u m ac t iva ted) sc in t i l l a to r , pos i t i oned in such a 

w a y t o measure t he pa r t o f t h e i n c i d e n t beam scat tered b y a t h i n m y l a r f o i l . 

The m o n i t o r i n g channe l was real ized w i t h m o d u l a r e lec t ron ics i n d e p e n d e n t l y o f the m a i n 

R igaku e lec t ron ics pane l . However , t he l o w vo l tage supp l y f o r t he m o n i t o r p reamp l i f i e r was 

ob ta ined f r o m the R igaku u n i t ( t w o o u t p u t s are avai lable f r o m the back o f t he pulse f o r m i n g 

u n i t l oca ted close t o t he SCA u n i t ) , and the t i m i n g c i r c u i t in the R igaku e lec t ron ics was used t o 

c o n t r o l t he gate i n p u t o f t he m o n i t o r scaler. The pulse f r o m the p reamp l i f i e r requires pulse 

shaping and t he re fo re a d i f f e r e n t i a t i n g a m p l i f i e r ( O R T E C 4 1 0 ) was used. 

The s t a b i l i t y o f t h e m o n i t o r was checked b y v a r y i n g t he t u b e o u t p u t a n d c o m p a r i n g t h e 

measured coun ts in a f i x e d p e r i o d o f t i m e t o the co r respond ing q u a n t i t y f r o m the m a i n 

de tec to r cen te red o n a Bragg re f l ec t i on f r o m a single c r ys ta l . The t w o coun te rs appeared t o be 

t r a c k i n g each o the r we l l w i t h i n t h e s tat is t ica l e r ro rs . 

3 6. E x p e r i m e n t a l resul ts. 



A f t e r i n t r o d u c i n g t h e m o n o c h r o m a t o r and the m o n i t o r i z a t i o n sys tem, t he e x p e r i m e n t 

w i t h t he copper c rys ta l was repeated. T h e d i f f use sca t te r ing a long the l ine j o i n i n g t he rec iproca l 

la t t i ce po i n t s (3 , 1 , 0) and ( 1 , 3 , 0) was measured. A t 35 K V and 20 m A , using a f l a t L i F 

m o n o c h r o m a t o r and a b o u t one degree d ivergence be fo re and a f te r sca t te r ing , t he average c o u n t 

rate was o n l y a b o u t t w i c e t he b a c k g r o u n d . T h e measuremen t o f t he b a c k g r o u n d is t he re fo re 

e x t r e m e l y i m p o r t a n t . The b a c k g r o u n d can be measured in t w o ways . One w a y is t o leave the 

sample in place and cover t he c o l l i m a t o r in f r o n t o f t he de tec to r w i t h lead. Th i s prevents 

p h o t o n s scat tered f r o m the sample t o en te r the d e t e c t o r , b u t i t is a b i t o p t i m i s t i c e v a l u a t i o n , 

since i t does n o t take i n t o a c c o u n t sca t te r ing f r o m air. A n o t h e r w a y t o measure t he b a c k g r o u n d 

is t o leave the de tec to r open b u t remove t h e sample . Th is m e t h o d was used in all t he 

b a c k g r o u n d co r rec t i ons . I t has t h e advantage o f a c c o u n t i n g f o r air sca t te r ing , a l t h o u g h i t does 

n o t accoun t f o r possible b a c k g r o u n d i nduced b y t he sample . 

F ig . 5 shows the measured d i f f use i n tens i t y in e l ec t ron u n i t s / a t o m . The po in t s co r respond 

t o measurements o f signal and b a c k g r o u n d o f a b o u t ha l f an h o u r each. 

The use o f t he m o n o c h r o m a t o r t e c h n i q u e is c lear ly an i m p r o v e m e n t over t he p rev ious 

measurement w i t h ba lanced f i l t e rs . Howeve r there are s t i l l sys temat ic d i f fe rences w i t h t h e 

ca lcu la ted values. These d i f fe rences are p resumab ly due t o the f o l l o w i n g causes: 

a) F luorescence f r o m coppe r . 

b) Inaccura te a c c o u n t i n g o f t he scat te r ing f r o m air. Th is e f f ec t c o u l d be e l i m i n a t e d 

by evacuat ing t he area a r o u n d the sample . 

c) L o w r a t i o signal t o b a c k g r o u n d . Use o f a p r o p o r t i o n a l c o u n t e r , w h i c h has an 

energy reso lu t i on be t te r t h a n sc i n t i l l a t o r , c o u l d i m p r o v e the signal t o b a c k g r o u n d 

ra t io . 

