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It i s  shown t h a t  Darwinv s formula . f o r  t h e  s e c o n d a r y .  ex-, 

t i n c t i o n  c o r r e c t i o n ,  wh ich  has  been u n i v e r s a l l y  accep ted  and 

e x t e n s i v e l y  used,  c o n t a i n s  an  a p p r e c i a b l e  e r ror : in  t h e  x-ray 

I , . , ,  
, d. i f  f r a c t i o n  ca se .  The c o r r e c t  .formula . i s  d e r i v e d .  

A s  a f i r s t  o r d e r  c o r r e c t i o n  f o r  secondary e x t i n c t i o n  

Darwin showed t h a t  one s h o u l d  u s e  a n  e f f e c t i v e  a b s o r p t i o n  
. . 

c o e f f i c i e n t  u + gQ where a n  .unpolar ized incident ;  beam i s  

1 . presumed. The .new . d e r i v a t i o n  shows t h a t  t h e  e . f fec t - ive  ab -  
4 s o r p t i o n  c o e f f i c i e n t  i s  u + 2 g ~ ( l + c o s  2 ~ ) / ( 1 + c o s ? 2 8 ) ~ ,  .whiqh, 

. . 

g i v e s  u + gQ a t  8 = 0' a n d 6  go',, b u t  v . +  2gQ qt 6  = 45'. 

.Darwin's  t heo ry  remains v a l i d  when a p p l i e d  t o  neu t ron  



. . 

TNTRODUCTI ON 

' The effect 'oL secondary e x t i n c t i o n  on t h e  i n t e g r a t e d  
. . \ 

i n t e n s i t y '  of x-ray d i k f r a c t i o n  i n  mosaic c r y s t a l s  was f i r s t  
'\. 1 

, . . s tudied '  i n  d e t a i l  by C ."G.: :Da,rwin (1922),  and t h e  formulas 

' , '  der ived  by him have been used . . ex tens ive ly  throughout t h e  . las t  . .  

. . 
.. ' f o r t y  years..  

. . 
, .Recent ly  th i s '  . w r i t e r  ',found t h a t  t h e  Darwin equat ions  d i d  . 

n.ot . g i v e  agreement with p r e c i s e  i n t e n s i t y  measurements. A s  

. '  a congequence a reexamination of t h e  theory was undertaken. ! 

-It  was found t h a t  t h e  p o l a r i z a t i o n  of t h e  x-ray beams was i n -  

c o r r e c t l y  t r e a t e d .  i n  Darwin's paper and i n  a l l  subsequent 

. t h e o r e t i c a l  work on secondary e x t i n c t i o n .  The c o r r e c t  formulas : 

. .have been der ived  and have been found t o  g ive  agreement with . . 

I 

experiment. , ,Since t h e  new . t h e o r e t i c a l  t rea tment  o f '  secondary 

. e x t i n c t i o n  r e q u i r e s  s i g n i f i c a n t  modif ica t ion  of equat ions  i n  

genera l  use,  t h e  , r e s u l t s  of  t h e  reexamination w i l l  be given 

i n  .some d e t a i l  . i n  . the  p resen t  a r t i c l e .  



-1. The . I d e a l  Mosaic C r y s t a l  

I '  
It i s  convenient  f ,irst t o  review w e l l  known r e s u l t s  f o r  

x - ray  d i f f r a c t i o n  . i n  t h e  i d e a l  mosaic c r y s t a l .  Throughout t h e  

. a r ' t i c l e . i t  w i l l  be  assumed t h a t  a l l  o b s e r v a t i o n s  a r e  made , i n  

t h e  equa.tor ,  p l ane ,  i.. e  . t h e  .p lane  - c o n t a i n i n g  d i r e c t . i o n s  o f  

i n c i d e n c e  .and d i f f r a c t i o n .  

