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Abstract Corre la t ion  data o f  l i g h t  scat tered by a s o l u t i o n  o f  po ly -  
styrene ca l i b ra ted  spheres i n  g lycerol-water are f i t t e d  w i t h  a bimodal 
exponentieil decay a t  the sca t te r i ng  angles 30°, 90°and 150'. I t  i s  
shown that  t h i s  behavior i s  caused by the r e f l e c t i o n  o f  the o r i g i n a l  
laser  beam i n  the sca t te r i ng  c e l l .  

1. INTRODUCTION 

I n  l i g h t  sca t te r i ng  experiments one o f tens  measuresl ight scat-  

tered frorri a secondary beam. Thts l i g h t  source r e s u l t s  from r e f l e c t i o n s  

o f  the o r i g i n a l  beam i n  o p t i c a l  windows o r  in ter faces o f  t hecon ta ine r .  

Such r e f l e c t i o n s  can be enhanced by metal coat ings o r  m i r r o r  and lens 

assemblies i f  doubl ing the sca t te r i ng  i n t e n s i t i e s  i s  advantageous. I n  

some cases however the second a n t i p a r a l l e l  beam can be a s o u r c e  o f  

e r r o r  and requires some care i n  the spectra l  ana lys is .  The r e f l e c t e d  

beam can be taken care o f  by one o f  many ingenious mthods ranging f rom 

a n t i - r e f l e c t i o n  coat inqs t o  index matching and use o f  nonperpendicular 

windows. 10 understand q u a n t i t a t i v e l y  the e f f e c t ,  we c a l c u l a t e d  and 

measured the spectra obtained from a so lu t i on  o f  spher ical  sca t te re rs  

by photon c o r r e l a t i o n  technique. The f i r s t  p a r t  o f  t h i s  paperdescribes 

the ca lcu la t ions ,  which are cornpared t o  measurements i n  the second part. 

2. COMPLEMIENTARY ANGLE SCATTERING 

A so lu t i on  o f  N p a r t i c l e s  i l luminated w i t h  a plane electromag- 
-+ -+ 

net  i c  wave o f  the form E,, e x p ( d  . r -wo t )  (where KL i s the wave vector  o f  
L -+ 

the inc ident  l i g h t  o f  angular frequencywo,Eo the e l e c t r i c  amplitude 
-+ 

vector ,  r and t p o s i t i o n  and t ime coordinates respect ive ly )  s c a t t e r s  

l i g h t  by d ipo le  rad ia t i on .  The r a d i a t i o n  f i e l d  a t  a p o s i t i o n  $ from 
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the o r i g i n  a t  the sca t te r i ng  region i s  the sum o f  the f i e l d s  rad ia ted 

by each p a r t i c l e  and i s  g iven by 

-+ 
where E: i s  the scat tered f i e l d  amplitude from an i nd i v i dua l  p a r t i c l e  

and depends on the sca t te r  ing  geometry ( i  nc luding inc ident  and observed 

p o l a r i z a t i o n ) ,  the size, form and r e l a t i v e  p o l a r i z a b i l  i t y  o f  the  scat-  

terers ,  and on the o r i g i n a l  f i e l d  strength.  The choice o f  the o r i g i n  

ins ide  the sca t te r i ng  volume i s  a r b i t r a r y  i n  p r i n c i p l e  and each p a r -  

t i c l e  p o s i t i o n  manifests i t s e l f  through the phase f a c t o r  $ . ( t ) .  
3 

Let us i luminate  t h i s  so lu t i on  by two a n t i p a r a l l e l  c o h e r e n t  

beams o f  the same po la r i za t i on ,  which can be e a s i l y  made us ing a  m i r -  

r o r .  For sca t te r i ng  angle e (def  ined by the o r i g i n a l  beam) we have a  

complementary sca t te r i ng  from the r e f l e c t e d  beam a t  t h e  a n g l e  8 = 

= (180'-O), as shown i n  f i g u r e  1 .  We then def ine  the sca t te r i ng  wave 

vectors 
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origino1 beom 
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Fig.1 - a) Scat te r ing  geometry - The sca t te r i ng  angle 8 i s  def  ined by 
the o r i g i n a l  beam. b) Wave vector  displayed. 

