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Introduction. 

The use of the multriwavelength anomalous 'scattering method (MWM) t o  

crystallography is of vintage origin. The present writer  has been involved 

with developing phasing techniques using t h i s  method since 1952. The basic 

ideas of  t h i s  method were known almost f i f t een  years ago, but i t s  u t i l i t y  

has been very limited. With the ava i l ab i l i ty  of intense tunable synchro- 

tron radiat ion sources there i s  a revival and rediscovery of many of these 

older ideas. 

Under normal conditions of  scattering it is not possible t o  d is t in-  

guish e lec t r i ca l  or optical  antipodes of non-centric crys ta ls  because of 
, - 

Friedel *s law: 

I (hki) = 1(Ei) (11 
However, in ZZin,blende using X-radiation close t o  the absorption edge of 

Zn, where the s q t t e r i n g  fac tor  becomes complex, it was shown [~ishikawa 4 

Matukawa (1928); Coster -- e t  al. ,  (1930)l tha t  Friedel 's law breaks down i.e. 

I(hkl1 # Imzl €2) -. 
Almst  20 years l a t e r  Bijvoet (1949) Ihinted out the  profound significance 

of this discovery t o  molecular s t ructure  and crys ta l  s tructure analysis, 

tha t  t h i s  inequality can be used not only to'determine the absolute confw- 

ra t ion of a molecule but also the phases of reflections.  

Near the absorption edge the scat ter ing fac tor  becomes complex. . 

f = fo + f 9  + if'' (3) 
The dispersion corrections f 1  and F' vary with wavelength and the case of 

p-AYs is i l lus t ra ted  i n  Fig. 1. f t  is usually negative and PI is scat ter -  
$ "I 

ed lI/2 ahead of  the phase of the rea l  pa r t  fo + f r .  

Phasing using MWM i n  X-rays. 

F r o m  Fig. 1 it is obvious that  by varying the incident wavelength one 

can get d i f ferent  values of f 1  and f" and thus i n  ef fect  vary the atomic 

scar ter ing factor. MWf concerns i t s e l f  with using di f ferent  incident wave- 

lengths f o r  solving the phase problem. If one col lec ts  data with two 

incident radiations hl and h2 for  which the scat ter ing fac tor  of t he  anoma- 
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lots s c a t t e r e r  changes (say f o r  X I ,  fa = fo  and f o r  X 2 ,  i n  = f o + f f )  i t i s  . 

equivalent  t o  c o l l e c t i n g  d a t a  on two p e r f e c t l y  isomorphous c r y s t a l s .  Tnis  

change i n  s c a t t e r i n g  f a c t o r  with wavelength has been used t o  d i f f e r e n t i a t e  

.two atoms which a r e  c lose  t o  each o t h e r  i n  t h e  p e r i o d i c  t a b l e  [ Mark and 

S z i l l a r d  (1925); Bradely and Rodgers (1934); Jones and Sykes (1937)l.  

Fig. 1:-Variation of f' anti P' with Fig Varia t ion of fo ,  f t  and Ft 
wavelength near  an X-ray z;~bsorption foriii;d n e a r  resonance f o r  thermal . 
edge. neutrons.  

In  e a r l y  1952 while reading t h e  paper  by Bokhoven, Schoone and Bi jvoet  

(1951) i n  which t h e  s t r u c t u r e s  o f  s t rychnine  su lpha te  and s e l e n a t e  were 

solved using t h e  isomorphous replacement method (IRM), t h e  p o t e n t i a l  o f  

changing t h e  wavelength f o r  phase determinat ion suggested i t s e l f  t o  t h e  

author .  The 1951 paper b r ings  out  c1eafy;ly t h e  bimodal ambiguity which 

e x i s t s  i n  t h e  phases when ID1 i s  used. I t  was c l e a r  t h a t  i f  i n s t e a d  of  

using two isomorphous c r y s t a l s  one uses two wavelengths [ kland k2) one has 