I f  t h e  . i n c i d e n t  beam i s  l i n e a r l y  p o l a r i z e d ,  one must s p e c i f y  

t h e  p o l a r i z a t . i o n  a n g l e  'cp which t h e  . e l e c t . r i c  v e c t o r  .makes w i t h  t h e  

normal 'lo t h e  e q u a t o r  plane. .  .For  g e n e r a l  p o l a r i z a t i o n  one needs  

t o  know t h e  i n t e n s i t y  d i s t r i b u t i o n  (cp)dcp, ' t h e  i n t e g r a l  ove r  

which g. ives t h e  t o t a l  i n c i d e n t  i n t e n s i t y .  .1t' i s  pe-&iss ible  

. t o  . r e s o l v e  - t h e  e l e c t r i c  v e c t o r  i n t o  normal (cp=0) and p a r a l l e l  I 
(cp=n/2) components and t o  s e t  f o r  t h e  t o t a l  i n c i d e n t  i n t e n s i t y  

.When t h e  i n c i d e n t  beam i s  l i n e a r l y  p o l a r i z e d  a t  a n g l e  cp, 

2  2 i t  fo l lows  t h a t  I o ( 0 )  = Iocos  cp and 1 ~ ( n / 2 )  = I o s i n  c p .  F o r  

an  unpo la r i zed  i n c i d e n t  beam I o ( O . )  = I O ( n / 2 )  = $ Io, and when 

. ; the  . i n c i d e n t .  b e a m ' i s  produced by r e f l e c t i o n  under  a g l a n c i n g  

a n g l e  e 0  from a:monochromator c r y s t a l  ( i n  t h e  kame e q u a t o r  p l a n e )  . I  
Z 

2  I one has  I ~ ( o )  = ~ ~ / ( l + c o s  2 e 0 )  a n d  1 ~ ( 7 ~ / 2 ) ,  = Iocos2200/ ( l+co~22.0  0. ) . . 
The t o t a l  d i f f r a c t e d  power, ' 6 ~ ~ ( c p ) ,  due t o  a . c r y s t a l  o f  

. .  . 

volume ;dV, 3 0  small t h a t  a l l  power l o s s e s  a r e  n e g l i g i b l e ,  i g . .  
. . 

. . 2  2 2  ' 

~ ( 4 )  = Q ( O )  ( cos  cp + s i n  cpcos 20)  



. .  . 

' F o r a n ,  unpolar ized i n c i d e n t  beam eq.  1 t a k e s  t h e  form 
. . 

. . .  
. . 

. . .  6R. .= I Q p  6V 
0 

. . 
0 0 1 

2  
(14 . 

,p,l = (1ccos 26)/2,  
. . 

and t h i s  equat ion.  w i l l  b e  v a l i d  a l s o  f o r  monochromatized i n c i d e n t  . 

beam i f  p i  i s .  replaced by p l l ,  where 
. . 

2 2 2 ! pit = ( ~ + C O S  aeocos ~ ~ ) / ( I . + c o s  2 . e ~ .  (11) 

' . Power l o s s e s  d.de t o  d i f f r a c t i o n  a r e  b y ,  d e f i n i t i o n  n e g l i g i b l e  

; i n  . the i d e a l  mosaic c r y s t a l .  I n t e g r a t i n g  e q .  1 and t ak ing  account 

.of ord inary  absorp t ion  one . f inds  I 

V , i s  t h e  i r r a d i a t e d  volume of t h e  c r y s t a l ,  a n d  A i s  t h e  t r a n s -  
. . 

' - miss ion  : f a c t o r .  -For  an unpolar ized i n c i d e n t  be? 

R o  = I0QoVAp1 ( 2 4  

where pl must be replaced by p l l  i f  a  m~nochromator i s  used. 

It i s  u s e f u l  t o  l i s t  the  s p e c i f i c  form of  eq.  2a f o r  symme- 
. . 

':, tllLca.1 d i f f r a c t i o n  b y  a ,p lane  p a r a l l e l  p l a t e  o f  th ickness  T o  which 
. . 

. comple te ly  covers t h e  i n c l d e n t  beam. T h e s e  e q u a t i o n s  a r e :  . :. 

Laue case 

Ro =,-PoQ0p1T exp ( -YT) 



. . 
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\ . . . .  . . .  . Bragg case,  uTo>>l \,,, . . 
, . . ,  .'. .. - .. _ . . _ _  .' 

I 

. where P o  = SLo i s  t h e  t o t a l  power of the  , i n c i d e n t  beam, >S  b e i n g  

. ' i t s  c ross  sect . ion.  . . 

. 2 .  -Secondary. Ex t inc t ion  

The ,equat ions given i n  t h e  preceding s e c t i o n  are obviously 

approximations s i n c e  t h e  x - ray  beams i n  t r a v e r s i n g  t h e  c r y s t a l  -.- 

must ,  l o s e  some power through t h e  d i f f r a c t i o n  process .  

