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If a light beam passes through  a perfectly  homo- 
geneous  medium we expect no scattering of the 
light i n  directions  other  than  the  forward  direction. 
This  conclusion  results from the fact  that  waves 
scattered from each point i n  a  homogeneous  me- 
dium interfere  destructively in every  direction 
other  than the forward direction Of course, if 
the  wavelength of the  radiation is of the  order of 
the interatomic distances  then on  this  scale  the 
medium will be  nonhomogeneous and  scattering 
can  be  expected t o  occur in  conformity with the 
Bragg conditions However,  for light waves  the 
Bragg equations cannot  be  satisfied. 

Despite  this  argument  there is considerable light 
scattering  even from the most highly  purified  liquids. 
This  scattering grows stronger  as  one  approaches 
the  liquid-gas  critical  point.  In  fact. in this  critical 
region the  scattering is s o  impressive  that it is 
called  “critical opalescence.” Von Smoluchowski 
[l] was  the  first  to  suggest  that in a  real  liquid 
the  density is not perfectly  uniform but that  over 
regions of the  order of the  wavelength of light there 
were  fluctuations in  the  density of the  liquid. At  
each instant of time,  he suggested.  the liquid is not 
of a  single  density. but instead  there is a distribu- 
tion of density  around  the  average  density.  The 
light is then  scattered off the  fluctuation in the 
density  around  the  average. 

Stimulated by Von Smoluchowski’s  suggestion. 
Einstein [2] undertook  a  quantitative  calculation 
of the  scattering of light  from the  fluctuations in a 
liquid with special  attention to the  situation  near 
the critical  point. If we take  the wave  vector of 
the  incident light beam  as k, and  that of the  scat- 
tered  beam  as k’,  then  Einstein  was  able  to show 
that  the  electric field scattered  a  distance R away 
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and  where Eo is the  amplitude of the  incident  plane 
wave, wg is the  angular  frequency of the  incident 
radiation,  sin9 is the  angle  between  the  direction 
of polarization of the  incident light and  the  direction 
of k’. &(K. t )  is the  fluctuation of the  dielectric 
constant  having  the wave  vector  equal t o  the  scat- 
tering  vector K. Equation  (1) signifies that  scatter- 
ing in the  direction k’ is produced by a  fluctuation 
in dielectric  constant  having wave  vector K =  k‘ - k. 
This corresponds  classically t o  a Bragg  reflection 
off the  fluctuation  having wave  vector K. Quantum 
mechanically  eq (1) and  (2) signify  that  constructive 
interference of the  scattered  wavelets  occurs only 
when the  momentum is conserved  between  the 
photons  and  the  scattering  fluctuation. 

In  order t o  determine  the  intensity of the  scat- 
tered light Einstein  then went on t o  calculate  the 
mean  squared  scattered field: 

The fluctuation in the  dielectric  constant  can be 
taken  as  arising out of the  fluctuation of the  density 
6 p  viz: 

and  Einstein  evaluated  the  mean  squared  amplitude 
of the  fluctuation in the  density for K = 0 using the 

Boltzmann  principle  which  weights  a  fluctuation 
by the work required to produce  it.  In  this way 
Einstein  found for K =  0 

where Y is  the volume of the  illuminated  region, 
pu is  the  mean  density, BT is  the  isothermal bulk 
modulus, kT is  Boltzmann’s  constant  times  the 
absolute  temperature.  The  phenomenon of crit- 
ical  opalescence follows  simply  from (5) since  as 
T - t  Tc the  isothermal bulk  modulus  goes  to  zero, 
or perhaps  more  strikingly,  the  compressibility 
grows  very large  indeed  and  hence (16~(0, t ) l z )  
gets very big. Physically  the  enormous  increase 
in the  scattering  results  because  large  density 
fluctuations  become  energetically very easy to 
produce  since  the  compressibility  is very large. 
The  large  density  fluctuations in  turn  produce large‘ 
fluctuations in the  dielectric  constant  and  hence 
a  great  deal of light scattering. 