a s i m i l a r  s i t u a t i o n ,  (Fig.3),  where again t h e r e  is  an ambiguity. If now we 

use B i j . .  .et I s  second suggest ion arid measure I (hkl) and I (f%i) then t h e  

binlodal ambiguity can a l s o  be removed (Fig. 4 ) .  I t  may be no t iced  t h a t  i n  

t h e  above diagrams t h e  ano~nalous s c a t t e r e r  has been placed a t  t h e  o r i g i n  so  

t h a t  phases a r e  determined with respect t o  t h e  anomalous s c a t t e r e r .  Hence, 

a p a r t  from t h e  a c t u a l  values o f  f t  and E" f o r  t h e  d i f f e r e n t  wavelengths, 

t h e  p o s i t i o n  o f  anomalous s c a t t e r e r  must a l s o  be known i f  t h e  s t r u c t u r e  i s  

t o  be solved completely. 

Pos i t ion  o f  t h e  .4nomalous S c a t t e r e r  - 
This  can be done by co~nputing t h e  anomalous d i f fe rence  Pa t te r son  (ADP) 

2 * as c o e f f i c i e n t s ,  which i s  s i m i l a r  t o  t h c  isomorphous wirh IF1 n - F ~ m l h k l  
d i f f e r e n c e  p a t t e r s o n  of  Bucrger (1942). llhis contains  i n t e r a c t i o n s  between 



;ulc?:ii;~lou:: sc;;:rercr+ xIIc.II~.~,L'LvL'~,  t h e  ;ino1nniu11: sc;i: ' ,erers and iiornial atoms, 

while those  bctwc.cn t h ~ :  iior~iial ;ltums g c t  climin:.itcd. Ilowcvcr, anoti icr  

Prl t tersun s ) ~ n t t l e s i s  us ing  11: which was t r i e d  o u t  i n  1954 g ives  
'III -F ln 'hk I 

-011iy tile ~ u i ~ i n ; l l o u ~  s c a t  t c r e r  v c c t o r s  (Ramasesiia~l, Vcrikntcsan and Ir-lani 1957; 

a l s o  s c e  ii~112.seshru1 (1904) f o r  n review and refel-ei iccsj .  This  s y n t i ~ e s i s .  

was ir~dcpcriiiciltly suggestell by Rossmnrm a i d  has 11ow found g r e a t  use  i n  

prvte i r l  cl-) .stal lography. For non-cer l t r ic  c r y s t a l s  z l s o  t h i s  s y n t h e s i s  

g ives  t h e  ariomslous s c a t t c r e r  v e c t o r s .  

i ia rker  c o n s t r u c t i o n  f o r  IrfiliEii wi th  t h e  anomalous s c s t t e r e r  a t  t h e  o r i g i n .  

F ig .  3 :  -hi1i g ious  s o l u t i o n :  d a t a  a t  Fig.4:  -Unique s o l u t i o n :  d a t a  a t  
A l ( fm=f  j  a n d A  (f =f + f f )  

o 2 an o 
if =f ) and X3(fan=fo+f1if")  

'1 an o 

I f  one has two i s o m o r ~ ~ h o u s  c r y s t a l s  P and AP, t h e  l a t t e r  con ta in ing  an 

diomalous s c a t t e r e r ,  t hen  f r o m  t h e  known exper imenta l  v a l u e s  ] ~ ~ ( h k l )  1 ,  
I ~ d h k l )  1 ,  I F  (5ki) / i t  is p o s s i b l e  t o  c a l c u l a t e  tlie va lue  o f  t h e  anoma- AP 
l ous  s c a t t e r c r  s t r u c t u r e  f a c t o r  F (hkl )  w i th  a bimodal ambiguity [~la thews 