I n  p a r t  A o-f t h i s  s e c t i o n  t h e  exact  s o l u t i o n  - to  t h e  : d i f -  

fractiori.prab1e.m , i n  a  p l a n e p a r a l l e l  p l a t e  w i l l  be given, while 

i n  p a r t  B  an approximate s o l u t i o n  w i l l  be der ived  f o r  t h e  genera l  

case of a r b i t r a r y  c r y s t a l  shape. 

Let J W ( A )  be t h e  d i s t r i b u t i o n  func t ion  which c h a r a c t e r i z e s  
i 

t$e misalignment of t h e  mosaic blocks i n  t h e  c r y s t a l  specimen, 
I 

A  being t h e  ,angular  d e v i a t i o n  from t h e  mean. The cons ide ra t ions  
, . 

. w i l l  be r e s t r i c t e d  t o  t h e  case of small  secondary e x t i n c t i o n ,  

. implying t h a t  t h e  ,width . of W i s  l a r g e  compared t p  t h e  w i d t h .  o.f 

t h e  d i f f r a c t , i o n  peak f o r ,  a s i n g l e  mosaic block.  

:Suppose t h a t  t h e  i n c i d e n t  d i r e c t i o n  makes a  s h a r p l y ,  def ined  

glancing a n g l e  8  wi th  t h e  mean o r i e n t a t i o n  of a , l a t t i c e  p l a n e  

f o r  which t h e  i d e a l  Bragg angle  i s  eB. The  e x p e c t a t i o n  v a l u e  

. f o r  t h e  power d i f f r a c t e d  by a volume element i s  then  



whey? P and I. a r e  measured a t  t h e  volume -element.  

The . d i f f r a c t i o n  problem, f o r  t h e  -p lane  . p a r a l l e l  p l a t e  was 

i n v e s t i g a t e d  and solved by.  C .  G .  Darwin (1. c .  ) . A somewhat 

d i f f e r e n t  der ivat ion. ,  .which l e d  t o  i d e n t i c a l  r e s u l t s ,  was l a t e r  

made by,  t h i s  w r i t e r  ( ~ a c h a r i a s e n  1945) ,   ow ever, both of  t h e s e  

,workers made the .same . e r r o , r  i n  t ak ing  acc0un.t .of t h e  -polar iza t ion .  i 
.of: t h e  . inc iden t  beam. i 

I 

The d e r i v a t i o n  t o  fol low w i l l  adhere c l o s e l y  t o  t h a t  p re -  

v ious ly  given by the  w r i t e r ,  except t h a t  t h e  e r r o r  w i l l  be cor-  

r ec ted  and t h e  n o t a t i o n  modified.   he symbols y6, T, Po, . P  of I 
I 
i 

t h e  , e a r l i e r  work correspond t o  We q u a n t i t i e s  6(cp), yT, . P , ( V ) ,  i 
I 
I 

.P(cp) as used i n  t h e  .present  . a r t i c l e .  . A  p r e f i x  Z i s  used i n  I 
. 1 

! 

r e f e r e n c e s  t o  equat ions  given i n  t h e  e a r l i e r  pub l i ca t ion .  ) : j 
! 

4 The e q u a t ' i o n s  which. -Po(cp ,~)  and P ( c p , ~ )  mus t  . , s a t i s f y .  a r e  
. (  i 

! 

. . .  :dP =-T[,+6(cp1) ] PdT * 6 ( v ) p o a ~ .  . . 

. . 

. . I n  these  equat ions  T  . is . the .d is tance  .of t . ravel  o f  the  i n c i d e n t  . .  

.beam . i n t o  bhe c r y s t a l .  . The :upper s i g n  r e f e r s  - . t o  .Laue '.and t h e  ' . 

. l o w e r  s i g n  t o  Bragg r e f l e c t i o n .  The terms involv ing  6 ( q 1 )  
' . - .  

' . be&, s o  t h a t  cp 
. . . . , . . . 

. . 
,' . 

. . . . ' .,/' " . . 
. . . . 

. . . I 

. . 
. . . .  . 

. . . . . . .  
. . 



. . 

.' ' and c p l  a r e  r e l a t e d  as f o l l o w s  

. . 

.. , Thus c p l  = ,cp only.when cp = 0 o r  n/2, i . e .  . f o r  normal o r  f o r  

' p a r a l l e l  l i n e a r  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  beam. 

