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Résumé.- On présente une expression formelle de la fonction de corrélation de 
la fluctuation d'intensité (CCIFS) en terme des fonctions de corrélation à N 
particules. On étudie cette expression dans plusieurs cas limites et on mon- 
tre qu'elle est reliée à un type de fonctions de corrélation qui décrivent des 
expériences actuelles ou futures. La CCIFS entière est nécessaire pour com- 
prendre certaines experiences récentes mettant en jeu des processus de diffu- 
sion dans de petits volumes contenant des particules fortement corrélées. 
Cependant, la CCIFS entière est compliquée et l'on étudie par simulation numé- 
rique un système de disques durs afin d'acquérir quelques aperçus en la matiè- 
re. On en conclut que les CCIFS doivent en général inclure des corrélations à 
3 ou 4 particules pour donner une approximation suffisante de la CCIFS. On 
discute enfin quelques usages possibles de la technique de la CCIFS. 

Abstract.- A forma1 expression is presented in terms of multi-particle correla- 
tion functions for the cross-correlation intensity fluctuation (CCIFS) func- 
tion. This expression is examined in several limits and is seen to be related 
to a variety of correlation functions which describe present or proposed 
experiments. Evidently the full CCIFS function is required to understand recent 
CCIFS experiments for small scattering volumes containing strongly correlated 
particles. However, the full CCIFS function is rather complex and a two dimen- 
sional hard disk system is investigated by cornputer simulation to gain better 
insight. It is found that the resulting CCIFS functions must include three and 
four particle correlation functions, in general, to give accurate representa- 
tion of the CCIFS correlation function. A mode1 calculation is reviewed and 
possible uses of the CCIFS technique are discussed. 

1. Introduction 

Scattering techniques have proved to be a fruitful method for investigating 
the many body order and structure in condensed matter systems. X-ray and elastic 
neutron scattering are used routinely to orient and to determine the structure of 
crystalline atomic and molecular solids.' Similarly, protein structures may be 
determined if these complex molecules can be condensed into a regular crystalline 
solid.' In a like fashion light scattering may be used to determine the structure 
of ncolloidal solids" which are comprised of monodisperse, submicron, plastic, 
spheres suspended in wat r and which havg lattice constants on the order of the 
light pro e wa~elength.~ In addition to Bragg scattering, thermal diffuse 
scatterin$ and Kossel lines5 may also be observed by these scattering techniques 
and yield elastic constant data in addition to structural information. elastic 
neutron, neutron spin-echo and quasi-elastic light scattering techniques' can be 
used to determine dispersion relations and elastic constants in solid atomic and 
colloidal state samples. 
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In liquid samples inelastic techniques may be applied to investigate the 
hydrodynamic modes (small momentum transfer-long time scale) to determine 
transport coefficients such as thermal diffusivities, self diffusion coefficients, 
and viscosity CO-efficients.7s8 The structure in lipid samplesmay be inferred 
from the same elastic neutron, x-ray and light scattering techniques used to 
investigate solid systems. The structural infor tion obtained on liquids is 
characterized by the pair correlation function g(r-7, which gives the probability 
for finding a particle at a distance r given another particle at the origin. In a 
solid sample the long range order and lack of rotational symmetry permits 
determination of the crystalline structure from the pair correlation function 
despite lack of phase information. In the liquid state, however, there is 
rotational symmetry about any given particle; and as a result, there is much less 
information in this function. For example, the coordination of nearest neighbors 
about a given particle is directly observed in scattering from crystalline solids 
but can only be inferred indirectly for the liquid state. When scattering from a 
liquid, the spherically symmetric pair d'stribution function must be found by a 
fourier inversion of the scattering data.' From the are. under the first peak in 
the pair distribution function the number of nearest neighbors is estimated. 
Coordination of these particles can then be inferred by assuming a local 
crystalline solid order and using that sol'd structure which exhibits the same 
coordination. Indeed many years ago, Prinsb modelled the liquid structure as a 
local solid structure where the position of the coordination shell about a given 
particle becomes more random as the distance of the coordination shell from the 
particle increases. 

