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ABSTRACr Cross-correlation between two detectors was applied to analyze laser light-scattering fluctuations. Laser
scattering from random concentration fluctuations is spatially coherent over small angular areas that are inversely
proportional in size to the dimension of the scattering volume. By cross-correlating scattering intensity fluctuations in
different angles, the correlation due to relaxation of concentration fluctuations is practically eliminated, and
correlations reflecting changes in the scattering from the individual particles can be enhanced. Rotational diffusion of
assymetric particles, conformational relaxation of random coils, and association-dissociation dynamics are determined
here using the above approach.

I. INTRODUCTION

In the last decade quasi-elastic laser light scattering
(QELS), or as it is sometimes called, dynamic light
scattering, has added the time dimension to the classic
probe of incoherent, total-intensity scattering of light.
Intensive work has been devoted to the analysis of the
dynamics of different processes that contribute to fluctua-
tion in intensity of the scattered light (references 1-3 are
books reviewing the field). Indeed, experiments established
the effect of diffusion on broadening and of directed
motion on the Doppler shift of the spectrum of light
scattered from a wide range of particle sizes and shapes.
Today, QELS is routinely used for accurate measurements
of translational diffusion coefficients of macromolecules in
solution, and for anemometric measurements of linear and
turbulent flow.
On the other hand, after theoretical analysis, a substan-

tial effort by several experimenters was devoted to extract
additional contributions to the observed dynamic fluctua-
tions of coherent scattering. Still, the separation of the
different contributions to the observed QELS spectrum is
far from being straightforward. For small molecules, the
translational diffusion contribution is by far the largest
component in the fluctuations of scattering intensity; thus,
one has to extract data from a very low signal-to-noise
experiment. For molecules with size approaching the wave-
length of light, rotational diffusion and structural changes
contribute a sizable amplitude to the fluctuations, and
their effect is easier to measure (4, 5). Yet the "coupling"'

'Coupling may be a misleading term for larger particles, as the rotational-
translational Brownian motion is coupled also for small asymmetric
molecules. It is only on the scale of distances of wavelength of light that
this coupling is or is not detectable.
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of translational, rotational and internal motions makes the
interpretation complicated.
The characteristic dependence on scattering angle of the

diffusional line width and the relative ease of obtaining
contributions of other dynamic components extrapolated to
low or high scattering angles have offered other
approaches. This way the q * v Doppler-shifted spectrum
(6-8) or q-independent contributions of rotational (4) and
internal motion (5) were identified. Still, the use of extra-
polations or multiparameter fits for resolving small compo-
nents in the measured time correlation imposes severe
experimental and mathematical requirements that make
an unambiguous analysis of the contributions due to
internal flexibility of the molecules, rotational motion, and
structural changes of the scatterers difficult.

In this work we use cross-correlation for the separation
of the translational diffusion from the other contributions
to the dynamic fluctuations of laser light scattering. The
use of direct differential measurements, can dramatically
improve the accuracy and reliability of measurements, as
compared with two separate measurements, as demon-
strated elegantly for small differences in diffusional broad-
ening by Cannell and Dubin (9). Translational diffusion
fluctuations are eliminated by probing diffusional motion
in a QELS experiment via changes in the amplitude of the
Fourier transform of concentration fluctuations. The
dependence of two Fourier components with wave vectors
(k) sufficiently close to each other creates the concept of
the coherence solid angle of acceptance Akc, which is
proportional to the inverse of the linear dimension of the
scattering volume "seen" by the detector. In addition to the
dynamics of diffusion, which is probed by the coherent
laser light via the fluctuating Fourier pattern of the whole
scattering volume, the dynamics of fluctuations due to
rotation, internal motion, or chemical reaction can also be
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probed by a superposition of the fluctuating scattering
intensities of each individual particle. Since the size of the
scatterers is much smaller than the scattering volume, the
latter fluctuations are correlated over a region Ak, which
contains many coherence solid angles. Yet one can elimi-
nate the fluctuations due to translational diffusion by
cross-correlating the fluctuating intensities at two scatter-
ing angles that lie in different coherence solid angles.

Cross-correlation experiments were probably first per-
formed by Brown and Twiss (10). The application of
cross-correlation for determination of structures was pro-
posed by us (1 1) for use with scattering from solutions of
macromolecules. X rays and neutrons are capable of
producing scattering patterns containing high-resolution
structural data. The application of cross-correlation to
light scattering is aimed at probing dynamic rather than
structural data. An experimental demonstration of anticor-
relation of scattering fluctuations was recently reported
(12). The anticorrelation signal is an elegant and unambig-
uous demonstration of the principle, and was used to
measure the rotational diffusion of long rodlike virus
particles; we repeat it here in a somewhat different man-
ner; other applications are also shown. It should be empha-
sized that the coherence of the laser is not required in the
cross-correlation experiment. It is only its brightness that is
used here. In fact, in a previous study, we used sunlight to
measure the same fluctuations that were measured here
(13). It could be mentioned also that cross-correlation of
scattering intensity fluctuations from the same particles
illuminated with two lasers with different colors could be
used to design an equivalent experiment.

