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Multiple scattering suppression in static light scattering by cross-correlation spectroscopy

A. Moussaı¨d and P. N. Pusey
Department of Physics and Astronomy, The University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, Scotland

~Received 27 April 1999!

Cross-correlation techniques have been used successfully to suppress multiple scattering in dynamic light-
scattering experiments on turbid samples. This allows dynamic information to be obtained straightfowardly by
processing the remaining single scattering. Here we show that cross-correlation techniques can also be used to
suppress multiple scattering instatic light-scattering measurements. We use the two-color dynamic light-
scattering method and exploit the fact that the amplitude of the time-dependent part of the measured intensity
cross-correlation function depends on the ratio of the single-scattered intensity to the total~single1 multiple!
scattered intensity. The method is illustrated by measurements of the static structure factors of concentrated
suspensions of ‘‘hard-sphere’’ colloids. Good agreement is found with those calculated in the Percus-Yevick
approximation.@S1063-651X~99!15310-8#

PACS number~s!: 82.70.Dd, 61.20.2p, 61.18.2j
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I. INTRODUCTION

Light scattering is a powerful probe of complex fluid
such as colloidal suspensions and solutions of polymer
amphiphiles. Static light scattering~SLS!, in which the aver-
age scattered intensity is measured as a function of scatte
angle, provides information on a sample’s average struct
Dynamic light scattering~DLS! analyzes temporal fluctua
tions in the scattered light and provides information on
sample’s dynamics, typically Brownian motions. There is
direct and relatively simple relationship between the prop
ties of the material and the intensity and temporal fluct
tions of single-scattered light. Multiple scattering, howeve
where a significant fraction of the incident photons is sc
tered twice or more on passing through the sample, com
cates data analysis greatly. Thus there is strong motivatio
develop methods to suppress multiple scattering so tha
terpretable light-scattering data can be obtained from o
cally turbid samples. Following the pioneering work of Ph
lies @1# in 1981, several schemes for multiple-scatteri
suppression have been developed. Until recently the em
sis has been on implementing these schemes indynamiclight
scattering. Here we show how the methods can be adapt
static light scattering, allowing the determination of stru
tural information from turbid samples. We illustrate this b
measuring accurate static structure factors of concentr
suspensions of hard-sphere colloids~see@2# for a preliminary
report and@3# for another application of the method!.

Ordinary light scattering, both static and dynamic, us
one illuminating laser beam and one detector. The scatte
geometry defines a scattering vectorQW , the difference be-
tween the propagation vectors of the incident and scatte
light, which has magnitude

Q5
4p

l
sinS u

2D , ~1!

wherel is the wavelength of the light in the sample andu is
the scattering angle. Singly scattered light probes the am
tude and time evolution of a single spatial Fourier comp
nent of the refractive-index fluctuations of the medium
PRE 601063-651X/99/60~5!/5670~7!/$15.00
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frequently directly related to the density fluctuations —
wave vector QW . A common feature of most multiple
scattering suppression schemes@4# is the use oftwo illumi-
nating beams andtwo detectors whose outputs are cross c
related. The optics are arranged such that each beam-det
pair has a different geometry but definesexactly the same
scattering vector~in direction as well as magnitude!. Thus,
for single scattering the arrangement is degenerate in
each detector observes exactly the same spatial Fourier c
ponent of the sample. It is simple to show@4#, however, that
for double and higher-order multiple scattering this deg
eracy is broken. Then each detector observes severaldiffer-
ent Fourier components. Different spatial Fourier comp
nents of a sample are statistically independent, i.e., t
temporal fluctuations are uncorrelated. Thus, when the
scattered intensities~each comprising single and multipl
scattering! are cross correlated, nontrivial correlations a
observed only between the singly scattered parts. The
result is that the time-dependent part of the measured t
cross-correlation function of the scattered intensities refle
single scattering alone; multiple scattering contributes o
to the time-independent ‘‘background.’’ As mentione
above, emphasis hitherto has been on studying thedynamics
of turbid samples by this method. Here we exploit the fa
that the amplitude of the time-dependent part of the cro
correlation function, relative to the background, is related
the ratio of single to total scattering by the sample, th
allowing accuratestatic light scattering on turbid samples.