A g r e e m e n t w i t h t he cent ra l pa r t o f t he d i f f use peak is d i f f i c u l t t o o b t a i n , because o f t he 

s t r ong va r ia t i on o f t h e curve and because o f t he dependence o n the angular r e s o l u t i o n . 

4 . Caiculational methods. 

A large par t o f t h e p rog ram was devo ted t o t h e deve lopmen ts o f ca icu la t iona l m e t h o d s t o 

c o m p u t e t he t h e r m a l d i f f use sca t te r ing . As a resul t o f th i s e f f o r t a j o u r n a l a r t i c le was 

p r e p a r e d ' ^ ' . 

A f t e r the dec is ion was made t o use c o p p e r as s tandard f o r measurements o f t h e r m a l 

d i f f use scat te r ing , i t became i m p o r t a n t t o have an accura te ca l cu la t i on o f t he f i r s t and second 

o rde r T D S , as we l l as o f t he C o m p t o n sca t te r ing . The C o m p t o n scat te r ing can be t a k e n d i r e c t l y 

f r o m ex is t i ng t a b u l a t i o n s ' ^ ' . In o rder t o ca lcu la te t h e f i r s t and second o rder T D S one has t o use 

a theo re t i ca l m o d e l . A m o d e l w i t h i n te rac t i ons up t o t he f o u r t h ne ighbours was used w i t h t h e 

values o f t he fo rce cons tan ts as der i ved b y S i n h a ' 4 ) . 

The ca l cu la t i on o f t he f i r s t o rde r T D S is q u i t e s imp le once one has t h e d y n a m i c a l m a t r i x . 

However , t he ca l cu la t i on o f t h e second o rde r T D S is m u c h m o r e d i f f i c u l t s ince i t requi res a sum 

over t he B r i l l o u i n zone . I t has been c u s t o m a r y t o use a p p r o x i m a t e me thods t o ca lcu la te t he 
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second o rde r t e r m . The a p p r o x i m a t i o n s invo lve t h e assumpt ion t h a t t h e t e m p e r a t u r e be h igh in 

compa r i son w i t h t he crys ta l f requenc ies and the use o f a Debye mode l (no d ispers ion) . 

I t was cons idered in te res t ing t o p e r f o r m an exac t ca l cu la t i on o f the second o rder t e r m , 

t ha t is t o use e q . (14) w i t h a real ist ic m o d e l . 

In d o i n g so one is faced w i t h t he f o l l o w i n g d i f f i c u l t i e s : 

a) The f requenc ies and t h e p o l a r i z a t i o n vectors f o r a n u m b e r o f po i n t s in t h e i r reduc ib le p a r t 

o f t he B r i l l o u i n zone m u s t be s to red in t h e c o m p u t e r m e m o r y . F o r an accurate ca l cu la t i on 

i t w o u l d be desirable t o use a very large n u m b e r o f p o i n t s , as c o m p a t i b l e w i t h t he size o f 

t he c o m p u t e r m e m o r y . I t was f o u n d t h a t a mesh o f 7 9 5 po in t s in t he i r reduc ib le pa r t o f the 

B r i l l o u i n zone was sa t i s fac to ry f o r t he present ca l cu l a t i on . 

b) The sum in (14) mus t be car r ied o u t over the en t i re zone , a l t hough the s tandard mesh o f 

795 po in t s covers o n l y 1/48 o f t he zone. Th is requires the use o f s y m m e t r y t r a n s f o r m a t i o n s 

t o pass f r o m one t o t he o the r o f t he 4 8 parts c o m p o s i n g the B r i l l o u i n zone . 

A c o m p u t e r p r o g r a m f o r t h e exac t ca l cu la t i on o f the t w o p h o n o n sca t te r ing i n t ens i t y was 

deve loped. D u r i n g the d e v e l o p m e n t o f th is code i t was f o u n d c o n v e n i e n t t o use magnet i c tapes 

as storage m e d i u m b o t h f o r data and f o r programs (subrou t ines ) . 