and 

+ 
which descr ibe the two cases o f  momentum conservat ion (K i s  the scat-  

S 
tered wave vec tor )  . For quas i - e las t i c  sca t te r  ing we have respect i v e l  y  



and 

q e  = 3 sen (8/2) 

q- = 2K COS (8/2) e L  
We now w r i t e  the scat tered f i e l d  as 

where the add i t i ona l  term i s  due t o  the re f l ec ted  beam. Here b i s  a 

f a c t o r  1 inked t o  the r e f l e c t i v i t y  R and the geometrical f a c t o r  M-which e 
represents the i n t e n s i t y  r a t i o  between the scat tered i n t e n s  i t i e s  a t  

ang!es and 8 ,  i .e.,  M- = T-/T . As we are  dea l ing  w i t h  the e l e c t r i c  e e e  
f i e l d s ,  b c:an be wr i t en  

b = ( R  M-) 'I2 
8 

(7) 

Giuen a choice o f  o r i g i n  i n  the sca t te r i ng  region, we determine 

the phases ~ $ ~ ( t )  and @!(t) o f  the f i e l d s  scat tered by a p a r t i c l e  cen- 
3 

tered a t  3;. From f i g u r e  2 we see t h a t  the phase delay r e l a t i v e  t o  the .i ' 
o r i g i n  o f  the l i g h t  scat tered coming from 

i )  the o r i g i n a l  beam i s  

I origino1 
wavefront 

A 

C 

L s c a t t e r s d  
wovef  ront 

--A 

Flg.2 - Scat te r ing  geometry f o r  phase delay determinat ion.  



i i )  the r e f l e c t e d  beam i s  

2Tl - -+ 3 -+ 3 
= X ( P B  - ÕD + R  - ÕF) = -KL . ~ . ( t )  - KS . ~ ( t )  

3 

The re f l ec ted  beam reaches the o r i g i n  w i t h  a  delay r e l a t i v e  t o  

the o r i g i n a l  beam 

3 
where d i s  the vector  from the o r i g i n  t o  the m i r r o r .  Thus 

Taking eq.(8) and e q . ( l l )  i n t o  eq.(6) ,  the po lar ized component r e s u l t s  

.+ -+ + zq- . r . ( t )  - i w ,  t] 
0 3 

Informat ion about the  p a r t i c l e  d i f f u s i v e  movement i s  g iven by 

f i e l d  and i n t e n s i t y  c o r r e l a t i o n  func t ionsl  o f  the 1 i gh t  scat tered by 

these p a r t i c l e s .  Let us ca lcu la ted these func t ions .  From eq. (12) the 

f i r s t  order c o r r e l a t i o n  func t i on  i s  

I f  the so lu t i on  i s  so d i l u t e  t ha t  the p a r t i c l e s  d o n ' t  i n t e r a c t  

w i t h  each o ther ,  then terms w i t h  !&#i become independent and can be 
i0 - be fac tor ized 1 i ke  <e 3> <ei'' >, I f  the observat ion volume has a  



t yp i ca l  sizt: greater  than 2~r/q, then each o f  these fac to rs  becomeszero 

as phases cinn assume any value, which o f t e n  happens i n  e x p e r i m e n t a l  

cond i t ions .  So on ly  terms w i t h  R=j would surv ive.  A s  p a r t i c l e s  are  

equivalent  so are  the ensemble averages, and we have 

Here we have used the no ta t  ion 

<ee> = <expE$,.:(t) + 

We compute these averages using a  cond i t iona l  p r o b a b i l i t y  f o r  
-+ 

a  p a r t i c l e  located a t  r = O a t  t = O t o  be found a t  t ime i n  a  volume 
+ 

d3r. For a  "random walk" brownian movement, t h i s  i s 2  

Here D i s  t:he d i f f u s i o n  c o e f f i c i e n t  o f  the p a r t i c l e  i n  the s o l v e n t ,  

given by tt ie Stockes-Einstein r e l a t i o n 3  f o r  spher ical  p a r t i c l e s  o f  

radius a ir1 a  so lu t i on  o f  v i s c o s i t y  rl a t  temperature T 

D = -  

61rl-Q 

where KB i:; the 601 tzmann constant. 