Two schemes for multiple-scattering suppression, b
originally proposed by Scha¨tzel @4#, have emerged as favor
ites. In two-color dynamic light scattering~TCDLS! @4–7#,
the incident and scattered beams all lie in the same scatte
plane. Laser beams of two different colors, usually the b
(B), wavelengthin vacuo lB,05488 nm, and green (G),
lG,05514.5 nm, lines of an argon ion laser, are focused i
the sample at small crossing angle 2a. Detectors, also sepa
rated by angle 2a, are set at average scattering angleu, each
detecting light of one or the other color. The green light
scattered through the larger angleu12a, whereas the scat
tering angle for the blue light isu22a. It is straightforward
to show that, whenu anda satisfy the relationship
5670 © 1999 The American Physical Society
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tana5S lG2lB

lG1lB
D tanS u

2D , ~2!

the scattering vectors for blue and green scattered light
the same@4#. Segre` et al. @7# have given a detailed descrip
tion of TCDLS equipment and its use.

In the second method, three-dimensional dynamic li
scattering@4,8–11#, two light beams of the same color ent
the sample from slightly above and slightly below the av
age scattering plane, and detectors at scattering angleu are
similarly placed above and below the plane. In this case
degenerate pairs that define the same scattering vector ar
incident beam entering the sample from below the aver
scattering plane and the detected beam above the plane
vice versa.

Each method has its advantages and disadvantage
TCDLS the use of narrow-band optical filters ensures t
each detector ‘‘sees’’ scattered light of only one color. Th
for a single-scattering sample, the amplitude of the tim
dependent part of the measured intensity cross-correla
function ~relative to its ‘‘background’’! is nearly as large as
for the case when scattered light of one color is autoco
lated. By contrast, in the three-dimensional methodboth de-
tectors see scattered light fromboth incident beams; then
even for single scattering, the relative amplitude of the tim
dependent part of the cross-correlation function is redu
by a factor of 4 compared to the autocorrelation function.
the other hand, after initial alignment, the three-dimensio
equipment is robust, requiring only one operation to alter
scattering angle, the motion of the arm carrying the two
tectors. In TCDLS, not only must the detector arm be mov
to change the average scattering angleu, but the crossing
angle 2a of both incident and scattered beams must also
altered; further minor adjustments are frequently neces
to maximize the amplitude of the cross correlation.

In this work we use the two-color equipment. We me
tion, however, that the application of cross-correlatio
multiple-scattering suppression, schemes to static~as well as
dynamic! light scattering has been developed by oth
@9,10# besides ourselves@2,3#. This other work used the
three-dimensional method and emphasized the measure
of particle form factors in turbid but still quite dilute
samples. Here we describe the determination of structur
concentrated samples.

II. THEORY

The photon correlator used in ordinary dynamic light sc
tering usually gives as its output the normalized time au
correlation functiongA

(2)(Q,t) of the scattered intensity
I (Q,t). For single-scattering samples,gA

(2)(Q,t) is related to
the normalized intermediate scattering functionf (Q,t) of
the sample by

gA
(2)~Q,t![

^I ~Q,0!I ~Q,t!&

^I ~Q!&2
511b2@ f ~Q,t!#2, ~3!

where the angle brackets indicate a time average.~In this
paper we consider only fluidlike,ergodic samples, so tha
time and ensemble averages are equivalent.! The intermedi-
ate scattering function is the time autocorrelation function
re
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the Qth spatial Fourier component of the refractive-ind
fluctuations of the sample and provides information on
sample’s dynamics;f (Q,t) can also be interpreted as th
normalized autocorrelation function of the amplitude of t
singly scattered electric field. The intermediate scatter
function for an ergodic medium has the limits

lim
t→0

f ~Q,t!51, lim
t→`

f ~Q,t!50. ~4!

