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MULTIPLE LIGHT SCATTERING IN COLLOIDAL SUSPENSIONS : 
CROSS-CORRELATION PHOTON COUNTING SPECTROSCOPY 

C . G .  de Kruif, J .K.G.  Dhont and H . J .  Mos 

Van 't Hoff hboratory for PhysicaZ and CoZZoid Chemistry, University o f  
Utrecht, PaduaZaan 8, TMns III, De Uithof, 3584 CH Utrecht, The NetherZands 

Résumé - Les principes de base et la théorie sont donnés pour 
une expérience de diffusion dynamique de la lumière dans laquelle 
les diffusions multiples sont éliminées. Cette nouvelle tech- 
nique utilise deux faisceaux laser se recouvrant et traversant 
l'échantillon en provenant de directions opposées. A angle 
droit avec les faisceaux laser on dispose deux photomulti- 
plicateurs dont les compteurs sont corrélés. Cette technique 
sera illustrée par des résultats expérimentaux obtenus sur des 
dispersions colloidales de silicates. Nous montrons que les ef- 
fets de diffusions multiples peuvent être éliminés par cette 
méthode. 

Abstract - The basic principles and theory are given for a dynamic 
light scattering experiment in which multiple scattering is 
eliminated. This new technique uses two spatially overlapping 
laser beams travelling through the sample cuvet from opposite 
directions. At right angles to the laser beams two photo-multi- 
pliers are positioned. Their photon counts are cross-correlated. 
The feasability of the technique will be illustrated by experi- 
mental results £rom colloidal silica dispersions. It is shown 
that the effects of multiple scattering can indeed be eliminated 
in this way. 

1. INTRODUCTION 

In the study of static and dynamic interactions in colloidal suspens- 
ions, light scattering is one of the powerful applied experimental tech- 
niques. The development of lasers in the 1960's and of digital cor- 
relators in the first half of the preceding decade have resulted in an 
extensive application (1-3) on so-called, laser beat spectroscopy, pho- 
ton counting spectroscopy (PCS), quasi-elastic scattering spectros- 
copy (QELS) or dynamic light scattering spectroscopy (DLS). As it is 
a relatively new technique it still has many names, but they al1 refer 
to a technique where time correlations on fluctuations of intensities 
in scattered laser light are related to the diffusive properties of the 
(colloidal) scatterers, or more generally to number density fluctu- 
ations. In dilute solutions the technique is then used to determine 
colloidal size from the Stokes-Einstein relation while with increasing 
volume fraction the effects of static and hydrodynamic interactions 
come into play. 
A limitation of the theory coupling light scattering and number density 
fluctuations is that in the light scattering process considered, double 
and multiple scattering are excluded. Therefore it is necessary to do 
experiments either on very dilute suspensions or on suspensions where 
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t he  so lven t  has  p r a c t i c a l l y  t he  same index of r e f r a c t i o n  a s  t he  d i s -  
persed  phase. This  i s  c a l l e d  o p t i c a l  matching, bu t  a s  u sua l  new prob- 
lems and p o s s i b i l i t i e s  a r i s e .  For i n s t ance ,  when t h e r e  i s  a  poly- 
d i s p e r s i t y  i n  s c a t t e r i n g  power a  c a r e f u l  i n t e r p r e t a t i o n  of t he  measure- 
ments i s  requi red .  The o p t i c a l  matching(An< 0.01) f a i l s  when suspend- 
ed p a r t i c l e s  a r e  inhomogeneous i n  index of r e f r a c t i o n ,  f o r  i n s t ance  
when they  have a  core  and pe r iphe ra l  l a y e r  wi th  d i f f e r e n t  r e f r a c t i v e  
index. These p r e r e q u i s i t e s  and l i m i t a t i o n s  exclude t he re fo re  many co l -  
l o i d a l  systems of p r a c t i c a l  and t h e o r e t i c a l  i n t e r e s t  from experimental  
i n v e s t i g a t i o n  wiht  QELS. 
I t  i s  t h e  purpose of t h i s  paper t o  p r e sen t  t h e  b a s i c  p r i n c i p l e s  and 
theory f o r  a  dynamic l i g h t  s c a t t e r i n g  experiment i n  which double and 
m u l t i p l e  s c a t t e r i n g  a r e  e l imina ted .  The f e a s i b i l i t y  of t h e  technique 
w i l l  be i l l u s t r a t e d  by means of  experimental  r e s u l t s  r e c e n t l y  obtained.  
They show t h a t  t he  e f f e c t s  of mu l t i p l e  s c a t t e r i n g  can i n  f a c t  be elim- 
i na t ed .  We s t a r t  w i th  a  s h o r t  o u t l i n e  of s i n g l e  s c a t t e r i n g  and i nd i -  
c a t e  what kind of information i s  ob ta ined  from t h e  i n t e n s i t y  f l u c t u -  
a t i o n  c o r r e l a t i o n  func t ion .  Without going i n t o  d e t a i l s  we assume t h a t  
t he  Rayleigh-Gans-Debye l i g h t  s c a t t e r i n g  regime holds and t h a t  we work 
wi th  s p h e r i c a l l y  symmetrical s c a t t e r e r s .  