I , ,  ' : E q s .  , 5  have been so ived  e x a c t l y  f o r t h e  ca se  c p l  = @ ( s e e  

,Z 4.24-30),  and t h e s e  ; s o l u t i o n s  a r e  

' . .  'Laue ca se  

'P = P 0 .  exp[ - ( u + 6 ) ~ ]  s i n h ( 6 ~ ) ,  

. . 2 3 2  
P = POT exp( -uT) [6 , -6  :T + 3 6 . T  + ..... 1, 

T = To/cose, 

Bragg c a s e j  uTo>>l 

I * It must be remembered t h a t  P, :Po, 6 i n  e q s .  6 a n d  7 r e f e r  

e i t h e r  a.11 t o  cp , =  0, o r  .a l l  t.0 .cp := n/2, and t h a t  6 i s  a f u n c t i o n  

.of 8, 6  having . app rec i ab l e  va lue  on ly  f o r  8=eB. 

I t  i s  convenient  t o  u s e  new syml~ols:R, gn., pn and p  ' 
, n 

..,. de f ined  'as f o l l s w s  

. w h e r e  one  n o t e s  t h a t  gl = 1, and t h a t  pl and pl l  a g r e e  w i t h  

p rev ious .  d e f i n i t i o n s . .  



1r i tegra t ion ' .o f  e q s .  6 and 7, and '  a d d i t i o n  o f .  normal and p a r a l l e l  ; 
. . . .  . . .  . . 

. . .  
.. ' 

. . 
' components g i v e  as r e s u l t  

. . 
. . . . 

. . 

R /P a r e  t h e  q u a n t i t i e s  g iven  b y  eqs  . 2b a n d  2c whi le  , . 

. . o  '0 

Laue . ca se  Bragg case  

-Fo r  t h e  monochromator case  pn l  everywhere r e p l a c e s  pn . i n  t h e  

The p r e v i o u s  t r e a t m e n t s  by .  Darwin a n d  t h i s  ' w r i t e r  gave t h e  

r e s & l k s  o f  eq .  9a i f  one s e t s  P2/p12 = p /p = 1. However, t h i s  
. I 3 . . 

. . .  i s  & 6 t  p e r m i s s i b l e  f o r  p  /p i n c r e a s e s  from 1 a t  28 = 0 t o  2  a t  2  .1 
. . .  '29 = n / 2 ,  p3/p13 from . l  t o  4.. 

2B. . A r b i t r a r y  C r y s t a l  .Shape 

. . 

I n  . the  f o l l o w i n g  a n  .app,roximat,e so lu t ion . ,  g,ood t o  t h e  f i r s t  

o r d e r  c o r r e c t i o n  term., ; w i l l  be -given f o r  a c r y s t , a l  o f  any shape.  
I 

The approx ima t ion  t o  >be made i s  t h i s  : f o r  x - r a y .  beams t r a v e r s i n g  
I 

,t.he . c r y s t a l  power , l o s s e s  .,due .t.o a b s o r p t i o n  and d i f f r a c t i o n . . a r e  I 

. a  ' 
j (  

. .  cons idered ,  b u t  power g a i n s  f rom double  d i f f r a c t i o n  a r e  n e g l e c t e d .  i . !  
. I't i s  t h u s  assumed t h a t  ! 



2 ,.In ,.other .words terms . i n  6 a r e  neg lec ted .  
, . 

. I f  t h k  .cons id&rat idns  a r e  % r e s t r i c t e d  t o  e i t h e r  normal o r  

I . .  
. p a r a l l e l  l i n e a r  p o l a r i z a t i o n ,  t h e  . i n t e g r a t i o n  o f  eqs .  . l 0  g ive  

. . .. 

I n .  . the -x-ray case ~ > ) 6  so t h a t  

I 
f A(IJ .+6)  " A+6dA/dP. (12)  

where it i s .  s e n s e l e s s  to.  , include q u a d r a t i c  terms. s i n c e  . in  

.eq. .10 such terms were neglec ted .  
. , 

. integration o f  e q .  11 and a d d i t i o n .  :of normal and p a r a l l e l  

 component.^ g ive  

R o / I 0  i s .  given b y  eq.  2 a ,  A*. = A-I i s  the  absorp t ion  f a c t o r ,  

a n d  S i s  t h e  c r o s s :  s e c t i o n  o f  t h a t  p a r t  of t h e  i n c i d e n t  beam 

. w h i c h  f a l l s  on t h e  c r y s t a l ,  Again pfil r ep laces  pn i f  a mono- 
. . 

ch,romator . i s  used. 

