PHYSICAL REVIEW E VOLUME 59, NUMBER 3 MARCH 1999

Transition from diffusing to dynamic light scattering in solutions
of monodisperse polystyrene spheres
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Light scattering in the backscattering geometry, and transmission measurements are used to size monodis-
perse spherical particles in solutions. The concentration of spheres spans the scattering to range from single
scattering to very highly multiple scattering. These experiments were performed by varying volume fractions
of polystyrene latex spheres of nominal diameter 0.136 and 1615 Transmission measurements were
performed as a function of particle size, volume fraction, and sample thickness with a spectrophotometer
equipped with an integrating sphere. The data show that for thin samples the percent transmission is nearly
independent of particle size and depends onlyLéit, the ratio of the sample thicknessto the transport
mean free path* . By fitting the autocorrelation functions of samples obtained from known sphere sizes to a
generalized cumulants model, which describes both the highly multiple scattering regime and the singly
scattering regime, parameters were found that allow particle sizes to be determined over a wide range of
scattering strengths. For samples of unknown size, this method can size monodisperse spherical particles in
highly scattering solutions to better than 10%.
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PACS numbe(s): 42.25.Bs, 42.25.Fx, 78.35c, 78.20.Ci

I. INTRODUCTION tering regime. This goal was achieved by a combination of
quasielastic light scattering spectroscopy in the backscatter-
Within the past 10—15 years, diffusing wave spectroscopyng geometry and transmission measurements which were
DWS, a technique for measuring the size of particles inused to determine the transport mean free patirhe mod-
samples that are highly scattering has been developegled time dependence of the measured autocorrelation func-
[1-10.. DWS works in the regime where photons are scatdions contained several parameters that are functiohs/af,
tered many, many times before being detected. The analysyéhereL is the sample length, or as will be demonstrated, a
of intensity-intensity autocorelation functionsG,(t)  function of the fraction of light transmitted through the
=(I(t")I(t’ +1)) in this case is based on two fundamental S@mple, but not the mean size of the spheres. These experi-

approximations. The first approximation assumes that due igrents extend in a d?fferent direction the diffuse-transmission
the very large number of scattering events, the photon patﬁpectroscopy experiments of Kaplenal. [12].

may be described as a random walk. It neglects interference

effects of the light, assuming that the scattering is not so Il. THEORY

strong as to approach the localization of light due to random
scattering, and assumes that the light diffuses through the
sample[11]. The diffusion approximation makes it possible  Multiple light scattering has been and continues to be of
to calculate the distribution of paths taken by photonsgreat theoretical and practical interest. The literature in this
through the medium, allowing the dynamics of the mediumfield is spread over a wide range of disciplines including
to be treated by statistical calculations. The second approxiastrophysics, biomedical imaging, and atmospheric science
mation assumes that individual scattering events can be rége name a few. Thus, it is difficult to be comprehensive
placed by an average scattering event. Then using the diffin one’s reference to the literature. An introductory re-
sion approximation the total path length and the number ofiew is provided by Bohren[13]. The monographs by
average scattering events are found. There are two commahandrasekhdr 4], van de Hulsf15], and Ishimary16] all
experimental geometries used for such experiments, transliscuss the theory in great detail. van de Hulst's two volume
mission and backscattering. Of these two, backscattering imonograph is particularly useful in the present context be-
better suited to particle sizing because the transport measause it contains a great many tables. This problem continues
free path* need not be determined independently to analyzeo be of great interest as recent work by Kolingbal. [17],

the autocorrelation function. Bailey and Cannel[18], and Stark and LubensKy 9] indi-

The goal of the experiments described in this article wasate. However, all of these monographs and articles indicate
to develop a method of sizing nearly monodisperse sphericahat multiple light scattering calculations are difficult, com-
particles over a wide range of scattering strengths, from theutationally intensive, and time consuming. For this reason
strongly multiply scattering to the approximately singly scat-our experimental results on the total light scattered will be

compared to the tables in van de HUI20].
The following approximate approach is used in the
*Also at Department of Physics, Case Western Reserve Univepresent work. Since the particles are essentially monodis-
sity, Cleveland, OH 44106. perse polystyrene spheres, a very dilute solution of the par-