In Eq. ~3! b is a parameter slightly smaller than 1, dete
mined by the ratio of the size of the detector apertures to
size of the coherence areas of the scattered light.

Two-color dynamic light scattering measures the tim
cross-correlation function gC

(2)(Q,t) of the intensities
I B,G(Q,t) of scattered light of the two colors. This functio
is given by~see@7# for details!

gC
(2)~Q,t![

^I B~Q,0!I G~Q,t!&

^I B~Q!&^I G~Q!&
511b2bOV

2 bMS
2 @ f ~Q,t!#2.

~5!

Compared to Eq.~3!, two new parameters,bOV and bMS,
appear in Eq.~5!. The ‘‘overlap factor’’ bOV , generally
slightly smaller than 1, accounts for the fact that the scat
ing volumes seen by the two detectors are slightly differe
The ‘‘multiple scattering factor’’bMS is the quantity of in-
terest in this work since it is related to the ratios of t
average intensities of singly scattered light^I B,G

S (Q)& to total
~single1 multiple! scattered light̂ I B,G(Q)& by @7#

bMS
2 ~Q!5

^I B
S~Q!&

^I B~Q!&

^I G
S~Q!&

^I G~Q!&
. ~6!

By writing bMS5bMS(Q), we emphasize its~often strong!
dependence on scattering vectorQ. For a single-scattering
sample,bMS(Q)51, since the single and total scattered i
tensities are the same.

Equations~5! and ~6! quantify the statements made
Sec. I. First we note that the time dependence ofgC

(2)(Q,t) is
determined solely byf (Q,t), which reflects just single scat
tering; this is the property exploited when TCDLS is used
study dynamics. Multiple scattering contributes only to t
time-independent background of the intensity cro
correlation function. Thus its effect on thenormalizedfunc-
tion gC

(2)(Q,t) is simply to reduce the amplitude of the time
dependent term, the magnitude of this reduction be
expressed by the value ofbMS.

In this work we make a quantitative measurement
bMS(Q) and use it to correct for multiple scattering in sta
light scattering. The zero-time limits of Eqs.~4! and~5! give

gC
(2)~Q,0!511b2bOV

2 bMS
2 . ~7!

We obtainbMS
2 (Q) as follows. At each value ofQ we first

measuregC
(2)(Q,0) by TCDLS for the turbid sample of in

terest. Then we repeat the measurement, under exactly
same experimental conditions, so thatb andbOV remain the
same for a dilute ‘‘reference’’ sample that shows no multip
scattering and so thatbMS(Q)51. The ratio of the two val-
ues of gC

(2)(Q,0)21 then givesbMS
2 (Q) directly @see Eq.

~7!#.
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5672 PRE 60A. MOUSSAÏD AND P. N. PUSEY
The analysis proceeds as follows. From Eq.~6! we have

^I B
S~Q!&^I G

S~Q!&5bMS
2 ~Q!^I B~Q!&^I G~Q!&. ~8!

Thus multiplying the product of the detected total scatte
intensities bybMS

2 (Q), measured as described above, eff
tively removes multiple scattering and leaves the produc
the detected single-scattered intensities.

A second effect of strong scattering by a turbid samp
namely, attenuation, must also be accounted for. On pro
gation of an illuminating laser beam through the sample
number of unscattered photons is reduced by scattering
of the beam. The singly scattered light, propagating from
scattering volume to the detector, is similarly attenuat
Thus althougĥ I B

S(Q)& and ^I G
S(Q)& @Eq. ~8!# reflect only

single-scattered photons, there are fewer of these than t
would be without attenuation. In our experiments, the sam
is contained in a cylindrical cell and a small scattering v
ume is selected on the axis of the cylinder. Thus, on pro
gating from the scattering volume to the detector, the sin
scattered light is attenuated by the same fraction as the d
laser beam on propagating from the center of the cell to
wall. Therefore the fractional reduction of the number
singly scattered photons caused by attenuation is the sam
the fractional reduction of the intensity of the direct las
beam on passage through the whole sample. We define
sample’s transmissionTB,G as the ratio of the intensity of th
direct ~blue/green! laser beam transmitted through th
sample to that incident on it. These transmissions can
measured easily and quickly. Then we can obtain the prod
of single-scattered intensitieŝI B

S(Q)&0^I G
S(Q)&0, corrected

for both multiple scattering and attenuation, from

^I B
S~Q!&0^I G

S~Q!&05
^I B

S~Q!&
TB

^I G
S~Q!&
TG

5bMS
2 ~Q!