2 .  SINGLE SCATTERING 

Consider a  p lane  wave propagat ing i n  t he  zO- d i r e c t i o n  and po l a r i zed  
i n  t he  Eo ;d i rec t ion  wi th  amplitude I E O  1 ,  s c a t t e r e d  e l a s t i c a l l y  a t  
p o s i t i o n  r by a  ( sphe r i ca l )  s c a t t e r e r ,  s ee  f i g u r e  1. 

Figure 1. S c a t t e r i n g  process ,  l a s e r  l i g h t  i+s s c a t t e r e d  a t  t he  o r i g i n .  
A t  p o s i t i o n  fis i n  t he  d i r e c t i o n  Ks i s  a  d e t e c t o r  (photo- 
m u l t i p l i e r )  . 

-+ 
Then the  f i e l d  a9p l i t ude  a t  a  p o s i t i o n  Rs i n  a  p lane  perpendicu la r  t o  

Eo 
and through K o  i s  given by 

2 2+ 
+ 2ir K ~ E ~  (ixs .gs-iwt) ~ c j ( r ' )  i(il,-Ks)x;.+;*> , 
E , ( R ~ , ~ )  = 3 e Z J-e ' dr' (1)  

(2n) Rs j= i E 

'j 



O r  b r i e f  l y  

+ 
j n  t h i s  express ion  b .  i s  c a l l e d  t he  s c a t t e r i n g  s t r e n g t h  of p a r t i c l e  j, 

J 2 n  
Ko i s  t h e  i n c i d e n t  wave vzc to r  1 $ 0 1  = , bs i s  t h e  s c a t t e r e d  wave 

+ + + 4n 
vec to r  . I % ~ I  = 2 and (  K )  = K ;  1 K 1 = ( s i n  û/2) where 8 i s  t he  X 
ang le  between 

and % and 2 t he  wave length  of t he  coherent  l a s e r  l i g h t  used. 
IR  o the r  ao rds ,  El  g i ve s  t he  ins tan taneous  f i e l d  amplitgde (as  a  
f u n c t i o n  of s c a t t e r i n g  a n g l e ,  expressedas a  func t i on  of X which i s  t he  
d i r e c t i o n  of a  s t ack  of (Bragg) p lanes  of equal  phase each separa ted  
by a  d i s t a n c e  A = 2 z A )  , of a  l a r g e  number N of s c a t t e r e r s  whose 
p o s i t i o n  i s  given by r .  r e l a t i v e  t o  t he  o r i g i n  of t he  c e l l .  Because 
t he  p a r t i c l e s  undergo Arownian motion, t he  f i e l d  s t r e n g t h  w i l l  f l u c -  
t u a t e  wi th  time and so  

> = o.  The time s c a l e  on which g l ( t )  
l t  

changes cons iderab ly  must be connected wi th  t h e  time needed f o r  t he  
p a r t i c l e s  t o  wander from one Bragg plane t o  t he  next  one over a  d i s t -  
ance A . From t h i s  and Brownian d i f f u s i o n  theory  i t  fo l lows  tha  
t = ( ! A ) ~ / ~ D .  For a  t y p i c a l  p a r t i c l e  D i s  of t h e  o rde r  10-l'mis-' and 
s o  t i s  of t he  order  1 0 - ~ - 1 0 - 4 s .  