Thr: quan t i t i es  i n  eqs. (15) and (18) 

g i ve  -m; I I 
< 80> = e  

and 2 
-0s- 1 

< i j é > = b 2 e  0  

are r e a d i l y  computed t o  

but we no t i ce  the presence o f  origin-dependent phase fac to rs  i n  the 

o ther  quan t i t i es ,  which are  given by 



These phase f a c t o r s  r e f  l e c t  t h e  use o f  a  c o n d  i t i o n a  l prob-  

a b i l i t y  f o r  a  p a r t i c l e  i n l t i a l y  l o c a t e d  a t  t h e  o r i g i n ,  As we observe 

a  volume where t h e  t y p i c a l  s i z e  i s  a t  l e a s t  o f  a  w a v e l e n g t h ,  these 

phases must be averaged, i .e . ,  a t  " t ime z e r o J 1 a  p a r t i c l e  can b e  any- 

where 

f ind  

Subst 

i n  t h i s  volume, thus d e f i n i n g  t h e  o r i g i n  a n d z .  I f  we do so, we 

h a t  

< e b  =<&I> = o (25) 

t u t i n g  eqs. (25), .(21) and (22) i n t o  eq. (14), we ge t  

Through n o r m a l i z a t i o n  we o b t a i n  the  f i r ç t  o r d e r  c o r r e l a t i o n  f u n c t i o n  

I f  t h e  number o f  s c a t t e r s  i s  h i g h  enough (above 102)  t o  ensure 

a  gaussian s t a t i s t i c s 4  the  normal i zed  f i r s t  o r d e r  i n t e n s i  t y  c o r r e l a t i o n  

e l e c t r i c  f i e l d  c o r r e l a t i o n  f u n c t i o n  ) i s g i v e n  

T h i s  r e s u l t  i s  compared t o  exper imenta l  measurements 

nex t  s e c t i o n .  

3. EXPERIMENTAL RESULTS 

(28 

i n  t h e  

As s c a t t e r i n g  media we used c a l i b r a t e d  p o l y s t y r e n e  spheres (DOW 

~ o r n i n g )  o f  r a d i u s  990 8 ,  r e f r a c t  i v e  index 1.598 and used as  s o l v e n t  a  



mixture o f  86.5% i n  volume o f  d i s t i l l e d  g lycero l  i n  water. This solvent  

has index o f  r e f r a c t i o n  1.452 and v f s c o s i t i e s 5  o f  130 cP a t  2 0 . 5 ~  and 

160 cP a t  1 8 . 1 ~ ~ .  The concentrat ion o f  the so lu t i on  was o f  about 106 

scat te rers  per crn . The so lu t i on  was sealed i n  a 10 mm o f  diameterpyrex 

c y l i n d r i c a l  tube t o  prevent water absorpt ion from the atrnos 

rneasurements where taken a t  roorn ternperature. As pyrex has  

r e f r a c t i o n  (measured) o f  I .47 the main r e f r e c t i v i t y  comes 

pyrex- a i r  i n te r face  and i s  o f  the order  o f  4% i n  the  i n tens i  
o Cor re la t ion  curves were taken a t  30 , 90' anf  150' 

angles. The 90' mounting could be s ing le  exponental f i t t e d  

phere and 

index o f  

from the 

t Y .  

s ca t te r i ng  

w i  t h  the 

expected decay t ime ( I / D ~ ~ )  o f  145ms (a t  20.5'~). The 150° mounting i s  

shown i n  f i g . 3 t o g e t h e r  w i t h  two referente curves. The f i r s t  represents 

the expected s ing le  exponential decay i n  the absence o f  reflectedbeam. 

o 
F i  g . 3 -  Cor re la t ion  data f o r  8=150 (dots) and two theo re t i ca l  curves: 

(a) represents the expected s ing le  exponential i n  the absence o f  re -  

f lec ted beain (g, ( t ) = 4  .O2 e -2t'95); (b) represents the best s i n g l e  ex- 

ponent ia l  f i t  which has a l i new id th  32% greater  than the expected value 

(g, (t)=4.02 e -2t'125). Subtracted background, a r b i  t r a r y  un i  t s ,  t i n  rnsec) . 



