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Multiple-scattering artifacts are a not uncommon difficulty in applications of
quasielastic-light-scattering spectroscopy (QELSS). An earlier proposal [G. Phillies, J.
Chem. Phys. 74,260 (1981)] for a two-beam, two-detector light-scattering spectrometer,
which is only sensitive to singly scattered photons, is subject here to an experimental test.
The device is found to work essentially as predicted. The diffusion coefficient of 0.091-
um polystyrene spheres in water is concentration independent for solute volume fraction
<0.01. Multiple scattering does not have a significant effect on the QELSS spectrum of
bovine serum albumin at a protein concentration of 20 wt. %.

I. INTRODUCTION

In the study of liquid systems, quasielastic-
light-scattering spectroscopy (QELSS) measures
directly the evanescent fluctuations in an experi-
mentally fixed spatial Fourier component € of the
local index of refraction. The fluctuation rate I" of
€; is determined by various transport coefficients,
including (for solutions of scattering macro-
molecules in an optically neutral solvent) the mutu-
al diffusion coefficient D of the macromolecules,
namely,

'=Dk?. (1)

It is at best difficult to use light-scattering spec-
troscopy to study systems which scatter light
strongly, since in this case photons may be scat-
tered more than once (as by fluctuations €

€y ), before they reach the detector. Calculating
the total multiple-scattering spectrum requires a
sum over allowed values of the intermediate wave
vectors G, as weighted by the particle scattering
factors and the optical geometry of the system.
For the ideal case of a spherical scattering volume,
Sorenson et al.! have calculated the double-
scattering spectrum of a solution of noninteracting
Brownian particles, finding for this geometry that
the linewidth for depolarized double scattering
from small particles is equal to the linewidth for
polarized single scattering at a 180° scattering an-
gle. For a different geometry, a new computation
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of the double-scattering spectrum would be needed.
Furthermore, for optical thicknesses only modestly
larger than those at which double scattering be-
comes important, it is apparently also necessary to
take into account the effect of triple, quadruple,
etc., scattering.

Given the uncertainties implicit in making
mathematical corrections to measured spectra, it
would arguably be superior to remove the
multiple-scattering effects physically, as by using a
small, optically thin sample. However, interesting
systems which scatter light strongly also typically
have long-range molecular correlations, so the
physical properties of a very thin sample can be
different than those of the bulk material. Recently,
this author? proposed an alternate procedure for
suppressing multiple-scattering effects. As part of
a long-term program to develop a multibeam,
multiple-detector instrument for measuring the
three-point-density-correlation function,’ the de-
tailed properties of a two-incident-beam, two-
detectar scattering experiment (Fig. 1) were con-
sidered. In this experiment, one illuminates a sam-
ple’ with two antiparallel laser beams of the same
wavelength, positions two detectors on opposite
sides of the sample at 90° from the laser beams (so
scattering from fluctuations e and e_y is detect-
ed), and studies cross correlations in intensity fluc-
tuations between the two detectors. As has long
been known,* for single scattering from a large
volume, the intensity-intensity cross-correlation
function Sx(f,t) obtained in this way is the same
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FIG. 1. Optical train of the homodyne coincidence
spectrometer. F is a neutral density filter, the M; are
mirrors; BS is a beamsplitter; L 1 and L2 are focusing
lenses; S is the (square) sample cell; the I, I', I"', and I'"
are collimating irises, X; and X, are locations for beam
stops, X is the beam insertion location for aligning the
irises, and PMT-4 and PMT-B are the photomultiplier
tubes.

as the function S ( f,t) measured with one beam
and one detector. The novel result of Ref. 2 is that
there is no double-scattering contribution to

S, (k,t). While double-scattered photons reach
both detectors, the fluctuations in the double-
scattering intensities at the two detectors are not
cross correlated.

Here an experimental realization of this proposal
is demonstrated. After a description of the ap-
paratus, results are presented on two systems: (i)
suspensions of 0.091-um polystyrene latex spheres
at concentrations < 1.2 vol % and (ii) bovine serum
albumin in 0.15M NaCl at a concentration of 20
wt. %.