A. Multiple light scattering
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ticles was sized using both quasielastic and static light scabne to determind* from the transmitted intensity in the
tering techniques. The quasielastic light scattering data wereeakly scattering regime, the intermediate regime and the
taken at a scattering angle of 90° and the static light scattemultiple scattering regime. As will be shown later the trans-
ing data was taken at 1° intervals between 20 and 138°. Thport mean free path length is an important parameter in the
guasielastic light scattering data was fit to a third-order cudescription of the quasielastically scattered light, and will be
mulants fitf 21] and the static light scattering data fit to Mie's used as an independent variable in the formal description of
theory[22]. In this later calculation the indices of refraction our results.

of water and polystyrene were taken from Kerk2g]. The

sizes measured by dynamic and static light scattering were B. Quasielastic light scattering

consistent with those on the bottle and were also consistent . L .
with the stated polydispersity. Since detailed derivations of all of the theoretical forms

On the basis of these results and upon the assumption ¥hich will be discussed are in the literatuf25-29, this
nonabsorbing spheré&2] the extinction cross sectioB, section will IS|mpIy summarize the important results. _The
scattering cross sectiofs and efficiency of radiation autocorrelation function of light scattered from a dilute

scar . . . . .
pressure cross sectioBy,, were calculatedin the present weakly scattering solution of particles, which has a fairly

case we assume no absorption so Bag=Ce.): narrow distribution of siz_es, may be _anal_yzed u_sing the
P 8= Cocd method of cumulants. This technique is widely discussed,

Cpr=Cexi— Cscd COK6)), (1) and was first described by Koppg2l]. In this model the
normalized autocorrelation function is described by the fol-
where(cog6)) [22] is the asymmetry parameter which is a lowing function:
measure of how much of the scattered light is scattered

. . . . . . 2
nonisotropically. That is{cos()) is zero for isotropic scat- (G —=(1)") _ _ 2,
tering, greater than zero for excess scattering in the forward 92(1)= (1)2 Aexp(—Kytt UKot ),
direction and less than zero for scattering predominantly di- (4)

rec;igtgzrir?sk\:/vv?\rigﬁscatter light strongly are characterized bWhere 9o(t) is the experimentally determined normalized

: . Yorrelation functionA is its amplitude(which is very close
two lengths that are obtained from these cross sections. Tf{g 1.00, K,=2(D)q?, where(D) is the mean diffusion co-
scattering mean free pathwhich measures the average dis- fic.ient’ olf the ar:cicles is’ the scattering vector
tance a photon travels before scattering, and the transp ?2{47rn/)\ sin(0/2) F:/vheren ,i(.i, the index of refra?ction of ?he
mean free path*, which measures the distance beyond '

which the direction of propagation of the photon is rar]dom_solution,)\ the vacuum wavelength of the incident light, and

. : is related to the width of the particle distribution function.
ed. These are related to the above cross sections as fO||O\I\é.2.IS re ) "
'z v ! sing the obtainedthrough fitting value of K; and the

= 1 @) Stokes-Einstein relatiofi26], the particle size can then be
NCsed1—H)’ found.
| In highly multiple scattering theory, different approxima-
= , (3) tions are made but again the final goal in particle sizing is to
(1—(cog)))(1—H) fit the autocorrelation function and relate the coefficients un-
ambiguously to the particle size. Here a number of approxi-
wheren is the number of spheres per unit volume ahds  Mations are necessary. Pine and WElt@] describe a rela-
the volume fraction of spherd46. tively simple model that fits data obtained in the
The scattering cross section of the spheres used in tHeackscattering geometry. The actual situation may be more
present study are rather complex functions of the scatteringomplex than their simple form would indicate. See, for ex-
angle. Following van de Hulsf20], the actual scattering ample, MacKintosh and JoH80], Durian[31,32, Stephen
cross section was replaced by a simpler one. This is based @nd Cwilich[33], Stephen[34], Maret and Wolf[35], and
the fact that the two characteristics of the single scatterindrdrei and Kaveh36).
are its albeda(defined as the ratio of the scattering cross In the multiple scattering region, experimentally deter-
section to the total or extinction cross secjiand the asym- mined normalized correlation functions are well fitted to a
metry parameterg={cos(@)). A simple phase function that cumulants expansion of the form used by Fraden and Maret
is often used is the Henyey-GreenstefnG) function [3]:

[15,16. The phase function is related to the scattering cross 6t
gz(t)=Aexp( —2y\g+ct

I*

section througlC. = C,,; (phase function The asymmetry , 5)
parameter of the HG phase functiongsand the extinction

cross section can be calculated from the Mie theory, thus thishereA is a constanty is a fitting parameter which will be
function can be used to at least roughly approximate theliscussed in greater detail belowjs the single back scat-
more complex Mie result. The next approximation was firsttering time,7=(1XD))(27n/\)?, andc is a constant. In the
noted by van de Hulst. This approximation states that fopresent study we need a theoretical model that will allow a
nonabsorbing particles the fraction of an infinite plane wavebroad range of autocorrelation functions from those describ-
that is transmitted through a sample of optical thickness, isng dilute weakly scattering samples to multiple scattering
approximately a universal function bf. In fact, this is veri-  without anya priori knowledge of the sample. In order to
fied by both his numerical calculatiof0] and the experi- analyze correlation functions obtained over a broad range of
ments discussed later in this paper. This observation allowsoncentrations without changing the theoretical form, we
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combined the dilute cumulant form, E@), and the multiple
scattering cumulant form, E@5), to produce the following
empirical model forg,(t):

go(t)=Aexp —f\t+ct—dt?), (6)

where A, ¢, d andf are all constants. When applying this
form to highly multiple scattering samples one would antici-
pate|c/f?|<1, andd to be negligible, while for very weakly
scattering samplefe/f?|>1 and|d/f?|<1. These expecta-
tions are experimentally verified.

When correlation functions from highly multiple scatter-
ing samples are analyzed using E§). the fitting parametefr
can be combined with the theoretically predictetb deter-
mine the coefficienty. By simultaneously looking at E(p)
and Eq.(6) and comparing like coefficients ¢f we obtain

6
f=2'y\[;.

Later we will experimentally show that is independent of
particle size and apparently a function of only, as pre-
dicted. Thus, knowingy Eq. (7) may be solved for and the
particle size determined.

In the weakly scattering limit, comparison of Ed) and
Eq. (6) allows one to show that=2Dgq?. Thus, once more
particle size may be determined as when using (&j. In
principle and in practice, the ratio of the two coefficients

()
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FIG. 1. Diagram of the experimental apparatus.

transmission was measured for samples of mass fraMion
5X10 °<M=0.1 for the 0.126-mm spheres and 2.5
X 10 °<M=0.1 for the 0.966um spheres. The mass frac-
tion was converted to number of particles per unit volume
The transport mean free pdth was calculated using E¢B).

This allowed the transmission to be evaluated as a function
of the dimensionless parametefl * .

andd may be used to determine the “polydispersity param- A typical procedure for transmission measurements con-
eter.” In general, a fourth ternist® must be added to Eq. Sisted of measuring the transmission for several path lengths.
(4) when this is done. For this reason the polydispersity wa$ne of the approximations of the theory is that the scattering
not explicitly calculated even for weakly scattering sampleslayer must be very wide compared to the optical thickness.
An alternate approach to the evaluation of autocorrelatiof hus, strongly scattering samples in thi€k-cm) sample
functions obtained from a wide range of scattering strength§olders would not work well, while in weakly scattering

is given by Kok et al. [37] and vSépének[BB]. Sépanek’s samples such sample holders were preferred. _

guasielastic light scattering experiment was conducted at %The relevant components of the backscattering apparatus,
number of scattering angles rather than at one fixed ang@"oWn scher_nancally in Fig. 1, are the laser and p(_)lanzat!on
near 180° as in the present experiment. His analysis indicatétics. a pellicle beamsplitter, sample oven, collection optics