I t .  i s .  r e a d i l y '  v e r i f i e d  t h a t  eq.  1 3  c o r r e c t l y  g i v e s .  eqs . . 9 

, ( t o  t h e  f i r s t  o r d e r  expansion terms)  when a p p l i e d  t o  a p l a n e  

\ 
L e t t i n g Q  = Qdpl eq ., l 3  ,_la' c a n b e  r e w r i t t e n  . in  : the . . form . , . ' 

. . . .. . . . , '., , '._ *_.a. ' -  . . . -....- . I 



. '  .where eq.  -13b i s  t h e  c o r r e c t  .form f o r  t h e  o ld  .Darwin , r e l a t i o n  

.Since i n t e n s i t y  measurements a r e  u s u a l l y  made .on r e l a t i v e  

% r a t h e r  than abso lu te  s c a l e ,  i t  i s , u s e f u l  t o  use e q . . 1 3  i n  the  

i s  t h e  observed s t r u c t u r e  f a c t o r ,  Fcorr t h e  v a l u e  correc ted  

f o r  secondary e x t i n c t i o n ,  and Jobs t h e  observed i n t e g r a t e d  

i n t e n s i t y '  on a r b i t r a r y  s c a l e .  K and C a r e  s c a l e  f a c t o r s  t o  be b 
. - .adjusted,  ' .while D(28) t akes  account of t h e  angular  v a r i a t i o n  

+-.. 

of t h e  e x t i n c t i o n  cor rec t ion  and i s  assumed t o  be normalized 

t o  u n i t y  a t  28 = 0. 

For unpolar ized i n c i d e n t  beam the  express ion  f o r  ~ ( 2 8 )  i s  

. 4  2( l+cos  28) . P ( 2 8 )  = 
. , 

2  A*' . . (l+cos228) . . 

where A*' ( 2 8 )  i s  t h e  value .of d ~ * / d u  a t  28 and A*' ( 0 )  t h e  value 

" . a t  28 = 0. 
. . 

.When a  monochromator i s  used t h e  expression , f o r  ~ ( 2 8 )  becomes . . 
, - 

A*' t28 

G . .  

{Figure 1. shows f3 a s  func t ion  of t h e  . s c a t t e r i n g  angle  , f o r  

a c r y s t a l  sphe.re 0.f r a d i u s  r bathed . i n  t h e  . inc iden t  beam f o r  

var ious  va lues  o f  u r .  -..It i s  c l e a r l y  i l l u s t r a t e d  t h a t  one E, 



. , . . 

. . 

, i s  u s u a l l y .  assumed. F o r  l a r g e  values of u r  f o r  a c r y s t a l  sphere . . 

,Eq. 1 4  i s .  p robab ly  . . a good approximation .even f o r  B C J z l ,  . ,at 
. . I 

small s c a t t e r i n g .  .angles. and small values of u r  o r  pT . 
0 ; 

Consider t h e  .Laue and Bragg cases  f o r  which the  .second o rde r  ' 

! 
; 

. c o r r e c t i o n  terms have .been .given. . Invers ion  of  eq.  9 g ives  1. 
! 

Under t h e  s t a t e d  condi t ions  dne f i n d s  
I 

/ Laue case 

Bragg ,case 

The .approximation 

(no te  . t h a t  pnL f o r  small 28 and UT) i s .  thus  good t o  second o r d e r  
I 
I 

j 
i f  t h e  b racke t s  on t h e  r i g h t  of eqs .  1 7  and 18 a r e  p e r f e c t  squares .  I 

.I 
I  his require 's  I 

2 .Laue ca,se g3 = g2 21/16 = 1.31g2 

Bragg case 2 
, g3 = ,g22 7/5 = 1 6 40g2 0 

It i s  reasonable , to  suppose t h a t  W ( A )  i s  an e r r o r  , funct ion,  and 
1 

i f  so by eq.  -8, g 3 =  g2 22(3)-2 = 1 .15g22. :Thus the  condi t ions  

: of -  eq . ' .20  a r e  nea r ly  f u l f i l l e d ,  and i t  .appears  t h a t  eq .  . 1 9  can 

be used with aome confidence even when C J n l .  