A 
(1965) ; Karthrt and Pa r thasa ra thy  (1965) ; Singh and Ramaseshan (1966)l. The 

lower o f  t h e  two v a l u e s  IFA/hkl)  I L  i s  more o f t e n  t h e  c o r r e c t  one. Hence, 

a P a t t e r s o n  us ing  I F  (hkl )  1 g i v e s  t h e  v e c t o r  d i s t r i b u t i o n  o f  t h e  heavy 
A 2 L 

ii t OlnS . 
Tliis uiecliod r e q u i r e s  two isornorphous c r y s t a l s  and t h e  ano~nalous d a t a  

-or1 one. But while  cons ide r ing  t h e  use  o f  neu t ron  anomalous s c a t t e r i n g  f o r  

yhr is i~ig  it was po in ted  o u t  (R::~nclseshan, 1966) t h a t  i f  d a t a  i s  c o l l e c t e d  with 

t t l ree  a p p r o p r i a t e  wavelengths,  t h e  p o s i t i o n  of  t h e  anomalous s c a t t e r  and 

t h e  phases of r e f l e c t i o n s  can be determined unambiguous1 y .  

Neutron and G:~iluna-ray Anomalous S c a t t e r i  n q . 

I 'eterson luld Smith (1961) demonstrated t h e  breakdown o f  F r i e d e l ' s  l a w  

I n  C d S  i n  , icut ron s c a t t e r i n g .  "'~d, 14's1n, '''ELI mcl '"~d e x k i b i t  r c s o -  

1i:Filce :ibsilrpt ioii i n  t h c  t h c r n ~ a l  n c u t m n  region.  T1.c s c ~ t t c r i n g  l eng th  i n  



neutrons i n  t he  resonance region can be represented very well by a one term 

Breit-Wigner fonmla  an3 Fig. 2 gives t he  var ia t ion  of f f' and PI and 
0' 

with wavelength near  t he  absorption region. In the  case of X-rays t he  d i s -  

persion correct ions a r e  small, only about 10 t o  15 pe r  cent  o f  f while i n  
0 

rhe case of neutrons, these  a r e  l a rge ,  almost 500 t o  1000 per  cent o f  fo. 

In 1964 the present  wr i t e r  suggested t h a t  t h i s  l a rge  anomalous dispersion 

can be used t o  solve t he  s t ruc tu re s  of macromolecules. The following points  

were made [~amaseshan (1966) s ee  a l so  Singh and Ramaseshan [1968)] 

1. with the  proper choice o f  inc ident  wavelengths one can obtain fT 

values of Sfo t o  10f .  his i s  equivalent t o  having a heavy atom 
0 

i n  t he  s t ruc tu re .  Hence, a l l  the  techniques associated with t he  

heavy atom method can be used f o r  phasing, 

2 .  i n  a non-centric s t r u c t u r e  i f  t he  pos i t ion  of t he  anomalous 

s c a t t e r e r  is determined and i f  t he  i n t e n s i t y  of Bijvoet  p a i r s  

a r e  measured, t he  phases of t he  r e f l ec t i ons  can be determined 

with a two-fold arebiguity, 

3. if the  measurements a r e  made with two wavelengths it is equivalent 

t o  co l lec t ing  da t a  i n  two p e r f e c t l y  isomrphous c ry s t a l s ,  

4. by co l lec t ing  da t a  using t h r ee  appropriate  wavelengths t he  pos i t ion  

of t he  anomalous s c a t t e r e r ,  and t he  phases of  t he  r e f l ec t i ons  can 

be determined without ambiguity. 

The number of  s t ruc tu re s  solved using neutron anomalous s c a t t e r i n g  

s ince  then is qu i t e  small (about s i x )  . The only protein which has been 

success fu l ly  phased i s  i+lyoglobin (Schoenbom,l975). The statement made by 

Mason i n  1979 summarises t he  general s i t u a t i o n  "Following the  suggestion of 

Ramasesh:~ in  1964 work began i n  Hsrwcll on insu l in  c r y s t a l s  by Moore and 

Macdonald (1970) and l a t e r  by Hodgkin, Wil l is ,  Fuess and Mason (1973). In 

the  beginning it was rhought t h a t  the  po t en t i a l  power of anomalous clisper- 

s ion  of  neutrons would cont r ibu te  t o  t he  then unknown c r y s t a l  s t r uc tu re  of 

Insul in.  But t he  l im i t a t i ons  of f lux  did not  permit t h i s  ob jec t ive  t o  be 

reached". 