Alternate proposals for the existence of local structure in li uids have 
focused recently on icosohedral order in liquid or glassy States. ' O  This 
icosohedral structure has a higher local packing density than face centered cubic 
(fcc) or hexagonal close packed (hcp) structures. Yet it is only a local 
structure and cannot be extended indefinitely without introducing defects. 
However, an amorphous state characterized by these local icosohedral structure 
may be thermodynamically stable as a result of more efficient local packing. 1 a 
The fact that these icosohedral structures are locally stable may explain the 
existence of the glassy state. Such structures appear with decreasing temperature 
until they involve nearly al1 of the particles. Their local stability frustrates 
the formation of a periodic solid. Evidence for these structures is sketchy and 
is difficult to determine unambiguously from standard scattering experiments due 
to similarities in nearest neighbor coordination numbers with other structures. 

Standard scattering experiments are also insensitive to the growth of bond 
orientational order1* in liquid samples as freezing occurs (in 2-dimensions). 
Furthermore, the large sample volumes used in standard scattering equipment also 
limit the ability to look at fluid particle order near liquid-solid phase 
boundaries. Thus there seems to be ample reason to investigate alternative 
scattering techniques which are tailored to measure the average local order and 
coordination in fluid states. In the following sections we introduce and discuss 
such a technique, cross correlation intensity fluctuation spectroscopy13, CCIFS. 
This is a nongaussian scattering technique which employs at least two spatially 
separated detectors directed at a scattering volume which is comparable in size to 
the fluid sample correlation length. Local order and coordination may be 
investigated as the CCIFS function depends on particle distribution functions up 
to fourth order. In the following section we develop an intuitive basis for cross 
correlation and experimental results are presented for cross correlation studies 
of a two dimensional colloidal liquid in the following section. Theoretical 
developments are presented and followed by a dis'cussion in the final section. 

II. Intuitive Description of Cross Correlation Spectroscopy 

Figure la displays a 2-dimensional liquid structure for a hard disk fluid. 
As expected in the fluid phase, this sytem possesses no long range translational 
or orientational order. However, there is considerable local order. A given 
particle maintains a fairly well defined distance from its nearest neighbors. 



This coordination of nearest neighbors is generally six (hcp) though some five and 
seven coordination numbers can be seen. Even some square packing is evident. 
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Fig. 1. (a) Monte Carlo simulation configuration for a hard disk fluid with a 
packing fraction 0.76. The primary particle coordination number is six (hcp 
structure). However there are five and seven particle coordination numbers 
visible, as well as, square structures. The dashed circle encloses a single fluid 
correlation region. (b) Typical Debye Scherrer ring produced by scattering 
radiation from a large sample of fluid. The ring radius kds is inversely 
proportional to the average interparticle separation. The width of the ring 
Bkcoh is inversely proportional to the fluid coherence area. The speckle size 
Ak 1s inversely proportional to the scattering volume dimension. (c) 
~cafterin~ pattern produced when the scattering area is on the same order as the 
fluid correlation area. This pattern would be produced by illuminating the region 
of fluid enclosed by the dashed line in part (a). 

A standard scattering experiment. which illuminates the whole sample shown in 
figure 1, will produce a typical liquid like scattering pattern, which is 
azimuthally symmetric about the probe beam. The first Debye Scherrer ring will 
have a position kDS characteristic of the average local order and a width 

characteristic of the fluid correlation range. The speckle size kd is ~~EFPB to the scattering volume dimension d. The ring is smooth and symmetric 
because there are many local crystal-like structures of random orientation in the 
scattering volume. This is similar to the smooth rings produced by scattering 
from crystalline powders, where the large number of scattering centers insures a 
Gaussian distribution of the scattered field amplitude. 