^I B~Q!&
TB

^I G~Q!&
TG

. ~9!

The corrected intensity scattered by a concentrated
pension of spherical colloidal particles can be written@12#

^I B,G
S ~Q!&0,conc5I 0,B,GCconcKB,GP~Q!S~Q!. ~10!

HereI 0,B,G are the incident laser intensities,Cconc is the con-
centration of the sample,KB,G are ~wavelength-dependent!
constants of proportionality, andP(Q) andS(Q) are, respec-
tively, the form factor of particles and the structure factor
the sample.@For polydisperse particles,P(Q) is the average
form factor andS(Q) is the ‘‘measured’’ structure facto
@12#.# For a sample dilute enough thatS(Q)51, the analo-
gous result is

^I B,G
S ~Q!&0,dil5I 0,B,GCdilKB,GP~Q!. ~11!

From Eqs.~10! and ~11! we get an expression for the stru
ture factor

S~Q!5F ^I B
S~Q!&0,conĉ I G

S~Q!&0,conc

^I B
S~Q!&0,dil̂ I G

S~Q!&0,dil
G 1/2

Cdil

Cconc
. ~12!
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Substitution of Eq.~9! in Eq. ~12! then gives the structure
factor in terms of the basic measured quantities:

S~Q!5F ^I B~Q!&conĉ I G~Q!&conc

^I B~Q!&dil^I G~Q!&dil
G1/2

3
Cdil

Cconc
F TB,dil

TB,conc

TG,dil

TG,conc
G1/2bMS,conc~Q!

bMS,dil~Q!
. ~13!

In our early work we used a slightly simpler approach
assuming that the wavelengths of green and blue light
close enough that the ratios of single and total scattered l
are the same for both colors; i.e.,

^I B
S~Q!&

^I B~Q!&
5

^I G
S~Q!&

^I G~Q!&
, ~14!

so that, from Eq.~6!,

bMS~Q!5
^I B

S~Q!&

^I B~Q!&
5

^I G
S~Q!&

^I G~Q!&
. ~15!

Then for one color, say green, we have

^I G
S~Q!&5bMS~Q!^I G~Q!&. ~16!

The result analogous to Eq.~12! is then

S~Q!5
^I G

S~Q!&0,conc

^I G
S~Q!&0,dil

Cdil

Cconc
, ~17!

where

^I G
S~Q!&05

^I G
S~Q!&
TG

5
bMS~Q!^I G~Q!&

TG
. ~18!

III. EXPERIMENT

A. The samples

We used the same type of colloidal particles as in pre
ous work@12# comprising ‘‘cores’’ of poly~methylmethacry-
late! ~PMMA! stabilized sterically by chemically grafted lay
ers of poly-12-hydroxystearic acid~PHSA!. We estimate the
refractive index of the composite particles to be about 1.4
The particles were dispersed in purecis-decahy-
dronaphthalene~decalin!, having refractive index 1.481. Th
samples were contained in thick-walled cylindrical tub
with inner diameter 2 mm, the short light path being used
minimize the effect of multiple scattering. The particles us
for the structure factor measurements had hydrodynamic
diusRH521763 nm and a polydispersity of 0.04560.01, as
measured by~two-color! dynamic light scattering on a dilute
sample@13#. Particle volume fractionsf were determined
as follows. The ‘‘core’’ volume fraction of a stock suspe
sion was calculated from measured weights ofcis-decalin
and dry particles, using literature values for the densit
(rp51.18 gm cm23 for PMMA particles; rs50.896 gm
cm23 for cis-decalin!. Samples at other concentrations we
prepared from the stock suspension by the addition or
moval ~after centrifuging! of liquid. Core volume fractions
were then converted to their ‘‘hard-sphere’’ valuesf, by
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PRE 60 5673MULTIPLE SCATTERING SUPPRESSION IN STATIC . . .
multiplication by a scaling factor such that the concentrat
of a sample at the thermodynamic freezing transition~i.e.,
where the formation of colloidal crystals was first observe!
had the computer valuef50.494 @14#. This scaling factor,
1.185 in this case, allows for the fact that the thermodyna
volume of a particle is larger than the core volume beca
of solvation of the 10–15 nm stabilizing layer of PHSA@15#.
We estimate the uncertainty inf to be less than 1% atf
;0.50 and to be no more than 2% at lower concentratio