Raghavan (1961), bloon (1961) and o thers  suggested t h a t  anomalous sca t -  

t e r i ng  of  gamma rad ia t ion  [Mossbauer Effect]  can be used f o r  phase determi- 

nat ion.  Nuclear l eve l s  being sharper,  anomalous e f f e c t s  a r e  g r ea t e r .  f1 

and P1  i n  the  nuclear case a r e  two orders  grea te r  than those i n  neutron 

sca t te r ing .  There a l so  appeared t o  be many advantages i n  using t he  Moss- 

bauer Effect  i n  phase determination: wavelengths were e a s i l y  tunable t o  



d i f f e r e n t  poili ts  on t h e  resoll:u~ce culvc;  gamma-ray sources a r e  very s t a b l e  . 

e t c .  flowcv-r, tlie intensity o f  gmna-rays  a r e  almost 4 t o  5 o r d e r s  lower 

than t h a t  of  X-ray sourccs  :u~d 2 t o  3 orders  l e s s  t h a n  t h a t  o f  neutron 

- sources .  Although the  anolr~al ous e f f e c t s  inc rease  clrarnat i c a l l y  t h e  abysmal 

dccrecise o f  inc idan t  i n t e n s i t y  makes t h i s  method not too use fu l  a t  p resen t .  

111 the  case  of e lect ror i  d i f f r a c t i o n ,  dynamical e f f e c t s  a l s o  cause t h e  

viol: ir ion of F r i e d e l ' s  low (even i n  t h e  absence o f  resonance) making i t  nor; 

very use fu l  f o r  phase deter11:ination. 

I t  was c l e a r  t h a t  t h e  ~nul t iwavelength method may not  be very p r a c t i c a l  

f o r  phase de tcnn ina t ion  i ~ ?  crys ta l lography  because of  i n t e n s i t y  problems. 

Iic~lce, I\fii&1 was used f o r  s o l v i ~ ~ g  physical  problems i . e .  f o r  the  Jetermina- 

t i o n  of s t a t i c  displacement,  p o l a r i s a t i o n  vec to rs  e t c . ,  ( f o r  a review see  

P,a~-isseshrul st a l . ,  1375). Perhaps t h e  most use fu l  a p p l i c a t i o n  of  MWf so 

f a r  has been t o  t h e  d e t c t ~ s i n : ~ t i o n  o f  t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  o f  

b i n a r y  l i q u i d s  and g l a s s e s  (Knlnesh and Kamaseshan, 1971). 

Tllc Synchrotron Radiation. 

The p i c t u r e  has  changed considerably  s i n c e  then with  the  advent o f  tlie 

i n t e n s e  synchrotron r a d i a t i o n  sources  a s  a l s o  t h e  recen t  remarkable disco-  

very (Templeton e t  a l . ,  1980) o f  very l a r g e  anomalous f a c t o r s  £ '  and fN 

near  t h e  absorpt ion edges. For example, i n  caesium t a r t r a t e  n e a r  t h e  L 

edges the  observed va lues  a r e  a s  much a s  f' = 26.7 and f" = 16.1. With 

such l a r g e  changes p o s s i b l e  i n  t h e  s c a t t e r i n g  f a c t o r s  wi th  wavelength it 

seems t h a t  hW'M may be a  v i a b l e  a l t e r n a t i v e  t o  IRM, [see P h i l l i p s  e t  a l . ,  

(1977) ; P h i l l i p s  e t  a l . ,  (1978); Templeton e t  al., (1980); Lye e t  a l . .  