The decay t i m e  would be 95 msec. The second c u r v e  represen ts  t h e  bes t  

s i n g l e  exponen t ia l  f i t  w i t h  a decay t i m e  o f  125 ms, i .e . ,  32% l a r g e r  

than the  expected va lue .  I n  f i g .  4 we show t h e  bes t  f i t  t o  t h e  150' 

o 
F i g  . 4  - C o r r e l a t i o n  da ta  f o r  8=150 (dots)  and t h e  bes t  b imoda I f i t  

2 
g, ( t I z 4 . 0 4  F x p ( - t / 9 5 )  - + 0.22 exp(-t /1330)],  where t h e  decay t imes o f  

95 msec and 1330 ms a r e  the  expected v a l u e  f o r  s c a t t e r i n g  angles o f 1 5 0  
o 

o 
and 30' r e s p e c t i v e l y  a t  t = 18.1 C .  

mounting, which i s  g i v e n  by the  formula g ,  (t) = 4 .  0 4 & x p  ( -  t / 9 5 )  + 
+ 0.22 e x p ( - t / l 3 3 0 a  , (sub t rac ted  background, a r b i t r a r y  u n i t s )  wherede- 

cay t imes  a r e  g iven  i n  msec. 60th agree w i t h  t h e  expected decay 

t imes f o r  s c a t t e r i n g  a n g l e s  1 5 0 ° a n d  30' a t  t h e  t e m p e r a t u r e  o f  

18. 1°c. The second exponent ia1  we igh t  can be bes t  expressed as  b 2 ( T o 0 )  

= 0.22 + .03. For t h e  30' mounting t h e  f i t i s much c l o s e r  t o  a s i n g l e  

exponent í a l  as t h e  asymmet  r y  i n  t h i s  case tends t o  reduce even f u r  - 
t h e r  t h e  i n t e n s i t y  o f  t h e  complementary s c a t t e r i n g  a t  t h e  l a r g e r  ang le  

O 
1 5 0 ~ .  We o b t a i n  i n  t h i s  case, where t h e  temperature was 20.3 C ,  t h e  f i t  

g,(t) = 4.03 &xp(-t /1093) + .O12 exp(- t /78.5)12.  Once a g a i n  decay t imes 

a r e  as expected, and expressed i n  msec u n i t s .  However, t h e  percen tua l  



prec i s i on  i n  the weight f a c t o r  b 2 ( p )  = .O12 + .O03 i s  much lower. Now, 

as we've done complernentary rneasurernents we can ca l cu la teRand  -- M l ~ 2  
from b 2  (30') and b 2 ( E 0 )  using eq. (7 ) .  We ob ta in  R = (5;.1+1 .0)x10 

and M = 4.3t0.8, which g i ve  acceptable values i f  compared w i t h  values 

independentl y obtained f o r  R and M, i .e. R = (4.01.3)xl and M = 

= 4.21.3. The r e f l e c t i v i t y  value was obtained by the Fresnel formula 

a f t e r  measurement o f  the pyrex index of r e f r a c t i o n ,  and the asymmetry 

value was obtalned by d i r e c t  i n t e n s i t y  measurements. 

The considerat ions made are  v a l i d  f o r  any  1 i g h t  s c a t t e r i n g  

technique, whenever one has wave vec tor  dependence. At  90' the symmetry 

i n  the re f l ec ted  beam introduces no specia l  fea tures  i n  t h e  spectra. 

For sca t te re rs  w i t h  s izes la rger  than 1/20, the  asymmetry f a c t o r  g iven 

by Mie theory6 can be very d i f f e r e n t  frorn u n i t y  and i n  t h i s  case one 

should proceed t o  reduce the r e f l e c t i v i t y  o r  e l se  r e s t r i c t  measurements 

t o  low angle scat te r ing ,  so as t o  avoid compl i c a t i o n  i n  the analyses. 

o f  the data. 
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Resumo 

Dados de correlação de l u z  espalhada por uma solução de esfe-  
ras cal ibradas de p o l i e s t i r e n o  em água-gl icerol  são ajustados com uma 
desintegração exponenc ia1 bimodal nos ângulos de espal hamento de 30:, 
90° e 1 5 0 ~ .  Mostramos que es te  comportamento é expl icado pela r e f  lexao 
do f e i x e  de laser  o r i g i n a l  na c e l u l a  espalhadora. 