The advantage o f s to r i ng data ( in th is case the f requenc ies and p o l a r i z a t i o n vec tors f o r all 

the po in t s in t he mesh) is obv ious . Less obv ious is t he advantage o f s to r ing subrou t ines o n a 

tape. When the p r o g r a m m e r is us ing cer ta in sub rou t ines very o f t e n i t is conven ien t t o have all 

these subrou t ines s to red on a tape at the c o m p u t e r center . The rou t ines can be a l ready 

c o m p i l e d . 

W i t h some ins t ruc t i ons t o en te r the c o n t e n t o f t he tape in t h e m e m o r y , the p r o g r a m m e r 

can have a t his d isposal a personal l i b ra ry o f rou t ines . A n u m b e r o f rou t ines have been w r i t t e n 

on a tape (tape L I B ) . The i ns t ruc t i ons f o r w r i t i n g rou t ines on a tape and f o r using t he tape w i t h 

the I B M 3 6 0 c o m p u t e r o f t h e I ns t i t u t e o f Physics a t the Un ive rs i t y o f São Paulo are c o n t a i n e d 

m A p p e n d i x 11. A b r i e f desc r i p t i on w i t h the ca l l ing s ta tements o f t he subrou t ines p resent ly o n 

tape L I B is given m A p p e n d i x I I I . 

F ig . 6 shows the f r equency spec t rum o f coppe r ca lcu la ted w i t h 9 5 0 0 po in t s in the 

i r reduc ib le pa r t o f t h e B r i l l o u i n zone , af ter some s m o o t h i n g . F ig . 7 shows t h e B r i l l o u i n zone 

w i t h t he p a r t i n t h e f i r s t q u a d r a n t d i v i ded in six equ iva len t segments. F ig 8 shows 

d iag rammat i ca l l y the steps necessary t o ca lcu la te exac t l y t he t w o p h o n o n t e r m . As ev idenced 

by e q u a t i o n ( 14 ) , a f te r hav ing selected a wave vector q one has t o ca lcu la te G Q + g _ j ^ j . Th is 

requires t h e know ledge o f t he f requenc ies and po la r i za t i on vec tors a t the mesh p o i n t closest t o 

Q + q - r 

The t r a n s f o r m a t i o n f r o m one t o ano the r i r reduc ib le pa r t o f t he B r i l l o u i n zone is 

p e r f o r m e d b y one o f 4 8 s i m i l a r i t y t r a n s f o r m a t i o n s . The 3 x 3 o r t h o g o n a l mat r ices represent ing 

these t r a n s f o r m a t i o n s are o b t a i n e d as p r o d u c t o f t w o mat r ices be long ing t o subgroups o f six 

and e igh t mat r ices respect ive ly . One s u b g r o u p t r ans fo rms w i t h i n one o c t a n t , wh i t e t h e o t h e r 
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a) D e v e l o p m e n t o f c o m p u t e r t echn iques f o r o r i e n t a t i o n o f single crys ta ls . 

b) M o n o c h r o m a t i z a t i o n o f X- rays . 

c) M o n i t o r i z a t i o n o f X- rays . 

d ) D e v e l o p m e n t o f c o m p u t e r p rog rams and storage o f p rog rams o n magne t i c tapes. 

I t is h o p e d t h a t t he capab. ' l i t ies deve loped w i l l n o t be en t i r e l y lost and t h a t at least t o 

some e x t e n t t he inves t iga t ion o f d i f f use scat te r ing w i l l be c o n t i n u e d . Besides the i nhe ren t 

in terest in t h e d y n a m i c a l p rope r t i es responsib le f o r the t h e r m a l d i f f use sca t te r ing , the re are 

some good reasons w h y t h i s t y p e o f inves t iga t ion s h o u l d be c o n t i n u e d . T h e m a i n research 

in terest o f t he C rys ta l l og raphy G r o u p o f the D iv i s ion o f Nuc lear Physics a t t he I n s t i t u t o de 

Energia A t ó m i c a seems t o be the re la t i onsh ip be tween X - ray scat te r ing and defects p r o d u c e d 

by i r r a d i a t i o n . 