that at very small volume fractions of polystyrene spheresand photomultiplier tube, and 64-channel correlator inter-
faced to a computer. This is the standard 45° beam-splitter

there is one unimodal range of decay times. In an intermedi )
ate range of volume fractiongand hence scattering geometry often used for coherent back_ scattering measure-
ments[39]. The laser is a Spectra-Physics 60-mW Helium-

strengthy a bimodal distribution occurs with the second | ith | h of 632 8 Thi
component occurring at faster times than the component oy €0 1aser, with output wavelength of 632.8 nm. This power

served in more dilute solutions. At high concentrations only'S Sufficient for the present experiments and did not inadvert-

this faster mode is observed. In the present context a similditly heat the sample. Due to space constraints a mirror is

model can be formed in which the two cumulant forf&s|s used to redirect the beam 90° from its initial direction and
(4) and (5)] are added: " along the subsequent optical beam line. Immediately follow-

ing the mirror along the beampath issawave plate in a
rotation stage followed by a Glan-Thompson polarizer ori-
ented to pass vertically polarized light. THewave plate-
polarizer combination provides a continuous attenuator of
the intensity while preserving vertical polarization of the
light incident on the samplpt0]. This variable attenuator is
followed by an iris that helps to remove stray light near the
circumference of the beam.

Following the iris, a 1-in. pellicle beamsplitter is kine-
matically mounted and positioned at a 45° angle to the inci-

Two experimental apparatus were used in this researchident beam so it can transmit the beam to the sample stage as
The first was a commercial Perkin-Elmer Lambda—40P speowell as reflect backscattered radiation from the sample to the
trophotometer with a Labsphere RSA-PE-20 integratingcollection optics and photomultiplier tubéPMT). The
sphere that was used to measure the total transmigdibn  sample oven is a brass cylinder with a square hole, designed
fusely scattered plus direcas a function of wavelength. The to hold a standard 1 crfinside thicknesssquare cuvette,

ga(D)= (A pedtaZip - (g)
whereA; is the amplitude of the fast moda, the amplitude
of the slow modeb is the optional background fitting param-
eter, andf, ¢, d andg are fitting parameters that will be
related to the particle size as discussed above.

IIl. EXPERIMENTAL APPARATUS AND PROCEDURE



3634 CLAPPER, COLLURA, HARRISON, AND FISCH PRE 59

aligned parallel to the oven’s long axis. In order to allow the

beam to irradiate the sample and scattered light to be col- g 100 g
lected, a semicylindrical wedge was machined out of the a 80
oven. Finally, a small hole is drilled through the back of the 3 60l
oven to allow transmitted light to pass through the sample & 40
stage. The cuvette is rotated so that the reflected beam is §
translated off the incident beampath since only the backscat- e 20
tered signal is needed. * ot
There are two beamstops in the apparatus. These are used 0.01 0.1 1 10 100
to minimize any unwanted light being reflected off surfaces L 1x