Hamilton (1957) has .made a  d e t a i l e d  s tudy of t h e  e f f e c t  of  

c r y s t a l  shape on secondary e x t i n c t i o n  and o u t l i n e d .  a p p a c t i c a l  

method f o r  numerical s o l u t i o n  of t h e  problem. . I n  t h e  approximate 

solut . ion of t h i s  paper t h e  c r y s t a l  shape e f f e c t  i s  contained . i n  

t h e  .term d ~ * / d u  of  eq., .13. Hamilton's r e s u l t s  a r e  v a l i d  f o r  

neutron d i f f r a c t i o n ;  but l . in  t h e  case of  x-ray d i f f r a c t i o n  . t h e  

normal and p a r a l l e l  components must be considered s e p a r a t e l y  and 

t h e   component,^ added a t  . the end of t h e  process .  Thus t h e  

n  modifying f a c t o r s  Pn/pl w i l l  aga in  e n t e r ,  a l t h o u g h  i m p l i c i t l y  .. 

.3. -Experimental V e r i f i c a t i o n  of t h e  New..Formula 

 experiment.^ . b y .  t h e  :Manchester school of c rys ta l lographers  , ' 

dur ing  t h e  n ine teen . twent5es  supposedly confirmed the  Darwin 

formula.  for ' . secondary e x t i n c t i o n  which i s  now known t o  be i n  
. . 

,, . . 
e r r o r .  [A good survey of t h i s  work i s  given by James (1950) . ]  

. . 
However,, i n  the.Manchester experiments i n t e n s i t i e s  were measured . . '  

with adequate p r e c i s i o n  only a t s m a l l  s c a t t e r i n g a n g l e s ,  so t h a t  , ' ,  

. . , no r e a l  t e s t ,  was made :of a. poss ib le  dependence of the  e x t i n c t i o n , ,  
\. 

" \. c o e f f i c i e n t  on. s c  t t . e r i n g  angle .  
, , 

\ . . 

, '  ' : . , . '  

.The new formula .$or secondary e x t i n c t i o n  der ived  ' i n  t h i s  . . 
-.. . . .. 

. , . . . . .  . : 

! , . '  paper ought t o  be checked, bymeans of e x p e ~ i m e n t s  c a r e f u l l y ' .  , 
I 

, . designed f o r  ' t h i s  . , very purpose.  This has no t  ye.t 'been done .' 
. .. 

However?, .'it' was r e l a t e d  i n  the  i n t r o d u c t i o n  t h a t  the  r e -  
. . 

examination of the  theory  of secondary e x t i n c t i o n  was undertaken 



experimental  r e s u l t s .  The . . spec i f ic  case .of disagreement was 
. . 

. . t h e  . s e t  .of c a r e f u l l y  measured i n t e g r a t e d  i n t e n s i t i e s  f o r  .a  
. .  . 

crys t .a l  of ~ e '  BO ( O H )  ,. t h e  mineral  hambergite. 
2. 3 

This  c r y s t a l ,  i s  of g r e a t  hardness,  so t h a t  the  thermal 

i n t e n s i t y  a t t e n u a t i o n  i s  small. The i n t e n s i t i e s  we,re .measured 
\ 

with a . p r o p o r t i o n a 1  counter,  CuKa r a d i a t i o n  with unpolar ized 

i n c i d e n t  beam and a p e r f e c t  c r y s t a l  sphere f o r  which ~ . r  = 0.69. 

Under t h e '  circumstances s t rong  r e f l e c t i o n s  were observed over  

t h e  . e n t i r e  s c a t t e r i n g  range. It was quickly  apparent  t h a t  t h e r e  

was. considerable  .secondary e x t i n c t i o n  i n  t h e  .specimen i n  s p i t e  

.of su r face  gr inding  and thermal shock t reatment  i n  l i q u i d  < .  

n i t rogen .  