In t he o p i n i o n o f t he w r i t e r o f th is r e p o r t , the mos t p o w e r f u l t o o l f o r defects 

inves t iga t ion ( in t he f i e l d o f X ray scat ter ing) is prec ise ly the d i f f use pa r t o f t he sca t te r ing . This 

is because any dev ia t ions , e i t he r o f t h e r m a l o r i g i n o r r ad i a t i on i n d u c e d , o f t he a toms f r o m the i r 

ideal la t t i ce pos i t i ons w i l l c o n t r i b u t e t o the sca t te r ing ou ts ide t he Bragg peaks, and th i s 

sca t te r ing w i l l be due en t i r e l y t o such dev ia t ions (apar t o f course f r o m the m o d i f i e d sca t te r ing) . 

In o the r w o r d s t he a m o u n t o f i n f o r m a t i o n c o n t a i n e d in the reg ion ou ts ide the Bragg peaks is, 

f r o m the p o i n t o f v i e w o f the dev ia t ions f r o m the ideal s t r u c t u r e , m u c h h igher t h a n the 

i n f o r m a t i o n c o n t a i n e d in t he Bragg peaks. 

Fo r these reasons, and in v iew o f t he interests o f t he C rys ta l l og raphy G r o u p , i t w o u l d be 

advisable t h a t t he inves t iga t ion o f d i f f use sca t te r ing be c o n t i n u e d . I t shou ld be n o t i c e d t h a t t he 

d i f f use scat te r ing f r o m an i r rad ia ted or o the rw ise damaged crys ta l is c o m p o s e d o f t w o par ts . 

T h e pa r t due t o t h e r m a l m o t i o n c o u l d be , in conven ien t cases, ca lcu la ted b y m e t h o d s s im i la r t o 

the ones deve loped in the past year and m e n t i o n e d m th i s r epo r t . 

subg roup t r ans fo rms f r o m one o c t a n t t o ano the r . The s u b r o u t i n e SEGiVINT iden t i f i es , f o r a 

given q vector in t he B r i l l o u i n zone , w h i c h mat r ices in the t w o subgroups are needed t o 

t r a n s f o r m q i n t o t he f i r s t s tandard i r reduc ib le e lemen t . 

The results o f the exac t ca l cu la t i on o f the second o rder T D S have been c o m p a r e d t o t h e 

r e s u l t s o f para l le l ca l cu la t i ons w h i c h c o m p u t e the T D S w i t h d i f f e r e n t c o n t i n u o u s 

a p p r o x i m a t i o n s , name l y t he a p p r o x i m a t i o n o f O l m e r ' ^ ' , ca lcu la ted w i t h a m e t h o d deve loped 

by B o r i e ' ^ ^ ' , and the a p p r o x i m a t i o n o f W a l k e r ' ^ ' The results o f these ca lcu la t i ons have been 

d o c u m e n t e d in tef (7 ) , 

5. Conc lus ions and r e c o m m e n d a t i o n s . 

The present r e p o r t shou id give an idea of w h a t has been d o n e in o rder t o deve lop the 

ha rdware a n d s o f t w a r e necessaries t o p e r f o r m d i f f use sca t te r ing measurements . T h e success o f a 

p r o g r a m o f s t u d y o f t h e d i f f use sca t te r ing o f X- rays depends o n t h e s tep b y s tep d e v e l o p m e n t 

o f a n u m b e r o f capab i i i t i es , b o t h in the e x p e r i m e n t a l and In t he ca icu la t i ona l f ie lds . W h i l e one 

year may be a s h o r t pe r i od t o deve lop all t he necessary capab i l i t i es , a d o c u m e n t e d progress has 

been made in t he f o l l o w i n g areas: 
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Appendix I 

Input description of some computer codes developed under the program 

of thermal diffuse scattering. 

1. Program L E A S T 

Card I t em F o r m a t Symbol Description 

1 1 2 0 A 4 C O M Comment 

2 1 E l 0.5 A La t t i ce parameter ( A ) 

2 E l 0.5 WL X- ray wave leng th ( A ) 

3 1 no N R N u m b e r o f i n p u t re f l ec t i ons 

( > 3) 

3+J 1 E10 .5 A H Mi l le r ' s indices h,k, l o f 

2 E l 0,5 A K the observed r e f l e c t i o n 

3 E l 0 .5 A L (pos i t ive) 

4 E l 0.5 O M The observed angle co 

5 E l 0.5 C H I The observed angle x 

6 E l 0.5 T R T 2 T h e observed angle 26 

J = 1 ,NR. Several p rob lems may be r u n s imu l t aneous l y by s tack ing 

sequent ia l l y groups o f da ta . 