As the size of the scattering volume is reduced, the number of illuminated 
wcrystallitesll is reduced. The scattered field amplitude becomes less Gaussian, 
and the scattering pattern becomes grainy or speckled in appearance. The 
scattered beam becomes diffraction broadened, and is equal in width 
to Ak when the fluid correlation region and scattering volume are 
compar%Ye. Under these conditions single local1 y ordered structures are being 
illuminated. Instantaneous "snap shotsN of the scattering pattern (Figure lc and 
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figure 2c-f) will reflect this structure showing the symmetry and coordination of 
the local crystal-like structure. These patterns evolve in time and take on 
random orientations as the fluid fluctuates in structure. Thus the time averaged 
scattered intensity will exhibit the same structure as the standard scattering 
from the liquid phase with the exception that it will be diffraction broadened 
due to the finite size of the scattering volume. However, if two detectors are 
employed and cross correlated, then the average local structure can be examined. 
When the local fluid orientation is such that one detector (labelled A in figure 
lc) is illuminated, counts are then accepted by a second detector. The second 
detector may be positioned (labelled B in figure lc) such that it is illuminated 
at the same time giving a positive cross correlation; or it may be positioned 
(labelled C in figure lc) such that it is dark when the other is illuminted, 
giving no cross correlation signal or an anticorrelation of the two detectors. By 
using two detectors in this fashion the scattering pattern produced by the average 
local structure may be mapped out by systematically changing the detector 
positions and cross correlating their outputs. Obviously this technique may be 
generalized in several ways by using more than one probe beam and more than two 
detectors. However, we limit our further discussions to this simpler two detector 
case. 

We expect the cross correlation signal to be the strongest when the 
scattering volume and fluid correlation volumes are comparable. If the scattering 
volume is larger than the fluid correlation volume, then there will be 
interference between two or more fluid correlation regions which will reduce the 
nonguassian signal. (The nongaussian CCIFS signal is negligibly small compared to 
the Gaussian terms in the large scattering volume limit). If the scattering 
volume is less than the fluid correlation volume. the scattering pattern of the 
local structure will be diffraction broadened by the small illumination volume 
beyond that due to the finite size of the correlation volume. The broadened 
scattered intensity peaks will reduce any cross correlation signal. Thus we 
expect that the fluid correlation volume can be estimated by maximizing the cross 
correlation signal. 

The average scattered intensity at a given momentum transfer or scattered 
wavevector k is sornetimes viewed as a measure of the ampli tude of a given periodic 
density fluctuation in the sample. This density fluctuation acts like a 
diffraction grating and produces a strong scattered signal at the corresponding k 
value in proportion to the grating amplitude. In a similar fashion, we may view 
the two detector cross correlation experiments as measuring the simultaneous 
existence of two periodic density fluctuations which (in general) have different 
wavelengths and orientations. The signal is strongest when the wavelength and 
orientation of these density waves corresponds to the probable orientation and 
structure in the sample. For large scattering volumes there is little 
orientational an translational order between different correlation volumes in 
fluids, and the cross correlation is negligibly small for density waves where the 
wave vectors are not identical. For small scattering volumes the local order 
exhibits correlation in density waves having different orientation, and the cross 
correlation signal can be significant. 

III. Experimental Demonstration 

The existence of a cross correlation spectrum has been demonstrated 
experimentally for a "two dimensional colloidal liquidn.13 The sample is a 
monodisplerse aqueous suspension of 0 . 2 3 3 ~  diameter spheres which are charge 
stabilized and kept at minimal ionic strength by the presence of a strong acid - 
strong base ion exchange resin. The sample volume contains a single monolayer of 
particles which are confined to the gap between the two quartz flats. Due to 
Coulomb interactions the particles repel one another and are repelled by surface 



OH- groups on the quartz flats. Because the quartz flats are not truly parallel 
but form a wedge, there is an electrostatic force on any given particle which 
pushes it towards larger gap spacing. Thus the sample density is observed to Vary 
with the width of the gap. At very narrow gap spacing there are no colloidal 
particles, a wcolloidal vacuumft. As the gap spacing increases, the density 
continuously increases until a ~colloidal fluid" state is evident. Further 
increase in the gap spacing (- 10 pm) leads to a 2-dimensional hcp ttcolloidal 
solidSt with a well defined interface separating it from the fluid phase. This 
phase separation is similar to that observed in bulk samples in a gravitational 
field. The solid phase has a greater density than the fluid phase. 