and back into the beampath. Finally, the collection optics
consist of a focusing lens, a PMT and another Glan- FIG. 2. Percent transmission as a functionLéf*. The solid
Thompson polarizer oriented parallel to the previous polarcurve is the prediction fog=0.875 and the dashed curve the pre-
izer. The PMT is a Malvern Instruments photomultiplier tubediction forg=0. Squares and stars are experimental data.136-
and preamplifier removed from a Zetasizer | and modified toxm-diam spheresk, 1.015um-diam spheres.
hold a focusing lens and iris. Further details are available
elsewherg41]. percent transmission versus the dimensionless parameter
The samples, obtained from Duke Scientific Corporationy j|* is shown in Fig. 2.
were polystyrene latex spheres of nominal mean diameter 14 ghtain the percent transmitted shown in this figure the
0.126 and 0.96um. The samples were prepared in the fol- 5| 16wing procedure was followed. First, the percent of light
lowing manner. First, the sample stock was placed into aRansmitted was measured for several valuek biit differ-
ultrasonic cleaner t_o help break up any gggregated particlesht|* such thatl/I* was constant. Semilogarithmic graphs
and then gently stirred to prevent foaming as was recoMat percent light transmitted verstisat a wavelength of 633
mended by Duke Scientific. No other filtration Process was,m were constructed. These graphs were typically very lin-
used on the stock sample. The water used to dilute the origisar On the basis of this linear behavior the percentage of
nal sample was obtained from a Millipore Milli-RO water 5t transmitted was extrapolated to—0. The percent
purification system which pr(_)duced water of resistivity up t0yansmitted atL—0 was used because the theory assumes
0.2 MQycm. The water was filtered with a 02 inorganic 4t the beam irradiating the sample is infinite compared to
membrane filter before combining it with the polystyrenehe thickness of the sample. Clearly this procedure was im-
sample_. All quartz cuvettes were flushed with clean Watebortant for very strongly scattering samples; however, ex-
many times to remove excess _materlal after eaCh run. Thﬁerimentally the effect was very small for weakly scattering
cuvettes were then f_Iushed _Wlth toluene to dlss_olve aN¥amples. The two dashed curves on this graph are the
trapped polystyrene, rinsed with acetone and then finally ethyenyey Greenstein model prediction based on radiation
anol before air drying. All experiments were conducted aty,nster theory24], for both spheres. Notice that there is not
room temperature, and the temperature was recorded ffo foct agreement between the two model curves. However,
each sample run. The autocorrelation functions were angpe experimental data is in good agreement with the model
lyzed using the method of Harrison and Figel2]. predictions. This graph shows that the dependence of the
IV. EXPERIMENTAL RESULTS percent transmission oh/l* is independent of pot_h_ the
asymmetry parameter of the particle and, more significantly,
Quasielastic and static light scattering measurements wetbe particle size. The significance of this result is that it al-
used to measure the size of the polystyrene sphere-wattws the value of* of suspensions of monodisperse spheres
samples. The mean diameter of the two different size spherés the range studied to be experimentally determined simply
used were 136 and 1015 nm. The smaller size is largby measuring the total transmission of light through the
enough to give multiple scattering at the concentration supsample of thickness knowh.
plied by the manufacturer, yet still had an asymmetry param- The quasielastic light scattering data was analyzed using
eterg very close to zero. Actual calculation yield the value the single cumulant model, E¢) and the sum of cumulant
g=0.03 for the 136-nm-diam spheres. The valug &r the = model, Eqg.(8). The resulting chi-squares of both of the fits
1015-nm spheres is approximately 0.88, which is very closevere analyzed at each concentration using Fheest[43].
to the maximum value obtainable in nonabsorbing spherehe results of this test indicate that both models fit to the
[24]. These measured size values were used in all calculatata are equally acceptable in the difficult to analyze middle
tions that included the particle size. The percent transmissioregion where both single and some multiple scattering exist.
was measured in the Lambda-40P spectrometer at wavéhe sum of cumulants model, E®) yields somewhat better
lengths between 400 and 900 nm. From this data the value of? at both the highly multiple scattering and the very weakly
the percent transmission at 633 nm was obtained. This wavescattering limits. However, the fits to the single cumulants
length was chosen because it is the wavelength of the lasenodel form an overall better picture. That is to say, the be-
used in the quasielastic light scattering studies. From théavior of y and the ratio of the predicted single decay time to
calculated scattering cross section of monodisperse spherte fitted decay time vary much more systematically with
of the appropriate diameter and for a wavelength of 633 nnin this type of fit.
and the known values af, the number of spheres per unit  The fitted parameters from the single cumulant fit to the
volume, and the asymmetry factgr,the transport mean free intensity autocorrelation functions, and the particle size in-
path was calculated using E@). The resulting graph of dependently determined in very dilute solutions were used to
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FIG. 4. Deyp/Dgiyie @and y as a function of*/L for the sum of
FIG. 3. Dexp/Diiue @Ndy as a function of*/L for the modified  cumulant fits. The solid line and symbols have the same meaning as
cumulant fit. The solid line in the top panel corresponddig, in Fig. 3.
=Dygiue- The symbols have the same meaning as in Fig. 2.