II. THEORY OF LIGHT SCATTERING
CROSS-CORRELATION

The excess intensity of light scattered from a solution of N identical
particles over that of the solvent scattering is given by:

N

I(k, t) e |3fj[k, aj(t)Jei-rj(t) 2 (1)
i-I

where k is the scattering vector,fj [k, aj(t)] is the scattering factor for the
jth particle at position rj(t), which depends on the scattering vector k, an '
on the particle orientation and its conformation (or chemical stag ) which
is symbolically denoted as aj(t).
The cross-correlation function of the scattering intensities at two

scattering angles with scattering vectors k, and k2 is the time average
(denoted as ( * * ),) of the product of the instantaneous intensities of
scattering at k, and k2:

C(kj,k2,T -(I(k1,t)I(k2,t + T0

= (Zfjkiai(t)]

fj* [k,, aj(t)Jeik.[rI(1) jr(t)f
*.f[k2,a.(t + T)]

fm* [k2, a. (t + T)Je/k2 [r(t+T)r"Q+T)) (2)

Since the phases k * rj(t) are totally random for different particles, the

only terms that do not give a vanishing average on time are terms in which
the indices i,j, n, and m contain at least two pairs of equal indices
(references 14; 3, p. 94). Thus for i = j and n = m we obtain N2 terms of
the form

(lfi [k1,a, (t)]Jf [k2, an (t+ T)] 12)t. (3)

For i = m and j = n with i + j we obtain (N2 - N) terms:

(fi[k, ai(t)If"I [k2, ai(t + r)Jei[el rjt)-k2rAIt+T)]
- f [kl, aj(t)] fj [k2, aj(t + r)Je-ik.rjI)-k2-rjt+r)J),. (4)

and for i = n and j = m (i . j) we have (N2 - N) terms of the form

(f [k1, ai(t)] f [k2, ai(t + T)]ei,k, r(t)+ 2 rAt+ )]

f7 [k1, aj(t)] f7 [k2, aj(t + T)]e-iIkI.rj(t)+k2-r.At+v)J) (5)

Terms in Eq. 5 vanish owing to an averaging of the initial phases of the
particles. Terms in Eq. 4 give the translational diffusion correlation for
k, - k2. If, on the other hand, the two detectors are positioned such that
Ik, - k2I,, (2r/A), A being the typical linear dimension of the volume
seen by the detectors, this term is averaged to zero. This can be seen as
follows:

ki - ri (t) - k2 - r, (t + T)

= k, - [r, (t + T)] + (k,-k2) - r, (t + T). (6)

For short time differences, r, the first term is contributing a small phase,
which when averaged, yields the e- /2*2D decay to the autocorrelation
funding, D, being the diffusion coefficient. The second term, though, is
contributing a phase that is random, if the summation on positions ri is
covering a range much larger than (2wr/I k, - k2 I), i.e., if k, and k2 are not
in the same coherence area.
As a consequence, the only contributions to the cross-correlation that

are not vanishing are terms in Eq. 3. Since]; [k, a, (t)I is a smooth function
of k over range Ak < (2w/R,) R being the typical linear dimension of the
particle, dynamical changes inf [k, ai(t)J due to the time dependence of
a(t) can be detected by using the cross-correlation. To see this we can
separate the term in Eq. 3 into an average component and fluctuations:

6 If [k, ai(t)] 12 = fI [k, ai(t)J 12 -(Ifi [k, a,(t)] 12 (7)
Thus,

C(k, k2, )

- N2f(If [ki, a,(t)] IX(Ifj [k2, aj(t)J I )t
+ (6If[k, aj(t)] 12) (Ifi [k2, aj (t) 12)
+ (If[kj,aj(t)J 2), (6If[k2, aj(t)] 12 )II
+ (N2 - N)(6 lfi [ki, a,(t)] l2)f(iIf[k2, aj(t)J 12),
+ N(6If[k,, ai(t)] 42If [k2, a,(t + )] 12),.

(8)

All but the last term are independent of r. If we take ki and k2 close
enough to assume

f [k,, ai(t)] = fi [k2, ai(t)I (9)
and we notice that

(6 Ifi [k, ai(t)J 12) = 0, (10)

we obtain a simplified expression for the cross-correlation:

C(k, k + Ak, T) = IN (lfi[k, a1(t)] I ),12
+ N ( a |fi [k, ai (t)] 12 6 ifi [k + Ak), aei(t + T)] 12 ),t. (I 1 )
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The second term is the term that gives the correlation function of the
dynamics of changes of a1(t). This correlation function is practically the
autocorrelation for these dynamics, due to the smooth k-dependence of
fg[k, a,(t)J. If a denotes the orientation of an asymmetric particle, w, the
cross-correlation will decay according to the rotational diffusion coeffi-
cient, DR ( 12)