. A  very p r e c i s e  de te rmina t ion  was made .of t h e  24 p o s i t i o n a l  

degrees of 'freedom i n  t h e  s t r u c t u r e  ,and of t h e .  42 themnal para-  

.meters ( t h e  .an iso t ropic  c0e f f i c i en t . s  f o r  a l l  but  the  hydrogen 

atoms) by means o f  l e a s t  gquare refinements based on t h e  weak 

r e f l e c t i o n s  f o r  which secondary e x t i n c t i o n  i s  n e g l i g i b l e .  The 

- s t r u c t u r e  fac t .ors  corresponding t o  s t rong  r e f l e c t i o n s ,  which 

were ,not .use.d i n  t h e  refinement could thus  be ca lcu la ted  with 

high accuracy. .It was found, howe.ver, t h a t .  t h e  , . app l i ca t ion  

.of a secondary e x t i n c t i o n  c o r r e c t i o n  t.o t h e  s t rong  r e f l e c t i o n s  

i n  accordance .with,  t h e  Darwin formula l e d  t.0 d'iscrepancie.s .of 

o y's t,em a t i c  nature . 
Table .1 g ives  t h e  ,obs'erved i n t e g r a t e d  i n t e n s i t i e s  

(on a r b i t r a r y  s c a l e ) ,  t h e  exper imenta l  and ca lcu la ted  s t r u c t u r e  " I 

f a c t o r s  f o r  a l l  r e f l e c t i o n s  ( H K O ) .  .It i s  s e e n  t h a t  t h e r e  i s  

very good agreement . f o r  small  s t r u c t u r e  . f a c t o r s ,  bu t  t h a t  t h e  



I 

ca lcu la ted  values a r e  c o n s i s t e n t l y  h igher  Sor t h e  - s t r o n g  re-. I .  

. . 

f l e c t i o n s .  Agreement f o r  t h e  l a t t e r  cannot be obtained by 

means of  t h e  .Darwin formula .  F i g .  2 p l o t s  the  a c t u r a l  values ' '  . . I 
1 

of B(28)C r e s u l t i n g  from t h e  ' da ta  of  t a b l e  1 (and f o r  .o ther  I 

. . 
. . s t rong  r e f l e c t i o n s  from the  threedimensional s e t  o f  d a t a ) ,  . . 

. .  , 

while,  the  curve i n '  t h e  f i g u r e  i s  the  t h e o r e t i c a l  curve 

ca lcu la ted  i n  accordance with eq.  15, using  the  value 

C = 1 .I. x Conversely,  the  l a s t  column of t a b l e  1 g ives  . 

. . 
t h e  correc ted  F-values us ing  eq .  15 and t h e  :value of C given . .  

! 

abbve . 
. A  . l e a s t  square refinement based on these  correc ted  F- 

. , .  . '  values ( f o , r  t h e  ' f u l l  t 'hreedimensional s e t  of 437 r e f l e c t i o n s )  

gave the  -1pw conventional R-value of  0.041. 

The stand,ard e r r o r  f o r  bond l eng ths  a t t a i n e d  i n  t h e  l a s t .  

refinement was o . . o o ~ A  f o r  B-0 and Be-0 bonds, 0.04A f o r  t h e  

.HLO 'bond and. 0.002A f o r  .0--0 d i s t a n c e s .  



HKO 

020 

200 

21 0 

220 

230 
040 

240 

400 

410 

420 

250 

430 

060 

440 

260 

Table .1. IIKO Refle,ctions 



HKO ' Jobs 



-1 8 -: 

Fobs 

12.7 
0.6 
10.3 
3.9 
16.3 
15 9 
2.6 

2.9 
10.6 
16.1 
nil 

7.0 
13.5 
16.3 
3 4 

nil 
7.2 



The au thor  ,is indebted t o  Miss H, . A ,  . P l e t t i n g e . r  .and 

D r .  .M. .pIarezio who made t h e  i n t e n s i t y  measurelnents of Table 

1, and t.o t h e  staff of  t h e  -IBMk704 computer a t  .Arg.onne 

~ a t i o n a l  Laboratory f o r  help.  with t h e  l e a s t  square ref inements .  

The work was , i n  p a r t  supported by t h e  Advanced qesearch 

P r o j e c t s  Agency, 
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. CAPTIONS 

, . Fig .  1 ,shows t h e  variation of (3 with s c a t t , e r i n g  angle  f o r  a  

I c r y s t a l  sphere o f  r a d i u s  r, f o r  s e l e c t e d  values of p r .  
! 

'.,Fig. 2 shows t h e  experij-nental valu'es P C  obtained with a sphere 

'0.f hambergite ' f o r  w,hich , u r  = 0.69. The . curve, i s  t h e  

t h e o r e t i c a l  , . one, . ca lcu la ted  . .  with C = 1.1 x loi3. 