2 . Program O R I E N T 

Card I tem Format Symbol Description 

1 1 2 0 A 4 C O M C o m m e n t 

2 1 E l 0.5 EPS T h e angle e 

2 E l 0.5 E T A T h e angle 17 

3 E l 0.5 CSI T h e angle | 

4 E l 0 .5 A O La t t i ce pa ramete r 

3 1 E 1 0 . 5 WL X- ray wavelength 

4 1 E l 0 .4 A H Mi l l e r ' s indices f o r 

2 E l 0 .4 A K desi red re f l ec t i on 

3 E l 0 .4 A L 

Card n u m b e r 4 can be repeated any desi red n u m b e r o f t imes . 
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Card I t em Format Symbol Description 

1 1 2 0 A 4 C O M C o m m e n t 

2 1 no N T I M E S N u m b e r o f copies o f o u t p u t 

3 1 E l 0.5 A La t t i ce parameter 

2 E 1 0 . 5 W L X - r a y wave leng th 

3 E10 .5 EPS The angle e 

4 E l 0.5 E T A T h e angle 7} 

5 E l 0 .5 CSI The angle ^ 

4 1 E l 0 .5 QIMX D i r e c t i o n cosines o f 

2 E l 0 .5 Q N Y t h e n o r m a l t o t he 

3 E l 0.5 Q N Z crys ta l face. 

4 E10 .5 C M U A b s o r p t i o n coef f . (barns) 

5 1 no NP N u m b e r o f Q po in t s . 

-J 1 E l 0.5 Q X ( J ) 

2 ir,10.5 Q Y ( J ) C o m p o n e n t s o f Q ( in 

3 E l 0.5 Q Z ( J ) un i t s o f 1/a) 

3 . Program D A T A 
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Example: 

/ / P A U S E C O L O C A R F I T A M E S H ( B O R G O N O V I , l E A ) N A U N I D A D E 181 P R O T E G E R 

/ / S Y S 0 0 3 A C C E S S M E S H T A P E , 181 = 

2 . Use of program tapes 

I t has been conven ien t t o use a tape w h i c h con ta ins a n u m b e r o f sub rou t i nes a l ready 

c o m p i l e d . The sub rou t i nes are en te red in t he m e m o r y and f o r m a k i n d o f personal l i b r a r y . T o 

prepare t he tape one f i r s t ob ta ins re locatab le modu les o n cards f r o m a c o m p i l a t i o n w i t h t he 

c o n t r o l ca rd E X E C F O R T R A N ( D E C K ) . Cards M O D U L E are t h e n inserted in f ront of each 

b i n a r y deck . The g r o u p o f sub rou t i nes can t h e n be w r i t t e n on the tape t h r o u g h e x e c u t i o n o f a 

j o b s im i la r t o t he e x a m p l e given b e l o w : 

/ / I d e n t i f i c a t i o n 

/ / P A U S E C O L O C A R F I T A L I B ( B O R G O N O V I , l E A ) N A U N I D A D E 181 N A O 

P R O T E G E R 
/ / S Y S 0 0 3 A C C E S S L I B T A P E , 181 = 

C O P Y I G J C L , E N D I N = ' * * ' 
/ / E X E C L N K E D T 

M O D U L E S U B I 

This 
par t S u b r o u t i n e 1 ( b i na ry deck) 

w i l l M O D U L E S U B I . 

be S u b r o u t i n e 2 ( b i na ry deck ) 

w r i t t e n 

on t h e / * 
tape. / / R E S E T S Y S R D R 

•if- * 

r 
/& 

Appendix I I 

Use of magnetic tapes w i th the I B M 3 6 0 computer of the 

Institute of Physics at the University of Sao Paulo 

1. Use of data tapes 

Transfer o f data be tween the m e m o r y and a magnet i c tape u n i t is p e r f o r m e d w i t h 