The work of Einstein was later  extended by Orn- 
stein  and  Zernike 131. They  noted  that  eq (5) was 
a good approximation  for &(K, t )  provided  that  one 
was not too near T r .  As T+ T r ,  however, it be- 
comes  necessary to evaluate (16~(K,  t ) l z )  for K # 0. 
Their  result, which has  also  been  obtained in other 
ways [LE, 51, has  the  form for small K 

where n is  a  length of the  order of the  interatomic 
distance.  Thus,  the  scattered light intensity grows 
extremely  large only in the  forward  direction K = 0. 
For  other  directions  the  scattered  intensity will 
not in fact  diverge. 

Following the work of Einstein,  and  Ornstein 
and  Zernike,  much  experimental effort  was devoted 
to a  study of the  temperature  dependence  and  the 
K dependence of the  scattered light intensity. 
Work  continues  to  the  present  day  and in fact is 
being  reviewed  at  the  present  conference.  Despite 
this  activity,  there  exists no experimental  infor- 
mation on the spectrum of the  scattered light  in 
the  critical region of a fluid. 

The  first  person to investigate  theoretically  the 
spectrum of light scattered  from  a liquid  or  solid 
was L. Brillouin. His first  investigation [61 of this 
subject was in 1914. This was  followed by a  more 
complete  analysis in  1922 [7]. The  spectrum of the 

scattered light depends upon the form of the  time 
dependence of the  fluctuation in the  dielectric- 
constant. In fact,  the spectrum  is obtained if the 
time  correlation  function ( E ( K .  t + ~ )  . E*(K,  t ) )  
is  known [8).  This  correlation  function is related 
t o  the  temporal  fluctuations in the  scattered field by 

where we have  dropped  the  distance R in the  desig- 
nation of the  functional  dependence in E. The 
correlation  function for the  scattered field  is re- 
lated t o  the  correlation  function  for  the  fluctuations 
in the  dielectric  constant by 

The  question  thus  arises,  what is the  time  cor- 
relation  function for the  fluctuations in the  dielectric 
constant?  To  answer  this we must  have  some 
model  for  the origin of the  fluctuations  in E. Bril- 
louin  pointed  out  that  one  such origin was  to  be 
found  in  the  thermally  excited  sound  waves  which 
continuously  travel  through  the  medium.  These 
sound  waves  are  fluctuations in pressure  at  constant 
entropy.  The  pressure  fluctuations in turn  modu- 
late  the  dielectric  constant  and so produce  scatter- 
ing. To  calculate  the  modulation of the  dielectric 
constant  produced by the  thermally  excited  sound 
waves, we observe  that: 

where 6p(K, t )  is  the  Fourier  amplitude  for  the  pres- 
sure  fluctuation  in  the  sound  wave  having wave 
vector K. Since  the  sound wave travels  as  a wave 
with frequency kR(K)  and  has  a finite lifetime 
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1/T(K) we may  expect  that  the  correlation  function 
for  the  pressure  fluctuations is 

From  this it  follows at  once  that  the  spectrum of 
the  scattered  radiation  is given using  equations 
12, 11, 9, 8, by 

Thus  the  spectrum of light scattered by the  sound 
waves  in  liquid  consists of a  doublet.  Each  com- 
ponent of the  doublet  is  shifted away  from the  in- 
cident  frequency wo by an  amount ?R(K). This 
shift  is  simply  the  frequency of the  sound wave 
which  was  responsible for the  scattering.  The 
Brillouin doublets  can  be  regarded  as  a  Doppler 
shift  in  the  frequency of the  incident light as  a 
result of a  reflection off the moving sound  waves. 
Or  equivalently  the  condition 

can  be  looked  upon  as  a  conservation of energy 
between  the  incident  photon,  the  emergent  photon, 
and  the  scattering  phonon. The plus  sign  corre- 
sponds  to  phonon  annihilation  and  the  negative  sign 
to  phonon  creation. 