The dilute ‘‘reference’’ sample, used to measure the a
plitude of the intensity cross-correlation function in the a
sence of multiple scattering~see Sec. II!, comprised similar
particles of radius 115 nm also dispersed incis-decalin. This
small size was chosen so that the minimum of the partic
form factor lies outside the range of scattering angle us
ensuring reasonably strong single scattering at all ang
The reference sample was prepared at a concentration
enough that the scattering from the particles dominated
of the liquid, but low enough that there was negligible m
tiple scattering. Its transmission was about 95%.

B. Light scattering

The two-color dynamic light-scattering equipment w
manufactured by ALV, Langen, Germany, and has been
scribed in detail in@7#. Two argon ion lasers provided th
blue and green light. These were run in a ‘‘light contro
mode at nominal powers of about 50 mW. The powers w
checked regularly with a power meter, and did not vary
more than 1% during the measurements. The samples
contained in a cylindrical bath filled with toluene that nea
matched the refractive index of the scattering cell. The int
sities of blue and green light transmitted through the b
when it contained samples were measured by the po
meter. The ratio of the intensity transmitted when the b
contained the sample of interest to that transmitted when
bath contained a sample tube of pure decalin gave the s
ple’s transmissionT. The uncertainty in the measurement
transmission was estimated to be about 2%.

Though tedious and time consuming, the light-scatter
measurements were relatively straightforward. At each s
tering angleu the singly scattering reference sample w
studied first. As described elsewhere@7#, fine adjustments
were made of the beam positions and directions and of
beam crossing anglesa in both the illuminating and detec
tion arms of the equipment to give the maximum value of
cross-correlation amplitudegC

(2)(Q,0)(511b2bOV
2 ). This

ensured optimum alignment of the equipment. Then
sample of interest was placed in the equipment and five
periments, each of 5 min duration, were performed to m
sure the cross-correlation amplitude,gC

(2)(Q,0)(51
1b2bOV

2 bMS
2 ) and the total scattered intensities^I B,G(Q)&.

Finally the reference sample was returned to the equipm
to check that the alignment of the equipment, was still op
mum. This whole procedure was then repeated at a new s
tering angle. The uncertainties in the measurements
gC

(2)(Q,0)21 and^I B,G(Q)& were about 2% and 1%, respe
tively. Combining the uncertainties in all the measured qu
tities on the right-hand side of Eq.~13!, we estimate that
structure factors can be measured by this method to an a
racy of about65%.
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IV. RESULTS AND DISCUSSION

Figure 1 shows the dependence on the scattering vecto
the geometric means of the intensities of the total scatte
of blue and green light for the PMMA samples, described
Sec. III A, at volume fractionsf50.0067 andf50.494.
The blue and green intensities have been multiplied by
factors sin(u22a) and sin(u12a), respectively, to allow for
the angle dependence of the scattering volumes. The dat
the dilute sample reflect largely the form factor of homog
neous spheres~discussed further below!. Despite strong mul-
tiple scattering~see below!, the effect of the main peak in th
structure factor of the concentrated sample is clearly evid
in the data of Fig. 1. We now consider, in sequence,
effects of the various factors on the right-hand side of E
~13! when the structure factorS(Q) is calculated from the
‘‘raw’’ data of Fig. 1.