F O R T R A N ins t ruc t i ons . T w o c o n t r o l cards are needed, t o be inser ted p re fe rab l y be fo re t h e 

c o n t r o l card beg inn ing e x e c u t i o n . One c o n t r o l ca rd is t o i ns t ruc t t h e o p e r a t o r t o m o u n t t he 

tape in a phys ica l u n i t , t h e second c o n t r o l card is t o assign a F O R T R A N logical u n i t t o the 

phys ica l u n i t . 
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Eventua l data 

it w i l l be no t i ced t h a t some c o n t r o l cards, name ly t he ca l l ing s ta temen t f o r t he l inkage 

e d i t o r and t h e s ta temen t t o reset S V S R D R are w r i t t e n on the tape. The user may w a n t t o 

o b t a i n a l i s t ing o f t h e c o n t e n t o f t he tape p r o d u c e d w i t h the e x e c u t i o n o f t h e p rev ious j o b . This 
can oe accomp l i shed b y e x e c u t i o n o f a j o b s im i la r t o t he f o l l o w i n g e x a m p l e : 

/ / I d e n t i f i c a t i o n 

/ / P A U S E C O L O C A R F I T A L I B ( B O R G O N O V I , l E A ) N A U N I D A D E 181 P R O T E G E R 

/ / S Y S 0 0 2 A C C E S S L I B T A P E , 181 = 

/ / E X e C U T I L S 

P R I N T L I N E S = 6 1 , P A D * ( 2 0 , 2 0 , ' ' ) , N U M , S I Z I N = 8 0 , S I Z O U T = 8 0 

/* 
/& 

T o use the tape w i t h t he subrou t ines one can execu te a j o b s imi lar t o t he f o l l o w i n g 

e x a m p l e : 

/•/ I d e n t i f i c a t i o n 

/ / E X E C F O R T R A N 

Ma in p rog ram ( F O R T R A N deck) 

r 
II P A U S E C O L O C A R F I T A L I B ( B O R G O N O V I , l E A ) N A U N I D A D E 181 P R O T E G E R 

/ / S Y S I P T A C C E S S L I B T A P E , 181 = 

/ / S V S R D R A C C E S S R D R T A P E , 181 = 

/ * 

/* 
/ / R E S E T S Y S I P T 

/* 
/ / E X E C 
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A p p e n d i x I I I . 

L i s t o f sub rou t i nes o n tape L I B 

1 . D Y M F C 

Calculates the d y n a m i c a l m a t r i x o f Cu acco rd ing t o t h e m o d e l o f S inha . 

C A L L D Y M F C ( Q X , Q Y , Q Z , D ) 

Q X , Q Y , Q Z are t he c o m p o n e n t s o f Q in 1/a u n i t s , D is t he d y n a m i c a l m a t r i x ( d imens ioned 

3 x 3 ) . The un i t s o f t he e lements o f D are 10^"* s e c ' ^ . 

2 . S O L V 

Solves the d y n a m i c a l m a t r i x o f o rder 3 , g iv ing eigenvalues and e igenvectors . 

C A L L S 0 V ( 3 , D , F , E ) 

D is t he d y n a m i c a l m a t r i x , F(J) are the eigenvalues and E (J ,K ) is t he J- th c o m p o n e n t o f 

t h e K- th e igenvector . 

3 . S E C E Q 3 

Compu tes the coe f f i c i en ts o f the secular e q u a t i o n co r respond ing t o a m a t r i x o f o rde r 3 . 

C A L L S E C E Q 3 ( D , A O , A 1 , A 2 , A 3 ) 

D is t h e m a t r i x and A O t h r o u g h A 3 are t he coe f f i c i en ts o f the e q u a t i o n f r o m o r d e r 3 t o 

zero . 

4 . C U B E Q 

Solves the algebraic e q u a t i o n o f t h i r d o rde r . 

C A L L C U B E Q ( A O , A 1 , A 2 , A 3 , X 1 , X 2 , X 3 ) 

A O t h r o u g h A 3 are the coe f f i c i en ts o f the e q u a t i o n , X 1 , X 2 , X 3 are t he roo ts o f t he 

e q u a t i o n . 

5. C E N T E R 

Calculates t he closest rec ip roca l la t t i ce p o i n t t o a vec to r Q. 