The  existence of the Brillouin doublets for  light 
scattered by a  liquid was  first shown by the  experi- 
ments of Gross in 1930 [9, 101. This  subject  has 
since  expanded  considerably  and the  experimental 
information on liquids  has  been well  reviewed by 
I .  Fabelinskii [ l l ] .  The  experiments  showed, 
even in the most  carefully  purified  liquids,  that  the 
spectrum  also  contained light  whose frequency was 
equal to that of the  incident  radiation.  That  is, 
in  addition  to  the Brillouin doublets,  there is a 
central  component in the  spectrum of the  scat- 
tered light. The  existence  and  relative  magnitude 
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of the  central  components  and  the Brillouin doublets 
was explained by Landau  and  Placzek [ 12,4]. They 
pointed  out  that  the  fluctuations in  the  dielectric 
constant  are  produced not only by the  adiabatic 
pressure  fluctuations  (the  sound  waves)  but  also 
by the  isobaric  entropy  fluctuations.  Putting  the 
matter very  explicitly,  the  dielectric  constant  can 
be  regarded  as  a  function of the  entropy ( s )  and 
the  pressure ( p )  and  fluctuations in either of these 
quantities will cause  fluctuations in the  dielectric 
constant.  Thus 

The  second  term on the right  hand side of eq (15) 
was considered by Brillouin.  Landau  and  Placzek 
stressed  the  importance of the  first  term. I n  
order to obtain  the  time  dependence of the  entropy 
fluctuations  they  argued  that  the  fluctuations in 
entropy were  proportional  to  those  of  temperature 
through I 

But  the  time  dependence of a  temperature  fluctua- 
tion  is  governed by the  Fourier  heat flow equation 
viz: 

where c: is the  specific  heat  per  unit  volume, A is 
the  thermal  conductivity, 6T(r,  t )  is the  temperature 
fluctuation at  the point r and  time t .  To obtain  the 
time  dependence of the  temperature  fluctuations 
with  wave vector K, we compute  the  Fourier  trans- 
form of eq (17) and find that 

Thus  the  temperature  fluctuations do  not propa- 
gate,  they  are diffusion  like  in their  decay,  and a 
fluctuation will die  away  exponentially  with  time. 
Thus we  have  that  the  correlation  function for the 
entropy  fluctuation will have  the form 

By evaluating ( (6s (K,  [ ) I 2 ) / (  ltjp(K, t )12)  for K - 0 
Landau  and  Placzek could  show  that the  intensity 
in the  central component is greater  than  that in 
the Brillouin  components by the  ratio (cr - c,.)/c,.. 

As we can  see  from  eqs (13) and (20), the  spectrum 
of the light scattered b y  a liquid contains a great 
deal of information of importance in the critical 
region. In  particular we should  mention the follow- 
ing  points. The width of the Brillouin components 
provides  the  sound wave lifetimes  as  a function o f  
temperature  and  wavelength. The spectral posi- 
tion  gives the sound  velocity as a function of wave- 
length  and temperature. Note that since the 
adiabatic. bulk modulus approaches  zero as T+ Tc 
the Brillouin doublets should  move in toward the 
center  as  one approaches Tc. The intensity of the 
Brillouin  components gets large  like the adiabatic 
compressibility.  The  central component  contains 
the following  information. The width  gives the 
lifetime  for decay of the nonpropagating fluctuations 
of the entropy.  The  precise  shape of the central 
component  gives  the  time  dependence of the  cor- 
relation  function.  The  intensity gives (c,, - cl.)  
as a  function of the  temperature. 

Despite  the  information  contained i n  the  spec- 
trum. until  very recently.  there  have been no obser- 
vations of the spectrum of light scattered  near  the 
critical point of a fluid. The reason  for  this  is 

Since  the  entropy  fluctuations  are  independent 
of the  pressure  fluctuations we may calculate  the 
spectrum of light scattered by the  entropy fluc- 
tuations  alone  and we obtain  using 8, 9, 15, and 19 
that 

Since  the  entropy  fluctuations  do not propagate, 
they appear in the  spectrum with the  same  fre- 
quency  as  the  incident light frequency.  The  width 
of this  central  component  gives  the  lifetime for 
the  entropy  fluctuation with  wave vector K. 

The entire spectrum of the  scattered light  is 
the sum o f  the spectrum due t o  the  sound  waves 
and  the entropy fluctuations i.e.. 

that  the line  width of the conventional  light  sources 
were so broad  that  its  spectrum  spread o u t  well 
beyond the Brillouin doublets  thus  preventing 
resolution of the spectrum near  the  critical point. 