In Figure 2 the diamonds show the first two factors of E
~13!, the product of the ratio of the scattered intensities, a

FIG. 1. ~a! Dependence on the scattering vector of the to
intensities scattered by suspensions of PMMA particles incis-
decalin at volume fractionsf50.0067 and 0.494. The ordinate
the square root of the product of the intensities of blue and gr
scattered light, corrected for the dependence of scattering vol
on scattering angle~see text!. ~b! The same data replotted with
logarithmic ordinate axis. The squares show the data for the di
sample after correction for multiple scattering~see text!. The solid
line is the average form factor of homogeneous spheres with m
radiusR5208 nm and polydispersity 0.046. In both~a! and~b! the
units of intensity are 1000 counts/s.
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the ratio of the concentrations~or volume fractions! for the
two samples. If neither sample showed any multiple scat
ing, this product would yield the structure factor direct
@since, in Eq.~13!, both the transmissionsT and the multiple-
scattering factorsbMS would be 1#. While the results of this
operation have the general shape expected for the stru
factor of hard spheres their absolute magnitudes are m
too low, by a factor of up to;5. Next we multiply these
results by the ratios of transmissions~measured to be
TB,conc50.178, TB,dil50.878, TG,conc50.177, and TG,dil
50.871), the third factor in Eq.~13!. This product of the first
three terms in Eq.~13! is represented by the squares in F
2. At first sight, these results look similar to the theoretica
predicted structure factor~the solid line in Fig. 2; see below!.
However, closer inspection shows that, at least up to
main peak, their values are all larger; as shown in the inse
Fig. 2, the difference is about a factor of 2 at smallQ.

Now we make the correction for multiple scattering. Fi
ure 3 shows the productb2bOV

2 bMS
2 , obtained from the

measured values ofgC
(2)(Q,0)21 @Eq. ~7!#, for three

samples. For the ‘‘reference’’ sample, a dilute suspension
small spheres~see Sec. III A!, multiple scattering is negli-
gible, so thatbMS51. Thus the data in Fig. 3 just represe
b2bOV

2 , accounting for the finite size of the detector ap
tures and the incomplete overlap of the two scattering v
umes~Sec. II!. We see that this quantity has a value of abo
0.8 at lowQ, dropping somewhat at higherQ due, probably,
to decreased overlap of the scattering volumes as the c
ing anglea is increased~see Sec. I and@7#!. For the dilute
sample (f50.0067),b2bOV

2 bMS
2 has values similar to thos

FIG. 2. Various estimates of the structure factor of a supens
of PMMA particles at volume fractionf50.494 ~see text for de-
tailed discussion!. Diamonds, the simplest estimate, totally ignorin
multiple scattering. The data of Fig. 1 forf50.494 divided by the
data forf50.0067 and multiplied by the concentration ratio@the
first two factors on the right-hand side of Eq.~13!#. Squares, cor-
rection for attenuation. The data represented by diamonds, m
plied by the ratio of sample transmissions@i.e., the first three factors
of Eq. ~13!#. Circles, correction for multiple scattering. The result
applying all factors in Eq.~13!. Inverted triangles, fully corrected
data obtained using the simpler procedure described in Sec. II.
solid line is the theoretical structure factor for hard spheres at
ume fractionf50.494 and polydispersity 0.046 in the Percu
Yevick approximation.
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of the reference sample at lowQ, implying relatively little
multiple scattering. However, at higherQ the values drop in
the region of the minimum in the particle form factor, ind
cating some multiple scattering. For the concentrated sam
(f50.494),b2bOV

2 bMS
2 is small at lowQ, implying signifi-

cant multiple scattering, but larger near the structure fac
peak where the single scattering becomes strong. The va
of bMS

2 are obtained by dividing the values ofb2bOV
2 bMS

2 ,
shown in Fig. 3, for the sample of interest by those for t
reference sample for whichbMS51. Thus, at low Q,
b2bOV

2 bMS
2 '0.16 for the concentrated sample and'0.80 for

the test sample, givingbMS
2 '0.20 andbMS'0.45. From Eq.