Another way of v i s u a l i z i n g  t he  s c a t t e r i n g  process  i s  t o  Say t h a t  con- 
c e n t r a t i o n  f l u c t u a t i o n s  can be decomposed i n t o  s p a t i a l  Four ie r  modes, 
from each of which t he  i n c i d e n t  l i g h t  i s  r e f r a c t e d  i n t o  predetermined 
ang l e s  given by t he  Bragg condi t ion  A = 2n/K = X/(Zsin 0/2) .  This 
cond i t i on  impl ies  t h a t  a t  small  K ( thus  small  8 or  l a r g e 1  ) l a r g e  spac- 
ings  a r e  observed, t h e  so  c a l l e d  (K *O) c o l l e c t i v e  d i f f u s i o n .  
In p r a c t i c e  one measures of course E ( t ) E * ( t )  I ( t )  t h e  s c a t t e r e d  i n t ens -  
i t y .  For s tudying  t he  s t a t i s t i c s  of t he  Brownian d i f f u s i o n  motion t he  
i n t ens i t y - t ime  au to  c o r r e l a t i o n  i s  measured 

w i th  t he  he lp  of t he  S i e g e r t  r e l a t i o n ,  s t a t i n g  t h a t  f o r  a  Gaussian pro- 
ce s s  

2 
<x(O)x*(O)y(t)y*(t)> = <xx*><yy*> + 1<x(0)y(t)>l2 + I<x(0)y*(t)>l . ( 5 )  

The i n t e n s i t y  c o r r e l a t i o n  func t i on  i s  thus  w r i t t e n  i n  terms of t he  f i e l d  
c o r r e l a t i o n  func t i ons  and reads  a f t e r  normal iza t ion  on < I > :  

The l a s t  term on t he  r i g h t  hand s i d e  of equa t ion  ( 6 )  averages ou t  t o  
zero and i s  t he re fo re  e l imina ted .  I n c o r r e c t l y  however, i t  i s  o f t e n  no t  
included i n  t he  S i e g e r t  re la t ion .The  second term i s  coupled t o  t he  d i f -  
f u s i o n  of t he  c o l l o i d a l  p a r t i c l e s .  
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Figure 2. Apparent diffusion coefficient plotted 
2 against scattering angle expressed in K . 

Actually this is done by solving, after Fourier transforming, the sec- 
ond law of Fick, and leads to an expression for the Fourier transform 
of the density probability distribution p(K,t). On inserting eq.(3) 
into eq.(6) and noting the similarity between this and the solution of 
Fick's law the basic equation of dynamic light scattering is found. 

Where b and c are the result of experimental imperfections respectively 
called baseline and contrast. In case more than one type of fluctua- 
tionis present which decays (in)dependently, we will find the sum of 
several exponentials each with its own decay rate and amplitude. 

3. MULTIPLE SCATTERING 

1-t is not difficult to imagine that light from the laser beam is Scatter- 
ed through an arbitrary angle and subsequently scattered once more into 
the detector.It was shown by Van Rijswijk J4J that the statisticsof that 
process is also Gaussian. As a rule of a thumb this double scat- 
tering contrib~iion will become significant whef the average Rayleigh 
ration R > 1 m or when turbidity exceeds 10 m . AS the secondary 
scattering volume 8 primary scattering volume these are upper limits. 
The effect of multiple scattering shows up in the experiments as shown 
iy figure 2 where the a arent diffusion coefficient is plotted against 89, K . At a certain I< (= sin 8/2), D ~ P P  is found from the initial 
slope of ln ~ ~ ( t )  i.e. O - 



As the  decay r a t e  of t he  double s c a t t e r i n g  c o r r e l a t i o n  func t i on  i s  
l a r g e r  than t he  s i n g l e  s c a t t e r i n g  c o r r e l a t i o n  func t i on  i t  fol lows t h a t  
Dapp > Do. Re l i ab l e  d a t a  f i t t i n g  and eva lua t i on  of Do from dynamic 
l i g h t  s c a t t e r i n g  d a t a  "contaminated" wi th  m u l t i p l e  s c a t t e r i n g  a r e  no t  
pos s ib l e  on t he  same grounds a s  i t  i s  d i f f i c u l t  t o  i n t e r p r e t  s c a t -  
t e r i n g  d a t a  from a  po lydisperse  system. A way ou t  of t h e  problem was 
proposed by Dhont [SI. He expressed t he  c o n t r i b u t i o n  of second and 
h igher  o rde r  s c a t t e r i n g  events  t o  t h e  f i e l d  s t r e n g t h  ( i n t e n s i t y )  a t  
t he  d e t e c t o r  i n  a  r e c u r r e n t  express ion  conta in ing  t he  lower o rde r  s c a t -  
t e r i n g .  I n  an i t e r a t i v e  scheme the  r e s p e c t i v e  con t r i bu t i ons  a r e  c a l -  
cu l a t ed  and so t he  "pure" f i r s t  o rde r  s c a t t e r i n g  c o n t r i b u t i o n s  a r e  
eva lua ted .  With c a r e f u l  experiments ,  and p r e c i s e  knowledge of t h e  s c a t -  
t e r i n g  geometry t h i s  scheme extends t he  u s e f u l  t u r b i d i t y  o r  Rayleigh 
f a c t o r  range by a  f a c t o r  10 but  r e l i e s  on computational methods. 