M=0.1. The nominal diameters of the spheres were 0.330
calculate vy, and the ratio of the diffusion coefficient, and 0.724um, respectively. The concentration was chosen to
D exp/Ditute- In this last expressioD.,, is the diffusion co-  be clearly not highly multiple scattering and yet not so dilute
efficient determined from the coefficient of the linear term into be single scattering either. The percent transmission for
time in the cumulant fit an® g, is the diffusion coefficient each sample was approximately 70% through a 1-mm cu-
determined in very dilute solutions at a scattering angle o¥ette. Using the data summarized in Fig.)8is expected to
90°, and calculated using the measured size and the Stokese very close to zero and the coefficient of the linear term in
Einstein equation. These two parameters, obtained from fitime in the fit should equaDq?, whereD is the diffusion
ting backscattering geometry correlation functions appearedoefficient of the particles the particles agds the back-
to be systematic functions of the function of transport mearscattering wave vector. Using these ideas the diffusion coef-
free path)*/L. Figure 3 is a graph of andD ¢,/Dgiye @s a  ficient for the 0.325um sample was calculated to be 1.26
function of */L calculated using Eq3). In the highly mul- X 10 8cn/s. Using the Stokes-Einstein equation, the corre-
tiple scattering regimey ranges between 1.26 and 0.75, andsponding size was calculated to be 04®. The diffusion
decreases with increasing/L throughout this region. The coefficient for the 0.724-mm sample was calculated to be
values of the ratio of diffusion coefficients approaches one a6.95x 10~ ° cn¥/s. The size of the particles was calculated to
approximately the same value I3f/L at whichy falls below  be 0.725um. The error in the smaller particles was much
approximately 0.4. greater than that of the larger particles, however, the

It is important to observe that this theoretical form pro-0.325um stock sample had a previous tendency to aggre-
vides a smooth transition between the highly multiple scatgate, which is consistent with this larger experimentally de-
tering and the single scattering regimes for both sizes ofermined size.
spheres, allowing almost any solution of monodisperse
spheres within this region to be sized. For very large values

of I*/L the parameters of the fit indicate that in the model ap accurate method to size spherical, monodisperse, par-
the coefficientf is very small and the data is very well rep- ticles ranging from the single scattering regime through the
resented by Eq4), as expected. For small valuesl&fL the  yery highly multiple scattering regime has been developed
parameters are such that the linear term is a small correctioghg tested. This method does not require any special instru-
to the yt term and the data could just as easily be fit usingmentation other than standard light scattering apparatus in
Eq. (5) with c=0. the backscattering geometry. Two models, an empirical
The analysis based on the sum of two exponentials, Edmodified cumulants form given by E¢g), and a model sug-
(8) also fits rather well. However, not surprisingly the fitting gested by &?p'a’]ek, which is essentially a sum of cumulants
parameters are somewhat different than in the fits to a singlgiven by Eq.(8), have been evaluated and found to ad-
cumulants functional form. Once more tiy@eeded to fit the equately represent the data. The modified cumulants model
data is a function of*/L. In this case the value of ob-  has been shown from our analysis to obtain more physically
tained for the two different sizes are very different. It is notreasonable results although, from a data fitting perspective,
clear that there is a single systematic relationship between the sum of cumulants is equally good. Applications of this
andl*/L except at largé*/L wherey approaches zero. The technique will allow evaluation of particle sizing in light
situation with the diffusion coefficient is equally problem- scattering experiments at almost almost any concentrations.
atic. For instance, even in very dilute solutions where
D exp/Dyiiute Should approach one, the data is systematically
high by 20% or more and rather noisy. Thus, this does not
appear to be a good model for determining particle sizes. This work was supported by the National Science Foun-
These results are shown in Fig. 4. dation under Grant No. DMR-9321924. One of the authors
In order to test the conclusion that there was a singlgD.H.) was supported by the National Science Foundation
empirical relationship between bot and D ¢,,/Dgiye @nd  Advanced Liquid Crystal and Optic Materials Under Grant
[*/L two samples were prepared. Both were of mass fractioNo. DMR-8920147.

V. CONCLUSION
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