II. EXPERIMENTAL DEVELOPMENT

Figure 1 shows the optical train actually used in
this experiment. The entire apparatus is mounted
on a 4X 10 ft. vibration isolation table which is
floated on commercial airmounts. In operation,
laser light (25-mW He— Ne source) is sent through
the nondeflecting double-wedge attenuator F to the
50% reflection-plate beamsplitter (BS). The two
incident beams then pass through converging lenses
L 1and L2 (focal length 63 cm) to the sample cell
S. X, and X, denote locations at which beam
blocks were placed for control experiments. The
sample cell was a standard 1-cm fluorimeter cell
with four sides polished. For the experiment to
work, it was found necessary that BS, M2, M3,

and M4 be held in high-precision (nominal setta-
bility 6") angular positioners. The light scattered
through 90° was isolated by the pairs of irises I’
and I"" and allowed to reach photomultiplier tubes
(PMT) A4 and B by passing through their front-end
irises I'”’. The photomultipliers used here were an
unmatched pair of RCA 7265 tubes with S-20 pho-
tosurfaces. This arrangement differs from that pro-
posed in Ref. 3 in that only one laser is used and
no spatial filtering of the incident beam is provid-
ed.

The major difficulty in operating the instrument
comes from the alignment accuracy needed before
the cross-spectrum S, (k,?) appears. In Ref. 3, it is
argued that the required directional accuracy is
<0.5 mrad, i.e., at 1 m from the sample cell, the
beam centers must be fixed to within 0.5 mm. For
each incident beam, the necessary 4 degrees of po-
sitioning freedom were obtained by rotation of the
final mirrors and by horizontal and vertical
translation of the focusing lenses. The horizontal-
beam positions were determined by mounting a
pair of pins vertically on the table surface and re-
quiring that the shadows of the pin points be found
in the center of the laser beam. The beam heights
were determined by allowing the laser beams to
pass through a series of aluminum plates contain-
ing 0.75-mm holes at the desired height. The col-
lecting irises were positioned by use of a pair of
auxiliary mirrors which introduced a laser beam
into the optical train at the point X;. The beam
was sent through four irises I’ and I'' and the va-
cant cell mount to PMT-B, and the irises and
PMT-B were positioned to be collinear with the
beam. PMT-A was positioned by removing the
auxilliary mirrors, placing a beamsplitter cube at S,
and requiring that light which passed through I’
and I" also fall on the entrance iris of PMT-A.
The irises I" were then opened to their maximum.
After aligning the optics in this way, a cross spec-
trum was reliably observed.

Initial efforts to position the collecting irises by
simply replacing the sample with a cube beam-
splitter gave at best an extremely weak cross spec-
trum. In some early experiments, the collecting ir-
ises were supplemented by collecting lenses placed
between I' and I"” or I"" and I'”". The use of col-
lecting lenses never resulted in a satisfactory spec-
trum, probably because the volumes viewed by the
two phototubes overlapped poorly.

The signals from each photomultiplier tube were
sent through preamplifier, discriminator, and pulse
shaper and sent into the 4 and B (cross-correlation)
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input ports of a 64-channel Langley-Ford Instru-
ments digital correlator. The measured intensity-
intensity correlation functions were analyzed by
Koppel’s cumulants method.’

A first concern was to demonstrate that the ex-
periment works in accordance with the theory. In-
itial measurements were made on dilute (volume
fraction ¢ of solute <10~ %) suspensions of 0.091-
pm-diameter polystyrene spheres in 0.4 g 1= sodi-
um lauryl sulphate. It was found (cf. Fig. 2) that
the diffusion coefficient obtained from a single-
detector determination of S (k,t) and from the
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FIG. 2. Diffusion coefficient of polystyrene latex
spheres (nominal diameter 0.091 um) as determined by a
conventional one-detector experiment (filled circles) or
by homodyne coincidence spectroscopy (open circles).
The three left-most pairs of points are at concentrations
$=2.1X10"%2.7x 1075, and 8.7x 107>, The one-
detector experiment shows a strong concentration depen-
dence for T, but the two-detector experiment finds that
D is independent of concentration. Representative error
bars show the spread in the 2—5 measurements which
were averaged to obtain each point.

two-detector determination of .S, ( K,t) agreed to
within experimental error, though the

D =0.53x10"7 cm®s~! obtained spectroscopically
is modestly larger than the 0.50%x 10~7 cm?s~! ex
pected theoretically for 0.091-um spheres under
our operating conditions. In spectra taken with
long (multihour) integration times, there was some-
times a difficulty with weak long-time oscillations
in the background. These were avoided by doing
exponential fits only to the early points (~25
channels, ~1/Dk? in time) of the correlation func-
tion.