4. EXPERIMENTAL ELIMINATION OF MULTIPLE SCATTERING 
IN DYNAMIC LIGHT SCATTERING 

An experimental  e l im ina t i on  of m u l t i p l e  s c a t t e r i n g  i s  t o  be p r e f e r r e d  
whenever pos s ib l e .  P h i l l i e s  [6,7] .devised a  measuring procedure i n  
which he showed t h a t  mu l t i p l e  s c a t t e r i n g  can be suppressed.  A quant i -  
t a t i v e  t h e o r e t i c a l  t rea tment  was given by Dhont [8] . A schematic d i a -  
gram of our  experimental  s e t  up i s  given i n  Figure 3 .  The s c a t t e r i n g  
geometry c o n s i s t s  of two a n t i - p a r a l l e l  l a s e r  beams and perpendicu la r  
t o  t h a t  two opposing pho to -mu l t i p l i e r s  which s i g n a l s  a r e  c r o s s - c o r r e l a t -  
ed. The r e s u l t i n g  c o r r e l a t i o n  func t i on  con t a in s  t o  a  very  good ap- 
proximation no m u l t i p l e  s c a t t e r i n g  con t r i bu t i ons .  

Arg-lai laser 

Figure 3 

Scheme of experimental  c r o s s  c o r r e l a t i o n  
se t -up ;  abb rev i a t i ons :  C ,  cuvet ;  M ,  m i r ro r ;  
BS, beamsp l i t t e r ;  pH, p inhole ;  PMT, photo- 
m u l t i p l i e r  tube ;  A ,  amp l i f i e r ;  D.  d i s c r imina to r ;  
VDU, v i s u a l  d i s p l a y  u n i t ;  CC,  c r o s s  co r r e -  
l a t o r ;  MC,  micro computer; MI, mini  computer. 
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5. THEORETICAL TREATMENT OF THE CROSS-CORRELATION 

In o rde r  t o  understand and app rec i a t e  t he  under ly ing  theory  we g ive  a  
t rea tment  where on ly  90 degrees s c a t t e r i n g  of s i n g l e  and double s c a t -  
t e r i n g  events  a r e  considered.  This does n o t  impose r e s t r i c t i o n s  on 
t he  gene ra l  v a l i d i t y  of t h i s  t rea tment .  The e l e c t r i c  f i e l d  s t r e n g t h  
of l i g h t  s c a t t e r e d  from l a s e r  beam A i n t o  d e t e c t o r  A i s :  

where E r e p r e s e n t s  n-fold s c a t t e r e d  l i g h t .  I t  was shown by Dhont(5) 
t h a t  

-+ + 
2 2 (-iwt + iK 

-+ 2n 
e-i~l e E = -  

1 dr! ) 
(2n) Rs E JO 

(101 

and 

The symbols have t he  fol lowing meaning (compare Figure 4 ) .  

-+ 2nn -1  
Ko wave vector; length = - (m ) 

-+ 

Ks 
scattered wave vector; length = 

-+ 2nn - 1  
KI scattered wave vector; length = - (m ) 

Xo wave length of laser light in vacuum (m) 

n index of refraction of medium 

E dielectric constant of medium (= nL) 

AE variation in dielectric constant 

T turbidity (m-'1 

1 length of light beam to reach edge of ce11 (m) 

14 - 1  
w angular light frequency (0) 10 s 



p o s i t i o n  of d e t e c t o r  with reference t o  o r i g i n  

number of p a r t i c l e s  i n  Vo 

number of p a r t i c l e s  i n  V 
1 

number of p a r t i c l e s  i n  V 
2 

-+ 
coordinate  ins ide  p a r t i c l e  j o  r e l a t i v e  t o  i t s  pos i t ion  coordinate r 

jo  
volume of p a r t i c l e  j 

O 

p o s i t i o n  coordinate of p a r t i c l e  j  
O 

i n c i d e n t  e l e c t r i c  f i e l d  s t rength 

i n f i n i t e s i m a l  elernent of half  spher ica l  sur face  with radius ( K  1 
O 

d i r e c t e d  along t h e  pos i t ive  (or negative) z-axis i n  K I  space. 