An argon-ion laser beam ( A  = 4880 A )  is directed normal to the plane of the 
sample and focussed to a 5.3 pm diameter Gaussian beam waist as shown in figure 
3. The scattered light may be projected ont0 a screen for viewing and vide0 
taping or fiber optic probes may be placed in the scattered field for cross 
correlation measurements. In the cross correlation experiments d-cribed-here. 
the k-space radius of the position of both fiber optic probes (Ikl and Iq[) is 
equal 50 the- k-space magnitude of the position of the first Debye Scherrer 
ring ( 1 k 1 = lql = k ). However, the two probes are separated by an azimuthal 
angle as measUr% with respect to the incient laser beam as an axis. Light 
collected by the 1 mm diameter fiber optic bundles is directed to separate 
photomultipliers and photon counting electronics. The resulting photopulse trains 
are fed to to' a digital cross-correlator. Both zero delay time, equilibrium 
cross-correlation functions, or the time decay of cross-correlation functions can 
be studied. 

Figure 2 presents "snap shotsn of diffraction patterns produced by scastering 
from this sample. Figure 2a shows the scattered intensity distribution I(k) from 
the crystalline phase with the beam waist in the sample plane. The hexagonal 
close packed solid phase produces a diffraction p-tern having six-fold symmetry 
with the low order k-space intensity maxima at lkl = klO. The lattice parameter 
is determined from k10 to be a = 0.9 pm such that approximatly 25 particles are 
being illuminated. Figure 2b shows the intensity distribution when the beam waist 
is displaced from the sample plane such that the sample area illuminated has a 
larger diameter (d 1 50 pm). In this fluid phase several correlation_ areas are 
being illuminated and the usual Debye Scherrer ring of radius (kl = k 
observed. The speckles which form the ring have a typical dimension 

DS is 

kCOH - l/d. As the beam waist is moved into the sample plane, d decreases and 
becomes comparable to the fluid correlation length. The speckle size grows and 
becomes comparable to the width of the Debye Scherrer ring. When the two sizes 
are comparable. approximately one fluid correlation area is being illuminated at a 
given instant. Such regions exhibit local solid like order which is evident in 
the series of pictures in figure 2c-2f. These patterns are not stationary, as in 
the solid phase, but flicker on and off changing in intensity and orientation 
every few tens of milliseconds. The k-space radius of the low order intensity 
maxima are the-same as in the solid phase and also the same as the Debye Scherrer 
ring radius ( 1 k l  = klo = kDs). From this we conclude that the solid and the 
liquid have similar local structures and densities, however, the defects in the 
liquid phase give it a global disorder and louer global density. 

Note that the scattering patterns al1 possess a reflection symmetry about an 
axis parallel to the plane of the sample and passing through the k-space origin. 
This is expected for scattering from a two dimensional sample in this geometry. 

A typical cross correlation spectrum C(@, O) is presented in figure 4 for 
scattering from the colloidal liquid phase near the colloidal solid phase 
boundary. The beam waist is in the sample plane such that the scattering area iS 
comparable to the correlation area for the fluid. Because the instantaneous 
structure gives rise to the diffraction patterns presented in figure 2c-f, it iS 
not suprising that this zero delay time cross correlation function exhibits strong 
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positive peaks (C(@,O) > 1) at @ = 0, 60. 120, 180°. There are anticorrelations 
between these peaks (C(@,  0) < 7). The amplitude of the peaks at @ = O and 780° 
is larger than those at @ = 60 and 120°. This can be understood intuitively as 
shear distortions of the local structure which shift the positions of the 
scattered intensity peaks relative to one another. Such distortions will reduce 
the amplitude of cross correlated signals at @ = 60 and 120° compared with the 
easentially autocorrelated peaks at @ = O and 180°. 

Fig. 2. Typically observed scattered light distributions obtained from video 
records of the scattered intensity on a screen parallel to the sample plane. A 
beam stop interrupts the incident laser beam at the centre of each photograph. 
(A) Scattering from the colloidal solid phase. The pattern is partially blocked 
by the ce11 edge, which is indicated by the dashed line. 
(8) Scattering from the colloidal-liquid phase using a large scattering area 
compared with fluid correlation area. (Cl-(F) Scattering from the colloidal- 
liquid phase using a scattering area comparable to the fluid correlation area. 
These pictures represent a time average over Ca. 30 ms. Note in (C)-CF) the 
strong six-fold correlations and anticorrelations which are reminiscent of the 
solid phase. Note also in ( F )  that I(k) = I(-k). 