The invention of laser light sources with  high 
intensity  and very  narrow spectral width has  made 
it possible  to  study [13, 141 the  spectrum of light 
scattered from a  normal  liquid with much  greater 
resolution  than was  previously  possible.  In view of 
the  information  contained in the Brillouin compo- 
nents we undertook a  study of the  spectrum of 
light scattered from the fluid sulfur  hexafluoride 
(SF6) in the vicinity of the  critical point T, = 45.55 
“C. The  critical  pressure  and  density of this  fluid 
of nearly  spherical  molecules is pr=37.11 atm  and 
p,=0.730 g/cm3. We  used  as  a  spectrograph  a 
high  resolution  Fabry-Perot  interferometer which 
could  resolve  lines  spaced  as  closely  at 50 Mc/s. 
The  expected  splitting of the Brillouin components 
was about 500 Mc/s.  The light source was a  single 
moded,  helium neon laser, whose frequency was 
constant to  within about 10 Mc/s.  We  searched 
along  the  critical  isochore  over  a  temperature  range 
0.1 O K  < T-   T ,  < 20 O K  without  finding any  resolved 
Brillouin doublets.  While  this  experiment  must 
be  repeated with greater  sensitivity, we feel  that 
the  negative  result may indicate  that  the  widths of 
the Brillouin doublets in this  critical region are 
much  broader  than  the  displacement of each  line 
from the  central  component.  In  other  words,  the 
sound wave  lifetimes  for  sound  waves  with  a  fre- 
quency of - 500 Mc/s  is  actually  shorter  than  the 
period of the wave. These  considerations  are 
supported by an w2 extrapolation of measurements 
of the low frequency  sound wave attenuation in 
SF6 near  the  critical point [15]. As a  result of 
these  observations it appears  that  the  most  strik- 
ing  feature of the  spectrum is the  central  compo- 
nent which  grows in intensity  and  gets  extremely 
narrow  as T+ T,. 

Very recently  Alpert,  Yeh,  and  Lipworth [16] 
have  reported  the  observation of the width of the 
central  component in the  spectrum of light scat- 
tered  from  a  critical  mixture of cyclohexane  and 
aniline.  They  used  an  elaborate  “homodyne  spec- 
trometer” [17] which  analyzed the  beat  between 
the  scattered light and  part of the  incident light. 

We  report  here  the  first  measurements of the 
width of the  central  component  for light scattered 
from a  pure fluid, SFs, near  its  critical  point.  We 
use for this  study  the very simple  detection  scheme 
shown in figure 1. 
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The light scattered in the  angular  range  between 
0 and 0 +  A0 is  collected by a lens  and  focused 
onto  the  surface of a  phototube.  The  phototube 
current is proportional to the  square of the  inci- 
dent  electric field. Thus  the  fluctuations in the 
output  current of the  phototube  gives  the  fluctua- 
tions in E(t)E*(t). This  fluctuating  current is ana- 
lyzed into  its  spectrum  using  a  spectrum  analyzer 
and  the  spectrum is  displayed on a  recorder. 

The  spectrum.  as  obtained b y  this "self  beat" 
or square law detection  system, gives the  spec- 
trum of the  fluctuations in  IE( t )  I 2 .  We may 
relate  this  spectrum t o  the spectrum of E ( [ )  by 
making  use of the  fact  that if E ( t )  is a  Gaussian 
random  variable.  the  correlation  function for | E(t)|2 
is related to the  time  dependence of E(t) b y  the 
equation 

where we have  explicitly  written K the  scattering 
vector in  the  expression for the  correlation  func- 
tions  to  emphasize  that  these  functions  depend on 
the  scattering  vector.  We now use  the  fact  that 
the  time  dependence E (K, I )  for the  scattering 
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With this  time  dependence of E(K,  t )  i t  follows 
that  the  second  term on the  right-hand  side of eq 
(22) is  zero  and  the  correlation  function for the 
output of the  phototube is determined entirely by 
the  correlation  function of the  scattered field viz: 

where we have  used  the  Landau-Placzek  assump- 
tion,  eq (19), to  obtain  the  form of the  correla- 
tion function for the  entropy  fluctuations.  Thus 
the  correlation  function  for  the  output of the  photo- 
tube  has  the  form: 