F igure  4 .  S c a t t e r i n g  geometry and wave v e c t o r s .  

E - 
Laser A N i  

I 

No Loser f3 E 

Ln 

N 2 T 
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As expressions (10) and (11) are rather lengthy and we are only inter- 
ested in the relative magnitude of (contributions to) the correlation 
functions, we write : 

Furthermore we will use: 

and 

Then the intensity croçs-correlation function is given by 

ICCF ~:(t) <I*(o) .IB(t)> 

while the intensity =-correlation function is defined as: 

Substitution of the expressions (12) and (13) working out the ensemble 
averages and applying the "full" Siegert-relation leads after some 
algebra to the intensity correlation functions 

IACF: <I(o) ~(t)> = + I<E, (o)E;(~)> + <E~(o)E;(~)>~ 
2 

- (1 9) 

Cross-terms containing terms like < E  . E 2 >  are zero. Most strikingly 
is the apparent symmetry in the rela8ions except that in the ICCF the 
non-complex conjugate products survive. This is a result of the fact 
that in the ICCF the intermediate scattering wave vector- (Kg-Ks) = K ~  is 
just anti parallel to K~ in contrast to the IACF. It may be empha- 
sized that in using an incomplete Siegert relation the second term of 
the right hand side of (20) is not found at all, leading to the wrong 
conclusion that in the cross-correlation experiment no correlation is 
present. 
Furthermore it follows that when double and higher order scattering are 
absent, the IACF = ICCF, which could also be argued on grounds of sym- 
metry. It remains to be shown that the second order field strength 
correlation gives different contributions in the respective experiments. 
Substitution O+ (13) leads to 



+B -+ +B -+ i .  (O) i%;.;j2(0) i K i  . r j  (f) iK2.rj ( t )  

x <  e 
jl 

e e e > .  

Figure 5. Definition of wave vectors. 

In working out the ensemble average, we see that for j,#j2fj,#j, the 
net result is zero. So the following terms of the ensemble average 
remain 

1. 

+ 

11. 

+ 

III. 

+B + 

N1234 
i A  1 '  3 ,  O i B  ( t )  i $ . t  (O) iK2.rj ( t )  

c <e e l 3  ><e J 2  e > 

1234 i?? ;. (O) iZA ;' (O) iZB.;. ( t )  iZB ( t )  
1. J 2' j2 I J3 2' j4 

C <e e > <e > 

+A + +B 2 
N1234 i A  J . O i B  2 ' j 4  (t) i ~ ~ . r .  (O) i ~ ]  .rj ( t )  

.Z <e e > <e '' e > 
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I I  i s  independent of t ,  hence does not+give r i s e  t o  a  t ime-cor re la t ion .  
Transforming t h e  p o s i t i o n  coo rd ina t e s  r . i n t o  bij  ( t )  = ( 0  r . ( t )  and + 
q .  . ( t )  = ri  (0) -r . ( t )  and us ing  t he  def d i t  ions  J 

11 J 

GV(K,t) = , form f a c t o r  of s c a t t e r i n g  volume (22) 
v 

which we w i l l  c a l 1  dynamic s t r u c t u r e  f a c t o r ,  l e ads  a f t e r  some a lgebra  
t o  t h e  fol lowing express ions  f o r  1 and I I I .  