(1980) ; P h i l l i p s  and Ilodgson (1980)] . 
I !  t h i s  method is  t o  be used sys temat ica l ly  many questions have t o  be 

.uiswered. To g e t  t h e  bes t  phasing (i) how many wavelengths must one use?; 

( i i )  a r e  there any advantnges i n  us ing s p e c i f i c  wavelengths and, i f  so ,  whzt 

,ire the  c r i t e r i a  f o r  chosirlg them; and ( i i i )  should t h e  experimental  time 

fo r  d i f f e r e n t  wavelengths be t h e  same o r  d i f f e r e n t ?  

P l l i l l i p s  'md Hodgson (1980) attempted t o  answer these  ques t ions  by 

computer s imulat ion.  ksumillg hypo the t i ca l  p r o t e i n s  o f  molecular weights 

ranging fmr i~  12,000 t o  100,000 they f i r s t  chose one s e t  of  wavelengths and 

c a l c u l a r e d  thc  structure f d c ~ o r s  (with phases) .  Assunling random expcrlmen- 

r ~ l  e ~ r o r s  they  a l s o  calculated t h e  r.m.s. ermrs. Di f fe ren t  s e t s  o f  wave- 

lengths  were chosun ruld f l u n ~  s i m i l a r  c a l c u l a t i o n s  one could s e l e c t  t h e  

"Lest" s c t  f o r  experi111cnt:~tiun. While t h i s  approach i s  pragmatic i t  



consumes a grcat  deal o f  computer time. 

Fig.5:- Argand diagram represent ing f t  and +f" f o r  
calsium i n  calsuiln t a r t r a t e  near L 
edges (Templeton c t  a l . ,  1980). 

I '  L~~ and L~~~ 

h o t h c r  approach (Narayan and Ranaseshan 1981; Ramaseshan and Narayar~ 

1980; 1981) is t o  ge t  an ana ly t i ca l  formula f o r  t he  r . m . s  e r r o r  < A @ ' >  

i n  terms of  f '  m d  f" of t he  atom f o r  d i f f e r en t  wavelengths. If  f '  + i f "  

i s  represented i n  t he  complex plane as f i r s t  suggested by Herzerberg and 

h u  (1967) then f' and f" a r e  t he  coordinates o f  t he  chosen "centres". 

It i s  a s swed  t h a t  t he  pos i t ions  o f  t he  anomalous s c a t t e r e r s  a r e  

known. .9ssuming random experin~ental  e r rors ,  s t r u c t u r e  f ac to r s  Fi and,  r. m. s . 
errors Ai a r e  determined by t he  methods of  Blow and Crick (1959) and t h e i r  

modifications [see f o r  example Cu l l i s  e t  al., (1961); North (1965); Mathews 

(1966)l . I t  must be noted t h a t  A f o r  d i f f e r en t  wavelengths ( i .e .  d i f f e r -  i 
erit !'centresf1) w i l l  be d i f f e r e n t  because t he  source i n t e n s i t y  and t he  ahsor- 

p t ion  vary with wavelength. However, t he  measuring time can be chosen by 

the experimenter Rfor d e t a i l s  o f  t h e  procedure followed see  Narayan and 

Kan~seshan (1981)]. If I. and Y .  a r e  t he  coordinates of  a po in t  i n  t he  
1 1 

complex p l m e  then t h e  nirnn square e r ro r  

<nc.2>ca .= '/c ( 4 a l  



one notus  t h a t  C i s  tlue cictcr'rninant o f  t h e  ~mmont o f  i n e r t i a  t e n s o r  o f  tlie 

two dil l lcnsioll~l  c c l l e c t i o ~ i  p o i n t s  (c2rrespondong t o  t h e  s e t  of  waveleng:hs 

chusell) - csch po in t  !laving a :1i:15s o f  1 1 ~ 2 .  
1 

lielice, t o  minimise tllc p i ~ : ~ s e  e r r o r  <A&2> one has  t o  maximise D .  For  

example, f o r  t h r c c  wavc1en::ths i f  A. ' s  a r c  e q u ~ l ,  t h c  a r e a  o f  t h e  t r i a l ig l  e 
1 

fvr~ltclf by t h e  threr:  ~ o i r i t s  ( X .  Y . )  ;I! the complex plani: must be  rriximised. 
1' 1 