~6! this implies that single scattering constitutes about 45
of the total scattering.

The circles in Fig. 2 represent the structure factorS(Q) of
the concentrated sample obtained from the full Eq.~13!, i.e.,
including the final factor that effectively removes the mu
tiple scattering. The solid line is the theoretical structure f
tor calculated from the Percus-Yevick approximation f
hard spheres with a polydispersity of 0.046@16#, incorporat-
ing the Verlet-Weis correction@17# to the volume fraction,
i.e., f→f2f2/16. @In this calculation we used a numbe
average radius ofR5214 nm, calculated fromR5RH /(1
15s2), wheres is the polydispersity@13#.# As discussed in
Sec. III B, we estimate the uncertainty in the measured st
ture factor to be about65%, i.e., slightly larger than the
data symbols near the peak ofS(Q) and significantly smaller
at low Q ~inset of Fig. 2!. Overall there is remarkably goo
agreement between experiment and theory, even at smaQ
where the multiple scattering is strong. The experimen
data become inaccurate forQR>3.5 as the minimum of the
particle form factor atQR54.49 is approached.

As discussed in Sec. II, strong scattering by the sam
has two distinct effects in static light scattering. First, t
detector ‘‘sees’’ both singly and multiply scattered ligh
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FIG. 3. Amplitudes of the measured intensity cross-correlat
functions,gC

(2)(Q,0)215b2bOV
2 bMS

2 , as functions of the scatter
ing vector for three samples. Squares, the reference, sin
scattering sample for whichbMS51. The slight drop of the ampli-
tude for this sample at largeQ results from increasingly incomplet
overlap of the two scattering volumes, described bybOV . Circles,
the dilute sample atf50.0067. The reduced amplitude aroundQ
522 mm21 indicates significant multiple scattering near the min
mum of the particles’ form factor. Inverted triangles, the conce
trated sample atf50.494.
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Second, the singly scattered light is attenuated by the s
tering of photons out of both the illuminating and scatter
beams. The step-by-step data analysis given in the prev
paragraphs shows that, perhaps surprisingly, the effect o
tenuation on the raw data appears to be much greater tha
effect of detecting multiply scattered light. A close look
the small-Q data, however, shows that both corrections
necessary to get the correct structure factor~inset of Fig. 2!.
The uncorrected estimates, the diamonds in Fig. 2, give
ues ofS(Q) too small by a factor of;2 at smallQ. Correc-
tion for just attenuation, the squares in Fig. 2, overestima
S(Q), also by a factor of;2. Only when the additiona
correction for multiple scattering is made is good agreem
found between experiment and theory. Since limQ→0S(Q)
contains valuable information about the sample — it is p
portional to the osmotic compressibility — this is not
trivial point.

The inverted triangles in Fig. 2 show the structure fac
for the concentrated sample,f50.494, estimated by the sim
pler method outlined in Sec. II where the ratios of single-
multiple-scattered light are assumed to be the same for
colors and light of only one color, green in this case, is u
in the calculation@see Eqs.~14!–~18!#. These results agree
to within estimated uncertainties, with those, the circles,
tained by the more complete method, implying that, for th
samples at least, Eq.~14! must be reasonably accurate.

For clarity, Fig. 4~a! replots the fully corrected data o
Fig. 2 for f50.494. Figures 4~b! and 4~c! show structure
factors of samples of the same particles at lower concen
tions f50.426 andf50.366, measured by the simple
method and compared with theory. Again agreement is go
except perhaps for a couple of data points atf50.366 that
lie at the limit of experimental uncertainty. We mention th
in practice, there is little reason not to use the more comp
method, Eqs.~8!–~13!. During the measurement ofbMS, Eq.
~7!, the photon correlator automatically stores both the to
scattered intensitieŝI B(Q)& and^I G(Q)&. Thus the only ex-
tra information needed to apply Eqs.~8!–~13! is the easily
measured transmission of the sample at the second colo