An extensive search was made for artifacts
which might contribute to S, (K,t). The experi-
ment works because scattering through wave vec-
tors kK and —k are performed by the same spatial
Fourier component of the concentration; light scat-
tered from one incident beam into one detector is
cross correlated with light scattered by the other
incident beam into the other detector. Light is
scattered from a single-incident beam into each of
the detectors by different concentration fluctua-
tions, so if only one incident beam were used in the
experiment, S, (k,) ought to vanish. To test this
prediction about a one-beam, two-detector experi-
ment, beam blocks were alternately placed in the
optical train at points X, and X,. Measurement of
Sy ( E,t) while either incident beam was blocked
showed no indication of a cross spectrum. With
the observed signal-to-noise ratios, either beam
block must have reduced the amplitude of S, (k,0)
by more than a factor of 100. The tests with the
beam blocks show that the observed Sy (Kk,t) does
not arise from any of the obvious artifacts caused
by laser-power fluctuations, table vibration, or sig-
nal leakage between the two correlator input lines.

The simple theoretical analysis of Ref. 2 suggests
that S(k,t) and S,(K,t) have the same amplitude.
In practice, the rate of increase of amphtude with
time of S, (k,t) was less than that of S( K,t). One
may define a cross-correlation efficiency E by

B S.(X,0)
T [SAK,08EK0712

where the superscripts 4 and B refer to the two
photomultiplier tubes, and all amplitudes are nor-
malized by their integration times. With an opti-
cally thin suspension of scatterers, E ranged from
0.04 to 0.14, the efficiency increasing with experi-
ence at aligning the instrument.

A further check that the observed S, (k,t) corre-
sponds to the predicted phenomenon was made by
selecting the polarization of the scattered light.

(2)
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The incident laser beam and the singly scattered
light were vertically polarized; only from multiple
scattering does horizontally polarized light appear.
A suspension of polystyrene spheres was prepared
at a moderate concentration (¢ =0.006); horizontal
polarizers were placed at the irises I'". On measur-
ing the intensity-intensity autocorrelation function,
using either detector, a moderately intense depolar-
ized scattering spectrum was observed. Efforts
were then made to observe the depolarized cross
spectrum. Even with a 12-h integration time, no
cross correlations were found in the depolarized
scattering. From the measured cross-correlation
efficiency (as obtained from the polarized spectra
and cross spectra) and the amplitudes of the depo-
larized S(k,t), the absence of a detectable depolar-
ized S, (k,¢) indicates at least a 30-fold suppression
of the depolarized S, (K,?) relative to the depolar-
ized S(K,t). This difference in amplitudes would be
expected if only single-scattered light showed cross
correlations, but would be difficult to explain if the
polarized S, (k,t) were due to experimental error.

There exists one predictable artifact. If the sam-
ple cell is placed so that the incident laser beams
are reflected exactly back onto themselves, then
light scattered through 90° towards one photomul-
tiplier may be reflected by the side window of the
sample cell, back towards the other photomulti-
plier. In this way, scattering from a single beam
by a single fluctuation could reach both detectors.
This effect should produce a cross spectrum even
when one beam is blocked. After careful alignment
of the scattering cell, it was sometimes possible to
observe a weak cross spectrum even with one beam
block in place. This artifact was reliably eliminat-
ed by rotating the scattering cell about the vertical
axis by as little as 0.5°, insuring that the scattering
volumes seen directly by one photomultiplier tube
and by side-window reflection from the other pho-
tomultiplier tube do not overlap, even though the
volumes seen directly by the two phototubes do
overlap.

III. APPLICATIONS

The concentration dependence of D for poly-
styrene spheres has previously been studied by
Bauer,® wl}o examined the diffusion of 380-, 1090-,
and 2340-A spheres at concentrations 1073 < ¢
<0.1. Evenat ¢=1X 10~3, Bauer found that D as
obtained from S(Kk,?) differs by more than 20%
from its zero-concentration limiting value. In his
work, multiple-scattering effects were controlled by

using a series of scattering cells. of different size
(though data on the same sample using different
size cells was not reported extensively). The effect
of multiple scattering was also checked by compar-
ing the amplitudes of the polarized (VV) and depo-
larized (VH) spectra, it being found that the VH
spectrum was on the order of 1% that of the VV
spectrum. Bauer concluded that multiple scatter-
ing did not have a significant effect on the ob-
served spectra.

We have used homodyne coincidence spectros-
copy to determine the diffusion coefficient of

- 0.091-um diameter Dow polystyrene spheres

suspended in 0.4 g 1~! sodium lauryl sulphate.

The data are given in Fig. 2, which also indicates
values of D obtained from single-detector deter-
minations of S (k). Measurements were made for
2X107° <¢ < 1.18X 1072, the higher concentra-
tion being above the practical upper limit for deter-
mining D by homodyne coincidence techniques us-
ing our optical train and a 1-cm scattering cell.
The amplitude of S, (K,t) and the accuracy of the
measurement of D are far less for the sample with
¢=1.18 X 1072 than for samples with

¢ <1.0Xx10~2 For ¢ <1072, the two techniques
are in good agreement; D is found to be indepen-
dent of concentration and equal to its zero-
concentration limiting value. At higher concentra-
tions, the diffusion coefficients diffe_l:. The dif-
fusion coefficient obtained from S(k,t) increases by
more than 250% as ¢ is raised from 1Xx 1073 to
0.9 10~2. In contrast, D from the two-detector
experiment is independent of concentration.