The amplitude of the peaks at g = O and 180° are not the same, and this 
indicates that there may be some motion of the particles in a direction normal to 
the sample plane. Such motion destroys the two dimensional symmetry of the system 
and decreases the amplitude of the @ = 180° peak in this scattering geometry. 
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Figure 3. A laser light beam is directed normal to the plane of the sample. 
Measurements are made in the 'colloidal-fluid' phase away from the immediate 
vicinity of the liquid-crystal interface. 

IV. Theoretical Considerations 

The normalized apertured-intensity cross correlation function in the Born 
scattering approximation is expressed as follows 

c(k, 4) = <I(~)I(~)>/<I(L)><I(~)> 

= J ~(r)~(r')~(F~)e(r***)ex~(iE.(F - r * )  + i;.(Fu - FU')) 
- -  - - 

x P(r,r*,rfl,rtr1)drdr1dr1*drtt*/s(k)s(q) 1 

where the static structure factor is gi'ven by 

S(k) = ( ~(r)~(rt)exp(ik.(r - r*))~(r,r~)drdr' 
Here the scattering volume is determined -by the spatial extent of the field 
amplitude factor or aperture function, ~(r); k and q are scattered wavevectors 
determined by the two detector positions relative to the incident beam, and the 
brackets enclosing the intensities 1(z) and I(:) represent an equilibrium ensemble 
average over the multipoint number density P. We have assumed plane wavefronts 
are incident on the sample. For a beam waist coincident with the plane of a two 
dimensional sample, as in Our experinents, this is a reasonable approximation. 
Howevgr, for a strongly focused beam in a three dimensional sample, the definition 
of C(k,q) presented in equation IV.l needs further generalization. 

The cross correlation function may be expressed in terms of particle 
correlation scattering functions up to fourth order as follows: 
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where the static structure factor is given by 

and the apertured multiparticle scattering functions are defined by 

Here n is the average number density of the fluid and 8 is a geometric signal to 
noise factor similar to that in dynamic light scattering." The single particle 
density is given by the fl(r) while gn(rl, . . . rn) are standard multiple 
particle correlation functions.15 The details of this derivation will be 
presented elsewhere.16 However, it is noteworthy to point out that this 
calculation assumes scattering from a homogeneous fluid and that the two detectors 
are positioned outside the diffraction broadenes incident beam. Thus these 
results cannot be related directly to the small Ikl , Iql thermodynamic results of 
Knast and ~hmielowski' 'l. 

The general structure of C($, 0) has both Fiaussian (first terms in curly 
brackets of equation 3) and nongaussian (second terms in curly brack-s of 
equation 3) contributions. The Gaussian terms are important when k = I q and 
becorne dominant for large scattering volumes. For large scattering volumes 
when k = q , we have the normal autocorrelation scattering geometry.7 When k=-q , 
we have a scattering geometry which is used to reduce multiple scattering 
effects.18. For small scattering volumes the nongaussian terms become more 
important. The np4(0) term has been important in understanding number 
fluctuati~ns~~ and fluorescence photobleaching e~periments.~~ ~arnm~l has pointed 
out the imporance of this term in determining the structure of anisotropic 
particles, while Griffith and ~ u s e y ~ ~  and Kamm and ~ e i c h ~ ~  have measured its time 
decay to determine rotational diffusion constants. pusey2' has argued the 
importance of the nongaussian single particle and pair distribution functions in 
determining the validity of the fundamental relation between number fluctuations 
and the pair correlation function. Finally, to describe the measured cross- 



correlation function presented in figure 4, the full expression given in equation 
3 is required. 