Each term (1,111) i s  seen t o  con t a in  t h e  product of two form f a c t o r s  
and two "dynamic s t r u c t u r e  fac tors1 ' .  The form f a c t o r s  d i f f e r  s i g n i f i c -  

a n t l y  from zero when t h e i r  argument (KA+ KB) + O .  I f  p a r t i c l e s  a r e  
independent,  of t he  s t r u c t u r e  f a c t o r s  on ly  those  terms i n  t he  double 
summation surv ive  f o r  which j i  = j . .  
These cond i t i ons  a r e  summarized a s J  fo l lows:  

1. K ~ + K Y = O ; ~ ~ = ~ ~  III .  K? + K; = O; j ,  = j4 

-+ + -b -+ 
with KOA = -KOB; KsA = -KsB it follows that both for 1 and III 

+ + -+ -+ 
K I A  = -R and KZA = -K 

1 B 20' 

and s t a t e  t h a t ,  t he  s c a t t e r i n g  process  must be completely antisyrnmetric- 
a l  i n  A and B otherwise t he  c o n t r i b u t i o n s  1 and I I I  average o u t  t o  zero. 
We may v i s u a l i z e  one s i t u a t i o n  ( s t r u c t u r e )  occur r ing  i n  t he  ensemble 
averages 1 and I I I  a s  i n  Figure 6.  
As we s ee  t he  cond i t i on  of an a n t i p a r a l l e l  s c a t t e r i n g  process  i s  e a s i -  
l y  f u l f i l l e d  i n  bo th  cases .  The cond i t i on  f o r  1 t h a t  p a r t i c l e  jl a t  
r .  co inc ides  wi th  p a r t i c l e  j3 a t  r j j  can be f u l f i l l e d  However t he  
cdhd i t i on  t h a t  j4 = j 2  cannot be met when we r e q u i r e  K* = -KB and 
j l .  = j 3 -  



III 

Figure  6.  Schematic p i c t u r e  of double  
s c a t t e r i n g  p r o c e s s  

I n t u i t i v e l y  one s u s p e c t s  t h e  s c a t t e r i n g  p r o c e s s  i n  Figure  6.1 n o t  t o  be 
c o r r e l a t e d .  Th is  i s  i n  c o n t r a s t  t o  t h e  s i t u a t i o n  i n  Figure  6 .  I I I  
w i t h  j l  7 j  Now p a r t i c l e s  j l  and j3  a r e  p o s i t i o n e d  i n  
t h e  spatialfy?:ei$aip!& l a s e r  beams whi le  j 3  and j  must be " v i s -  
i b l e "  f o r  t h e  opposing d e t e c t o r s ,  compare F igure  4. 4he requirement  
t h a t ,  a t  l e a s t  f o r  independent  p a r t i c l e s ,  j = j  and j 2  = j 3  can 
t h e r e f o r e  a n l y  be f u l f i l l e d  i n  t h e  i n t e r s e c l i o n  4volume vl  n v? = v0. - 
The c o n d i t i o n  j  = j 4  a c t u a l l y  i s  t h e  c o n d i t i o n  t h a t  t h e  p o s i t i o n s  of 
p a r t i c l e s  j l  ana j g  a r e  c o r r e l a t e d .  For independent  p a r t i c l e s  t h i s  r e -  
q u i r e s  t h e i r  co inc idence .  For h i g h l y  s t r u c t u r e d  suspens ions  t h e i r  cor-  
r e l a t i o n  may extend through t h e  s c a t t e r e d  volume. This  was shown i n  
an e l e g a n t  exper iment  by Clark Cg]. He a l s o  c r o s s - c o r r e l a t e d  two 
p h o t o - m u l t i p l i e r s  b u t  t h e s e  were d i r e c t e d  on d i f f e r e n t  p a r t s  of a  c o l -  
l o i d a l  c r y s t a l ,  thus  showing t h e  s p a t i a l  c o r r e l a t i o n  i n  t h e  p o s i t i o n  
of p a r t i c l e s .  
A s  we cons ider  r e l a t i v e l y  d i l u t e  suspens ions  w i t h  independent  p a r t i c l e s  
we t h u s  f i n d  t h a t  t h e  o n l y  c o n t r i b u t i o n ,  i f  any,  t o  t h e  c o r r e l a t e d  
p a r t  of <EA (0 )EB( t )>  cornes from V o  and i s  given by 