C A L L C E N T E R ( Q X , Q Y , Q Z , C X , C Y , C Z ) 

Q X , Q Y , Q Z are t he c o m p o n e n t s o f 0 . 

C X , C Y , C Z are t he c o m p o n e n t s o f t he closest rec ip roca l la t t i ce p o i n t . 

6 S E G M N T 

Calculates in w h i c h o f 4 8 parts o f t he B r i l l o u i n zone a vec to r q p is c o n t a i n e d . 

C A L L S E G M N T ( Q P X , Q P Y , Q P Z , Q X , Q Y , Q Z , I N D 8 , I N D 6 ) 

QPX,QPY,aPZ are t he c o m p o n e n t s o f c^p. 

Q X , Q Y , Q Z are t h e c o m p o n e n t s o f a vec to r q , equ i va len t t o q p , i n t he f i r s t i r r educ ib l e 

segment . 

I N D 8 , I N D 6 are indices o f t w o mat r ices whose p r o d u c t t r a n s f o r m s q p i n t o q . 

7. M A T 

Per fo rms the p r o d u c t o f t he m a t r i x A and a vec to r B. 

C A L L M A T ( A , B , C ) 

C is the vec to r resu l t i ng f r o m a p p l i c a t i o n o f A t o B. Orde r o f A is 3 x 3 . 

8. C O O R D 
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R E S U M O 

fcste relaiótio descreve as ativjaades desenvolvidas no período de fev. 1971 a Jan. 1972 no campo do 

espalhamemo difuso de 'aios X, 

As atividades desenvolvidas foram de natureza experimental e computacional. O trabalho fo i 

concentrado na modificação dos aparelhos existentes para a medida do espalhamento difuso num cristal de 

cobre Po» isto, foram construídos um sistema de monocromatização e um sistema de monitoração de raios 

X (Mo campo computacional numerosos códigos foram preparados e testados, o principal deles sendo um 

P'-ograma pa-a o calcuio exato do espalhamento difuso de segunda ordem. 

R É S U M É 

Dans ce Pavaii on expose les activ tés sur la diffusion thermique de rayons X développées dans la 

pe ioae de *ev, 1971 à j a n . 1972, 

L e? activiiés soni de nature expérimentale et computationnele. Le travail experimental a été concentré 

dans la .T iodi f icat .on oes appa'eils existents p o u r la mesure de la diffusion thermique d'un crystal de cuivre. 

Ces systèmes ae moni to 'anon ex monochromatization de rayons X ont été construits et installés. Dans le 

champs comoutanonnel plus'eurs programmes ont été préparés et testés. Le programme principal sert à 

calcu'ei exactement la diffusion de second ordre. 

Peffoirms a l ineaf t r a n s f o r m a t i o n o f coo rd ina tes as a f u n c t i o n o f t he Euler angles. 

C A L L C O O R D ( E P S , E T A , C S I , A H , A K , A L , X ; Y , Z ) 

E P S . E T A . C S I are the Eu ler angles. The c o m p o n e n t s A H , A K , A L are t r a n s f o r m e d i n t o 

X , Y , Z X , Y , Z are n o r m a l i z e d t o modu lus one . 

9 C O I M V 

This fs t he mverse t r a n s f o r m a t i o n o f C O O R D . 

C A L L C O ( N V ( E P S , E T A , C S I , X , Y , Z , X N , Y N , Z N ) 

X , Y , Z are t r a n s f o r m e d i n t o X N , Y N , Z N . 

1 0 S Y M 

Compu tes 4 8 equ iva len t vec tors in t he cub i c s y m m e t r y . 

C A L L S Y ! \ / 1 ( A H , A K , A L , B H , B K , B L ) 

The vec to r ( A H . A K . A L ) gives rise t o t he vectors ( B H ( J ) , B K ( J ) , w i t h J f r o m 1 t o 4 3 . 

1 1 . S Y S T 

Solves a sys tem o f l inear equa t ions 

C A L L S Y S T ( N E Q , N E Q 1 , S , V , X ) 

N E Q = N u m b e r o f equa t i ons 

N E Q 1 = N E a + 1 

S , V , X are the quan t i t t es in t he m a t r i x e q u a t i o n S X = V . 