The expression for C($, O) presented in equation 3 is quite complex, and as 
a result we have examined simpler models to improve our intuition. Because the 
two dimensional colloidal liquid has a local solid-like structure, we have 
investigated the cross correlated scattering from a finite area of an infinite two 
dimensional harmonic ~ o l i d . ~ ~  For small displacements of particles which interact 
via central forces, the motion of particles in orthogonal direction is independent 
and the cross correlation function is unity at $ = 90° (C(90°, 0) - 1). This is 
contrary to the experimentally observed result but is remedied theoretically by 
assuming that the reference lattice for the solid structure is randomly oriented 
on a time scale that does not interfere with lattice vibrations. This assumption 
also insures a uniform smearing out of the solid scattering pattern into Debye 
Scherrer rings for this model of the liquid phase. The results of this 
calculation are presented in figure 4 for a hexagonal array of seven particles in 
a uniformly illuminated scattering area with a nearest neightbor r.m.s. 
flgctuation of 0.2 times the lattice spacing. The results are for 
Ikl = Iql = k and are seen to be quite similar to the measured C($, O) . 

Evidently the ?%ermally induced shear distortions of the solid phase have reduced 
the peaks at $ = 60 and 120°compared to those at + = O and 180°. This model fo 
the liquid state is similar to the recent proposa1 by Stillinger and Weber. 2 t  

They suggest that the instantaneous fluid state is obtained by adding large 
lattice vibrations to a polycrystalline reference lattice, where the reference 
lattice becomes more polycrystalline as the temperature increases. 

We have also begun investigations of the cross correlation function by a Monte 
Car10 simulation of a two dimensional collection gf hard disks. Figure 4 presents 
the results of this calculation of C(4, 0) for Ikl = Iq( = kDS. for a collection 
of 64 hard disks of which an average of thirteen are in the uniformly illuminated 
scattering volume at any given instant. The hard disk packing fraction (p.f. = 

.76) is near the freezing line for this system and correlations and 
anticorrelations are evident. Again the cross correlation function is quite 
similar to the experimentally measured fu ction. Other results of this computer 
simulation will be reported elsewherel' and suggest a rather weak cross 
correlation effect until freezing is approached. The cross correlation may be 
stronger in systems which have longer ranged repulsive forces, as these forces 
will tend maintain constant particle separation and geometric order, as compared 
to the random filling of positional dead space in hard sphere systems. 

V. Discussion 

The method of cross correlation intensity fluctuation spectroscopy has been 
discussed in general and applied more specifically to two dimensional systems. 
The cross correlation spectrum for a two dimensional colloidal liquid has been 
obtained experimentally and has been compared with a two dimensional harmonic 
model and hard disk computer simulation. The results of these studies suggest the 
potential of this technique for the experimental, theoretical and computational 
investigation of the local order in fluid systems. Future efforts will explore 
several directions. The two dimensional studies should be extended to 
study C($, O) as a function of temperature or density as the freezing transition 
is approached. The cross correlation signal should increase as the fluid 
correlation length increases and the magnitude of the signal may serve as an order 
parameter for the fluid-solid transition. The time decay of C($,T) should also 
be investigated and is expected to show slow components as freezing is approached, 
due to the slow reorientation time for large clusters. Furthermore, it has been 
possible to predict the initial decay or first cumulant of C($,t) for wcolloidal 
liquids" . 27 Because these calculations reduce to equili brium ensemble averages, 
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Monte Carlo computer simulations can be used to predict initial time decays (and 
preliminary results indicate remarkable agreement with experimental 
measurements). The decay of orientational order in two dimensional melting may be 
studied by a generalization of this technique in which the local orientational 
order of two distinct scattering volumes are cross correlated and measured as a 
function of scattering volume separation. Studies should be initiated to look for 
icosohedral clusters in dense three dimensional fluids and glassy phases. Here 
the differences in C($,O) for fcc, hcp and icosohedral structures may be 
estimated by using the coordinates of a finite cluster of particles with these 
symmetries in the formalism of ~ e e r . ~ ~  Finally the cross correlation technique 
may find application to pure atomic and molecular fluid systems as the requisite 
x-ray focussing technology becomes available. 

Figure 4 .  Upper curve: Experimentally measured values of the zero-time intensity 
cross-correlation function C(.$,O) obtained from the two-dimensional colloidal 
liquid. Middle curve: Theoretical C(.$,O) function obtained for a rotationally 
averaged harmonic lattice mode1 where the r.m.s. particle deviation of nearest 
neighbors is 0.2 times the lattice constant. Lower curve: Numerical calculation 
of C(.$,O) for a Monte Carlo simultion of a hard disk fluid with a packing 
fraction of 0.76. 