2 2 
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In  o rde r  t o  compare t h i s  t o  t he  convent ional  s e t  up i n  au to-cor re la -  
t i o n  we must c a l c u l a t e  < E 2  (0)EX ( t )  >. Again i n s e r t i n g  t h e  equa t ion  2  (14) f o r  E s ( t ) ,  working ou t  t h e  ensemble averages w i l l  l ead  t o  t he  con- 
c lu s ion  t h a t  t h e  s c a t t e r i n g  process  a t  t = O and t = t must be cor-  
r e l a t e d  wi th  r e s p e c t  t o  t he  p o s i t i o n  of t he  p a r t i c l e s  whi le  from the  
geomet r ica l  f a c t o r s  i t  fo l lows  t h a t  t h e  s c a t t e r i n g  v e c t o r s  must be 
p a r a l l e l .  This i s  found by r ep l ac ing  every K wave vec to r  i n  equ- 
a t i o n  (21) and i n  t he  ensemble averages by -Ki-!ecause f o r  t h e  auto-  
c o r r e l a t i o n  p a r t  we have E * ( t ) ,  t he  complex conjugate .  Then o f  t h e  
ensemble averages (1,  I I ,  113) , t he  term 1  i s  nonzero lead ing  t o :  

Again we may v i s u a l i z e  t h i s  c o n t r i b u t i o n  a s  i n  f i g u r e  7. 

1 .  

Figure 7 Double s c a t t e r i n g  
i n  a u t o c o r r e l a t i o n  
experiment n 

A A Expressing K1 , K 2  , KIB and K~~ i n  terms of KIA and KIB i t  

fo l lows  t h a t  t h e  r e l a t i v e  c o n t r i b u t i o n s  t o  t h e  c o r r e l a t e d  p a r t  of t h e  
c o r r e l a t i o n  func t i ons  a r e  found a s :  - 

Hence t he  ~ e l a t i v e  double s c a t t e r i n g  c o n t r i b u t i o n  i s  suppressed by a  
f a c t o r  Vg /V1V2 i n  t he  ICCF r e l a t i v e  t o  t h e  IACF. 

As s i m i l a r  r e s u l t  was g iven  by ~ h i l l i e s [ 7 , 8 ]  bu t  based on a  l e s s  r i g o r -  
ous t rea tment .  The r e s u l t  may be i n t e r p r e t e d  by saying t h a t  double 
s c a t t e r i n g  is  p ropo r t i ona l  t o  t he  number of s c a t t e r e r s  "ava i lab le"  



f o r  t he  f i r s t  o rder  s c a t t e r i n g  and f o r  t he  second o rde r  s c a t t e r i n g  i . e .  

V1V2. I n  t he  c r o s s  c o r r e l a t i o n  experiment t h i s  i s  confined t o  t h e  
square of t he  i n t e r s e c t i o n  of V, fi Vg = Vo. 

A q u a n t i t a t i v e  es t imate  of v02/v V? i s  2 . 1 0 - ~  a s  c a l c u l a t e d  from f i g u r e  
4 where we g ive  r e p r e s e n t a t i v e  himensions f o r  a  t y p i c a l  s c a t t e r i n g  ex- 
periment.  For ease  of c a l c u l a t i o n  we cons ider  a  r ec t angu la r  geometry. 

I t  may indeed be argued t h a t  employing a  ve ry  small  s c a t t e r i n g  ce11 
(V ) would l ead  t o  t h e  same r e s u l t .  I n  t h a t  s i t u a t i o n  however t h e  pre-  
seBce of t he  ce11 w a l l s  w i l l  g i ve  an unwanted c o n t r i b u t i o n  t o  t h e  dynam- 
i c  s t r u c t u r e  f a c t o r .  A marked example of t h a t  e f f e c t  is found by Hurd 
[IO] e t  a l .  On the  o t h e r  hand Pusey [ll] uses  t he  p r o p o r t i o n a l i t y  f a c t -  
o r  V V i n  equat ion 25 t o  d e t e c t  m u l t i p l e  s c a t t e r i n g  c o n t r i b u t i o n s  t o  
h i s  me&surements by vary ing  t he  p o s i t i o n  of t he  s c a t t e r i n g  volume i n  
t he  c e l l .  I n  t h i s  way V1V2 i s  changed and accord ingly  t he  r e l a t i v e  con- 
t r i b u t i o n  of t he  m u l t i p l e  s c a t t e r i n g .  