The first  term on the  right  side of eq (27) corre- 
sponds  to  the  d-c  photocurrent.  This  d-c  current 
does not enter  the  spectrum  analyzer  as  it is re- 
moved  with an R C  blocking filter as  shown in 
figure 1. Thus  the power spectrum of the  current 
fluctuations  entering  the  spectrum  analyzer is 
given by the  second  term on the  right  side of eq 
(27). The spectrum  analyzer  uses  a  linear full 
wave  rectifier as  its  detector  element. As a  result, 

it can  be  shown [B] that  the  output  current Z(o) as  a 
function of frequency o is directly  proportional  to 
the  square root of the  input  power  spectrum. Z(o )  
is  displayed on the  recorder,  and from the  discussion 
above we see  that Z(w)  is  given by: 

We  can  therefore  use  eq (28)  to analyze  the  shape 
of the Z(w) spectrum  and  thereby  determine  the 
decay  rates of the  entropy  fluctuations r,,(K). Of 
course, if the  output  spectrum I (  w) does not have 
the  form  predicted by the  Landau  theory we can 
obtain  from I (  o) information on the  form of the 
time  dependence of the  correlation  function  for 
the  entropy  fluctuation. 

We  show in figure 2  the  spectrum  analyzer out- 
put I(w) as  observed  at  T=45.78 "C, about 0.2 "C 
from the critical  point, and  near  the  critical  iso- 
chore.  The  scattering angle  was  about 8.7". We 
estimate  that  the half  width  at  half  height of this 
spectrum is about 350 c / s .  This  measurement is 
remarkable in that i t  shows  that  lasers now make i t  
possible t o  detect  shifts in the  frequency  ofthe  scat- 
tered light as small as  a few hundred  cycles  per 
second  out of the  incident light frequency of 
5 X lo'4 c /s .  In figure 3 we show  similar  spectra 
taken  at fixed temperature for  different  scattering 
angles  to  check  the K2 dependence  ofthe half  width 
of the line. The  results of this  investigation  are 
shown in figure 4 for  two  different  temperatures. 
Within  the  error  limits  imposed by these  early 
measurements we see  that  the width of the scat- 
tered  spectral  line is indeed  proportional  to K2 
In figure 5 we show the  temperature  dependence 
of the half  width  for  fixed scattering  angle in  order 
to examine  the  temperature  dependence of A/(.;. 

Finally we may inquire  as to  whether  the  value of 
T,(K) as  deduced  from l(o) and  eq (28) is in agree- 
ment  with the  formula of Landau. Along  with 
J .  V.  Sengers  [18) we have  estimated  the  tempera- 
ture  dependence of A and c: for SF6 at the  critical 
isochore  and  thus  obtain  a  theoretical  estimate  for 
the  temperature  dependence of T,(K). This  esti- 
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mate is i n  a good qualitative  agreement with the 
present  observations [19]. 

In conclusion we wish t o  stress the following 
points.  First.  that t h e  present  experiments  demon- 
strate that i t  is possible t o  study  the  spectral dis- 
tribution of the light scattered  from  entropy fluctu- 
ations  near  the  critical point. These  studies  can  be 
carried  out  using  a  very  simple  “self  beating”  or 

square law” spectrometer  whose  operation  has 
been  described.  The  spectrometer,  which  uses  a 
laser  beam as a light source,  permits a measurement 
of the  spectral  distribution in the  scattered light 
which  is as  narrow  as a few tens  or  hundreds of 

“ 

cycles  per  seconds  out of the  incident light fre- 
quency of 5 X 1014 c / s .  By studying  the  detailed 
shape of the  spectrum  and  its  temperature  depend- 
ence we can  obtain  information  on  the  time  and  tem- 
perature  dependence of the correlation  function for 
the  entropy  fluctuations in the  critical  region. 
Finally, we have  presented  the first measurements of 
these  fluctuations in a pure fluid (SF6) near  its 
critical  point. 
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Time-Dependent Concentration Fluctuations Near the 
Critical  Temperature * 

S. S. Alpert 

Columbia University, New York, N.Y. 