The cross correlation technique ts not without its problems. Care must be 



taken to have a well defined scattering volume with a known wavefront structure. 
Because the scattering volume is small, number fluctuations are a potential 
problem. The representation of C(@,O) in terms of particle correlation functions 
is very complex involving scattering volume weighted fourier transforms of 
multiple partige correlation functions. The resulting functions are highly 
symmetric in k and q and make extraction of three and four body correlation 
function difficult, if not impossible. Because local cluster orientation has more 
degrees of freedom in three dimensions than in two, the cross correlation signal 
is expected to be much smaller in three dimensions and will require longer 
experimental run times. However, these studies should be attempted because there 
is a great potential to learn more about local structure in fluid systems. 

V 1. Acknowledgements 

The authors gratefully acknowledge support by the National Science 
Foundation, Division of Materials Research, Low Temperature Physics Program grant 
numbers DMR 82-06472 for N.A.C. and DMR 81-16119 for B.J.A. 

VI 1. References 
1. B. E. Warren, X-ray Diffraction (Addison-Wesley Publishing Company, Reading. 

1969). 
2. C. Tilnford, Physical Chemistry of Macromolecules (John Wiley, New York, 

1961). 
3. N. A; Clark, A. J. Hurd and B. J. Ackerson, Nature (London) 281 57 (1979). 
4. A. J. Hurd, N. A. Clark, R. C. Mockler and W. J. OtSullivan, Phys. Rev. 

2869 (1982). 
5. P. Pieranski, E. Dubois-Voilette, F. Rothen and L. Strzelecki, J. Phys. 

(Paris) 53 (1 981 ). 
6. S. H. Chen, B. Chu and R. Nossal, Scattering Techniques Applied to 

Supramolecular and Nonequilibritim Systems (Plenum Press, New York, 1981). 
7. 7 t  Scattering (John Wiley, New York, 

1976). 
8. P. A. Egelstaff, An Introduction to the Liquid State (Academic Press, 

London. 1967). 
J. A. Prins, Haturwissenshaften, 435 (1931 ); J. A. Prins and H. Peterson, 
Physica, 2 147 (1931 ). 
P. J. Steinhardt. D. R. Nelson and M. Ronchetti, Phys. Rev. B28 784 (1983). 
F. C. Frank. Proc. Roy. Soc. Lond. Ser. 9 43 (1952). 
B. J. Halperin and D. R. Nelson, Phys. Rev. Lett. 5 121 (1981 1; D. R. Nelson 
and B. J. Halperin. Phys. Rev. 819 2457 (1979). 
N. A. Clark, B. J. Ackerson and A. J. Hurd, Phys. Rev. Lett., 1459 (1983). 
V. Degiorgio and J. B. Lastovka, Phys. Rev. 2033 (1971). 
Y. L. Klimontovich, Statistical Theory of Nonequilibrium Processes in a 
Plasma (M.I.T. Press. Cambridge, 1967). 
B. J. Ackerson, T. W. Taylor and N. A. Clark (to be published). 
K. Knast and W. Chmielowski. J. Physique 1373 (1981). 
C. D. J. Phillies, J. Chem. Phys. 260 (1981 ); Phys. Rev. A24 1939 (1981 ). 
D. W. Schafer and B. J. Berne, Phys. Rev. Lett. 2 475 (1972). 
D. Madge, Q. Rev. Biophys. 9 35 (1976). 
Z. Kam. Biophys. J. 2 7 (1782); Macromolecules 922 (1 977). 
W. C. Griffin and P. N. Pusey, Phys. Rev. Lett. 1100 (1979). 
S. Reich and 2.. Kam. Opt. Commun. 30 293 (1979). 
P. N. Pusey, J. Phys. A12 1805 (1979). 
B. J. Ackerson and N. A. Clark, Faraday Discussions Chem. Soc.E219 (1983). 
F. H. Stillinger and T. A. Weber, Phys. Rev. A25 978 (1982). 
R. J. A. Tough, P. N. Pusey and B. J. Ackerson, (to be published in J. Chem. 
Phys. ) . 
C. V. Heer. Optics Comm. -110 (1981). 