Finally we return to the data for the dilute sample,f
50.0067, shown in Fig. 1~b!. The results of Fig. 3 show tha
although dilute, this sample still exhibits significant multip
scattering near the minimum in its form factor atQ
'22 mm21 where the single scattering is weak: the me
sured values ofb2bOV

2 bMS
2 are significantly lower than thos

for the reference sample. The results of correcting these
for multiple scattering, as described above, are shown as
squares in Fig. 1~b!. At small Q, there is little difference
between corrected and uncorrected results. However,
moval of the multiple scattering has a marked effect at a
beyond the form factor minimum; in particular it reveals
deeper minimum atQmin521.6mm21. If we assume the
particles to be homogeneous, this yields a particle rad
4.49/Qmin5208 nm.@That this value of radius is somewh
smaller than that, 214 nm, obtained from dynamic light sc
tering ~above!, implies that, when calculating the form fac
tor, it is strictly necessary to take account of the fact that
core and stabilizing layer of the particle have different
fractive indices.# The line in Fig. 1~b! shows a calculated
form factor for homogeneous particles with average rad
R5208 nm and polydispersity 0.046. In the region of t
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form factor minimum this calculated result fits the data we
the value of polydispersity also agrees well with that, 0.0
60.01, obtained from dynamic light scattering~Sec. III A!.
The suppression of multiple scattering in the measuremen
form factors is also described in Refs.@9,10#.

FIG. 4. Fully corrected structure factor of Fig. 2 replotted f
clarity and compared with the theoretical Percus-Yevick predicti
~b!, ~c!. Similar results forf50.426 and 0.366. The results of~a!
were obtained using the complete method represented by Eqs.~8!–
~13!, whereas those of~b! and ~c! used the simpler method, Eqs
~14!–~17!, in which the ratio of single to total scattering is assum
to be the same for blue and green light~see text for further discus
sion!.
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V. CONCLUDING REMARKS

Previously the main approach used to measure the s
ture of concentrated suspensions by light scattering has
refractive-index matching@18#. Here the particles are sus
pended in a liquid, or more usually a mixture of liquid
whose refractive index is very close to that of the particl
thus reducing the sample’s scattering power to the p
where multiple scattering is negligible. This method
fraught with difficulties. The weak single scattering can
corrupted by scattering from cell walls and from dust, whi
is very difficult to remove completely from concentrated su
pensions. More important, difficulties stem from the fact th
sterically stabilized particles are typically composed of
core and a shell having different refractive indices. Near
index-match, interference between the light scattered by
core and that scattered by the shell leads to particle f
factors that can vary strongly with suspension conditio
~particularly with the refractive index of the suspension m
dium! and can be difficult to control@18,19#. Furthermore,
index matching and the particle’s core-shell structure inte
in a rather subtle way to magnify greatly the effect of t
sample’s polydispersity on the measured structure fa
@20#.

In this paper we have shown how the two-color dynam
light-scattering method, used hitherto to study the dynam
of turbid samples, can also be exploited to suppress mult
scattering in static light scattering. Then turbid samples
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be studied significantly away from refractive-index matc
ing. The strong single scattering dominates scattering by d
and cell walls and the multiple scattering is suppressed.
other difficulties~above! associated with index matching ar
also circumvented. We have illustrated the method by m
suring structure factors of suspensions of hard-sphere
loids. Very good agreement between the experimental res
and Percus-Yevick theory for the structure factors of h
spheres is found. For the reasons just given, these are p
ably the most accurate light-scattering measurements on
systems to date. Finally we mention that elsewhere@2,3# we
have reported measurements by this technique of the s
ture factors of the ‘‘colloidal liquid’’ phases of colloid
polymer mixtures, as a function of the range of the ‘‘dep
tion potential’’ induced by the polymer. As the range of th
potential becomes smaller, accurate measurements of the
uids’ structure factors at smallQ indicate increasingly large
long-ranged density fluctuations.
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