The title of this  talk  which  is  printed in the  con- 
ference  program  as  “Time-Dependent  Density 
Fluctuations  Near  the  Critical  Temperature” 
is  incorrect  and  should  be  altered  to  read  “Time- 
Dependent  Concentration  Fluctuations  Near  the 
Critical  Temperature.”  This is readily apparent 
when  one  considers  the  differential  element of 
scattered  energy given  by the  expression 

Here dE,,. is  the  differential  element of scattered 
energy  which  is  normalized to the  incident  intensity 
l o :  d f l  is the  element of solid  angle  into  which  the 
light of wavelength A is  scattered.  The  factor 
B(8,  A) gives the  dependence of the  scattered  energy 
on  the  scattering  angle 8 and  on  the  wavelength A. 
It  is  seen  that  the  scattered  intensity  depends  on 
the  change of the  dielectric  constant E of the  me- 
dium with respect  to  both  the  density p and  the 
concentration c. For a binary  system  such  as 
aniline-cyclohexane,  which is the  system  studied, 
there is reason  to  believe  that  the  mean  square 
fluctuation of concentration 6c’ becomes  very  large 
as the  critical  temperature  is  approached. This 
point will be discussed  later in this  talk.  However, 
since  the  compressibility of the  binary  system is 
nonsingular in the  region of the  critical  tempera- 
ture,  the  mean  square of the  density  fluctuation 
remains finite and small: hence it is reasonable 
to  assume  that it is the  concentration  fluctuations 
which are  responsible  for the light scattered  from 
binary  systems  near  the  critical temperature 

In  the  preceding  talk,  Professor  Benedek  clearly 
outlined  the  nature of the light scattered  from a pure 
liquid  system.  The  scattered light from a binary 
mixture  is a triplet  where the  outer two components, 
the Brillouin doublet [l], result  from  thermally 
excited  acoustic  modes  and  where  the  central 
unshifted  component [2] results  from  fluctuations 
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of concentration  and  temperature  at  constant  pres- 
sure. It is  this  central  unshifted  line  which m y  
colleagues, Dr. Y. Yeh  and Dr. E. Lipworth,  and 
myself have  experimentally  observed,  using a laser 
homodyne  spectrometer of high  resolving  power. 

Before  discussing  the  results of our  experiment, 
I should  like  to  digress  for  a f e w  minutes  and t o  
sketch for you the  general  functioning of the  laser 
homodyne  spectrometer  developed at Columbia 
University  by  Cummins,  Knable,  and  Yeh [3] in 
the  early  part of 1964. 

The  laser  homodyne  spectrometer 131 has a re- 
solving  power of one  part in l0l4 and is capable of 
scanning  the  spectral profile of the  central  compo- 
nent of the  scattered  triplet.  The  essential  func- 
tional  components of this  spectrometer  are  the 
laser light source,  a  divided  optical  path,  the  ex- 
ternally  driven  Bragg  tanks,  and  the  detection  ap- 
paratus  and  associated  data-processing  electronic 
equipment. (See figs. 1 and 2). These  functional 
components  are  presented in outlined  form below: 

1. Laser source. As  previously  noted  in  this  re- 
port it was  desired  to  observe  the  spectral profile 
of the  central  component of the  scattered light 
triplet.  This profile was  expected  to  be o n  the 
order of a  few  hundred  cycles  per  second.  Clearly 
the  spectrometer light source  must be inherently 
more  narrow  than  the  desired  spectrum.  The 
only  available  light  source fulfilling this  require- 
ment  at  the  present  time  is  the He-Ne laser.  Jaseja 
[4] has  shown  that  under highly controlled  condi- 
tions and for  short  times,  the  line  width of a  single 
mode of the He-Ne laser is less  than 1 c / s .  This 
was the  reason  underlying  the  use of a He-Ne  laser 
capable of a power  output of about 15 mW with an 
intermodular  spacing of 60 Mc/s. 

2. Divided  optical  path. Although the  frequency 
output of the  He-Ne  laser  is  instantaneously  quite 
narrow,  over  any  reasonable  time  interval of ob- 
servation (= 1 sec) the line  width  is  broadened 
to  the  bandpass of the  optical  cavity  which  is  about 
10 kc/s.  This  broadening  results  from  thermal 
vibration  effects  on  the  mirrors  and  also  any 
microphonic  effects  present.  It  thus  becomes 
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