The difference between S( E,t) and S, ( E,t) is
here interpreted as arising from multiple scattering
by the sphere suspensions. Multiple scattering
should be expected in these systems, whose appear-
ance ranges from slightly lucent to milk-white.
With the most concentrated suspensions, the rear
face of the scattering cell can only be seen with the
aid of back illumination of the cell. The other ex-
planation for the dependence of S(k,) on ¢ is that
solute-solute interactions are important, but this is
not plausible under these conditions. Hard-sphere .
and hydrodynamic interactions ought to be insigni-
ficant at such low ¢. The presence of 1.6 X 10~M
sodium lauryl sulphate in all suspensions should
serve to screen out any large electrostatic effects.
Furthermore, solute-solute interactions ought to
have the same effect on S(k t) and Sy (K,2), but it
is here observed that S(K,t) and S, ( k t) differ
markedly.

Some information on the degree of multiple
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scattering in these systems may be gleaned from
the depolarized (VH) spectrum, which is caused by
multiple scattering. Sorenson et al. have found for
point scatterers, a spherical scattering geometry,
and m-fold multiple scattering that the VH
linewidth satisfies

I'vy(any angle)=mT'yy(90°) . (3)

While our scattering geometry probably does not
satisfy their requirement, at $=3.3%x1073,

5% 1073, and 6.6 1073, we find Tyy=1.6Xx10"7,
2.8% 1077 and (3.4+0.2)X 10”7 cm?s~!, respec-
tively. In contrast, for single scattering (low con-
centrations) I'yy(90°)=0.53%x 10~7 cm?®s~!, con-
firming a strong, ¢-dependent effect of several-fold
multiple scattering on the depolarized spectrum.
These results on the VH spectrum are consistent
with our interpretation of the high-concentration
VYV spectrum in terms of m-fold scattering. One
notes that Sorenson et al. showed that the VH in-
tensity in double scattering is % of the VV intensi-
ty, so the depolarized, double-scattered spectrum
ought to have é the amplitude of the polarized
double-scattered spectrum. The observation that
the VH spectrum is far less intense than the VV
spectrum, therefore, does not indicate that
multiple-scattering effects are not important.

If one assumes that the theoretical basis for
homodyne coincidence spectroscopy is sound, the
measurements of S, ( K,t) reveal the concentration
dependence of D for dilute polystyrene sphere
suspensions. For 0 < ¢ <0.01, D does not depend
strongly on ¢. If one assumes

D=Dy(1+ad), @)

D, being the low-concentration limit for D, with
our data, 0 <a <5 would appear acceptable. Even
with the scatter in the points, a < —5 or a> 10
would seem to be unacceptable.

The mutual diffusion coefficient of concentrated
protein solutions have been extensively examined
by light-scattering spectroscopy and other tech-

niques, a major stimulus for modern work being
the substantial disagreement between QELSS
values for D and those obtained using a diaphragm
diffusion cell.” While the weight of the evidence ap-
pears to favor the QELSS results, Minton and
Ross® have argued that multiple scattering or other
effects may interfere with QELSS studies of con-
centrated protein solutions.

We have therefore examined the mutual diffusion
of isoionic bovine serum albumin (BSA) in 0.15M
NaCl at a concentration of 20 wt. %, using both
QELSS and homodyne coincidence spectroscopy.
Because serum albumin scatters appreciably less
light and diffuses far more rapidly than does the
polystyrene, it was difficult to obtain accurate
values for S,(k,t). A conventional one-detector
measurement on our sample finds
D =(6.15+0.05)x10~7 cm® s~!. The rather
noisier measurements of S, (k,¢) give
D=(6.0+0.5)x 10" cm® s~! which is not signifi-
cantly different, at least by comparison with the
twofold disagreement between QELSS and classical
values for D. One concludes (as might be expected
from the known Rayleigh ratio of BSA) that in
studies on the diffusion of concentrated isoionic
serum albumin, multiple scattering does not have a
substantial effect on the diffusion coefficient deter-
mined by QELSS. These results on BSA corro-
borate the earlier work of Hall et al.,” who con-
cluded from the k dependence of S (k) that multi-
ple scattering is not important in concentrated
hemoglobin solutions.
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