In  t he  above t rea tment  we considered s c a t t e r i n g  of r a d i a t i o n  from l a s e r  
A i n t o  d e t e c t o r  A only  and s i m i l a r l y  f o r  B. Interchanging e i t h e r  de- 
t e c t o r  A and B o r  l a s e r  A and B does g ive  e x a c t l y  t he  same c o n t r i b u t i o n  
t o  t he  c o r r e l a t e d  p a r t  of t he  ICCF. A l 1  o t h e r  s c a t t e r i n g  geometr ies  do 
no t  c o n t r i b u t e .  
Alignment of t h e  se t -up  r e q u i r e s  a high degree of p r e c i s i o n  a s  fo l lows  
from t h e  fol lowing reasoning.  The geomet r ica l  f a c t o r s  GV (K)GV-(K) 

A u ' u a l r eady  become very  small  when t he  product  l z l a i s  on ly  s l i g h t l y  d i f f e r -  
e n t  from zero. Allowing a  10-fold decrease  i n  t he  product  GV . GV from 

O O 1 t o  0.1 g ive s  G, 0 . 3 .  A s  a  t y p i c a l  dimension of t he  s c a t t e r i n g  
4 volume is a=10-~;Owe c a l c u l a t e  hK -10 m .  From A K  = 4an/X s i n ( 8 / 2 )  

where 0 i s  t h e  "misalignmentHangle, we c a l c u l a t e  0 = 6 . 1 0 - ~  ( rad)  o r  
roughly 1 mm pe r  meter.  For t h i s  reason one should use  small p inholes  
and a  non-divergent l a s e r  beam. 

6. EXPERIMENTAL RESULTS 

A s  expected it appeared t o  be r a t h e r  d i f f i c u l t  t o  a l i g n  a l 1  o p t i c a l  
components of  f i g u r e  3 i n  such a  way t h a t  a  c r o s s  c o r r e l a t i o n  s i g n a l  
was observed. When us ing  an argon-ion l a s e r  i n  t he  c u r r e n t - s t a b i l i z e d  
mode t h e  c o r r e c t  pos i t i on ing  of t h e  o p t i c a l  p a r t s  i s  manifested by a  
sharp  upswing i n . l i g h t  ou tput  of t h e  l a s e r .  The reason f o r  t h i s  i s ,  
t h a t  an extended c a v i t y  i s  made. Ac tua l l y  p l ac ing  t he  ce11 ic t h e  
c a v ï t y  of a  l a s e r  would be e a s i e s t ,  but  then threshold  w i l l  no t  be rea-  
ched wi th  t u r b i d  samples. To g e t  t h ings  s t a r t e d  we mainly used t he  f o l -  
lowing o p t i c a l  t r a i n ,  which can be appl ied  wi th  medium t u r b i d  samples 
and i s  e a s i e r  t o  ope ra t e  than t he  se t -up  of f i g u r e  3 .  
In  f i g u r e  9 we p l o t t e d  apparent  d i f f u s i o n  c o e f f i c i e n t s  (according t o  
equat ion 8) a s  a  func t i on  of sample t u r b i d i t y .  We made two s e r i e s  of 
measurements i )  a  square 1 cm o p t i c a l  cuvet  i s  used and i i )  a  r e c t -  
angular  2  x  5  mm i n s i d e  measure cuve t  i s  used.  The s c a t t e r i n g  sample 
was-a 40 nm r ad iu s  s t e r i c a l l y  s t a b i l i z e d  s i l i c a  d i spe r sed  i n  to luene  
Inn n s o l ~ . l z ~ . ~ ~ .  
r 

A s  t h e  c e l l s  were no t  thermostated t h e r e  i s  s t i l l  some s c a t t e r i n g  i n  
t he  c ro s s - co r r e l a t ed  d a t a ,  e s p e c i a l l y  a s  t he  measurements were made ov- 
e r  a  per iod  of a  few weeks. I n  our  opinion f i g u r e  9 shows unambiguous- 
l y  t h a t  t h e  experimental  se t -up  i s  capable of suppressing very  e f f i c i e n t -  
l y  mu l t i p l e  s c a t t e r i n g  f o r  r a t h e r  t u r b i d  samples. 
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PMT A 

Figure 8 Actual experimental set-up for 
obtaining the data of figure 9. 
Components are: PHC, adjustable PMT B 
vertical slit; pH, pinholes; 
c, measuring cell; M, flat mirror; 
L. cylindrical lens; PMT, photo- 
multiplier tube. 

Figure 9. Experimental results. The apparent diffusion coefficient 
plojted against turb-dity of the sample ; O, lcm2 cuvet ICCF ; ., 
lcm IAcF ; -*, 2xsmmi IccF ; +, ~ x ~ m m z  M c F .  
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