This  theory  is s t r i c t l y  v a l i d  unly when t h e  r.m.s. e r r o r  i s  snull 

con~~xix-ed t o  21;. However, a p l o t  of t h e  phase e r r o r s  c a l c u l a t e d  using (4  J 

a g a i n s t  t h e  "csperimcntnl" va lues  determined by t h e  computer s imula t ion  

experiments o f  P h i l l i p s  and tiodgson shows t h a t  t h e y  a r e  monotonical ly  r e l a t -  

ed,  s o  t h a t  i f  t h e  va lxe  o f  <A@'> i s  c a l c u l a t e d  from (4) is  minimised then 

i ts  t r u e  va lue  w i l l  a l s o  be nunimised. 

S t r a t e g y  t o  use  MMl i n  P r o t e i n  Crys ta l log raphy .  

(1) Obtain a p r o t e i n  c r y s t a l  w i th  an anomalous s c a t t e r  i n  it. 

(2) Measure (a) t h e  v a r i a t i o n  wi th  wavelength o f  t h e  s o u r c e s  i n t e n s i t y  

and the absorp t ion ;  (b) c a l c u l a t e  a(w),  t h e  c r o s s  s e c t i o n  and i t s  v a r i a -  

t i o n  wi th  wavelength. 

(3) C a l c u l n i e  f "  (LO) = mc~.x~(w)/411e~ and if (w) = 2/IiF1 f t  ( w t ) d w 1 / a 2 -  w '  
2 

(Kramers Kronig r e l a t i o n ) ,  ( t h i s  c a l c u l a t i o n  i s  necessa ry  s i n c e  f 1  and 

f" a r e  d i f f e r e n t  f o r  t h e  same atom i n  d i f f e r e n t  environments) .  

(4)  P1i:- F' v s  f '  curve  nn~! s e l r c r  p l a u s i b l e  "centres"  ( F r i e d e l  p a i r s  need 

not  bc chosen).  .. 
(5) Each ccnt1-c is weightcd by a f a c t o r  1 / ~ 2  n o t i n g  t h a t  Ai i s  propor-  

1' 

t i o n a l  t o  t h e  number o f  counts ;  t h e  source  i n t e n s i t y ;  abso rp t ion ;  arid 

time . 
( 6 )  C a l c u l a t e  D ( f ~ m u l a  4 )  chose t h a t  s e t  which corresponds  t o  t h e  

maximum va lue  of D. 

The r e l a t i v e  t imes  for d i f f e r e n t  wavelength can a l s o  be optimiserl ,  but  

t h i s  ir lvolves non- l inea r  ec{ii:itions. The p rocess  i s  t e d i o u s  bu t  h igh con- 
-1/4 

vergencc is n o t  requirc l l  a s  r.rn.s. phase e r r o r s  depend on D 

C~1cul. i t ion.s sl~ow t h a t  between two s e t s  o f  c e n t r c s  which "appear" t o  

be c q u a l l y  good t h e r e  can l)c as  ruucli 1 s  20 p e r  c e n t  d i f f c r e r c e  i n  e f f i c i e n c y .  



In  t h e  case  o f  neutrons it i s  bes t  t o  use F r i e d c l  p a i r s  and equal 

times. While i n  t h e  case  of X-rays it i s  not  necessary t o  use Friede! pjrs 

Assuming a constant  source i n t e n s i t y  and constant  absorpt ion,  t h e  r e l a t i v e  

t i m e s  required f o r  c e n t r e s  shown i n  Fig. 4 a r e  30%, 12%, 29% and 39% of  

t h e  t o t a l  time ava i lab le .  
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