( If [k,w(t)] 126 If [k' w(t + T)] 12 t

OC s,o(k)s,o(k')(21 + 1/2)P [cos (kk')]

exp [-1(1 + 1)DRT]J A + Be-6DRT + Ce2OIRT

+ De-42DR7 + (12)
where S,, (k) are the spherical harmonic coefficients of the scattering
intensity function (11) with the axis of rotational symmetry of the
scattering particle taken at the z-direction; k k' is the angle between two
scattering vectors. Tobacco mosaic virus (TMV) particles were the model
system to measure this rotation. Numerical computations give the
cofficients A, B, C, and D for TMV. They are, at 600, 5.6,2.8,0.4,0.05; at
900, 4.6, 3.2, 1.1, 0.2; and at 1200, 3.9, 3.1, 1.4, 0.4, respectively.
The second problem we chose to study using the cross-correlation

approach is the measurement of the dynamics of internal motion of
long-coil DNA molecules in solution. The fluctuations in the scattering
factor in this case are due to intramolecular interference changes
reflecting the relative motion of segments along the DNA molecule. This
internal interference depends on the scattering wavelength both by its
amplitude and its correlation time (15-18). Dependence that follows k2
(19) and k3 (20) was predicted theoretically.
The last set of measurements was done with a solution of lysozyme

molecules in NaCl, a mixture that is used for lysozyme crystallization and
was shown (21) to grow a wide range of aggregate sizes that maintain a
quasi-equilibrium because of the nucleation barrier in which spontaneous
fluctuations due to association-dissociation kinetics take place. In this
case the scattering factor is directly proportional to the number of
monomers in each aggregate.
The kinetics of the aggregation reactions are of crucial importance for

crystal growth processes, and were measured by us using temperature and
pressure jump techniques.2 Reaction kinetics were measured from fluc-
tuations in charges (22). The use of light scattering for measurement of
aggregation reaction kinetics by light scattering was suggested long ago
(2, 23-26) but the signal for laser-scattering autocorrelation experiments
was estimated to be immersed in the signal because of diffusion.

III. SIGNAL-TO-NOISE RATIO AND DESIGN
OF EXPERIMENTS

Evaluation of the predetection signal-to-noise ratio was described in detail
for the measurements of the spatial correlation with x rays (11). Since
intensity fluctuations from all scatterers are independent, they add
randomly and the correlation signal is proportional to the concentration.
The noise due to photon counting statistics of the time-averaged intensity
is also proportional to the concentration; thus signal-to-noise ratio is
independent of concentration. This ratio is proportional to tlp average
number of photons detected during one correlation decay time from each
scatterer, and to the relative fluctuations mean square from each scatter-
er. In order to detect the maximal number of photons scattered from each
particle, optimization of the cross-correlation signal for light implies
maximal incident flux and largest collection aperture. This is achieved by
focusing the laser and by using a microscope objective with large aperture
for the detection of the scattering intensity fluctuations. Using a micro-
scope objective also enables one to image the illuminated volume with
high magnification and select a very small scattering region to be seen by

2Unpublished results are partially presented in Fig. 5 b and c.

the detectors, thus increasing the relative fluctuations. The same objective
is used to image the scattering volume to both detectors. The two halves of
the aperture, which correspond to different scattering angles, are divided
behind a pinhole positioned at the image plane.

Since the signal-to-noise ratio of fluctuations due to translational
diffusion is proportional to the concentration of the scattering particles
(14), whereas the signal-to-noise ratio of cross-correlation fluctuations is
independent of concentration, low concentrations are advantageous. Also,
the collection of many coherent areas increases the signal-to-noise ratio of
the cross-correlation because of the increasing number of total detected
photons per particle. However, the autocorrelation signal due to concen-
tration fluctuations is independent of the number of coherent areas
detected, since it is proportional to the number of detected photons per
coherent area (14).The cross-correlation experiment is therefore designed
to collect the scattering with large apertures from a very dilute solution.
The size of the scattering volume is mainly determined by the

requirement that the dynamics of number fluctuations will be considera-
bly slower than the cross-correlation decay time of interest. We found that
slow turbulent flows in the cell, rather than pure translational diffusion,
are the dominant processes of exchange of particles in the small volume
seen by the detectors. Using spherical polystyrene latex particles we found
that a linear dimension of 0.1 mm results in a number-fluctuation-
correlation time on the order of 0.1 s when standard spectroscopic cells
were used. This time could be made longer using smaller flow cells,
probably resulting from the reduction in turbulence due to smaller
temperature gradients and larger friction with the walls.
The experimental system is schematically described in Fig. 1. It

includes micrometric adjustments of all the optical components to achieve
high laser flux by focusing with a 5-mm lens, to obtain sharp imaging of
the scattering volume on the pinhole and to split the microscope objective
aperture. In the first stage of the experiments the scattered light was split
just behind the microscope lens and focused on two slits in front of the two
photomultipliers. This setup required cumbersome adjustments to make
the two detectors see the same scattering volume. This step is avoided in
the present arrangement, in which the pinhole first selects the scattering
volume and then splits the scattered light.
The detection and electronic system consists of two 8850 RCA

photomultipliers (RCA Electro-Optics & Devices, Lancaster, PA), fast
amplifiers and discriminators, and a multibit Malvern correlator, type K
7025 (Malvern Instruments, Great Malvern, Wore., England). Clipped
photon correlators are fast and accurate if applied for the analysis of large
fluctuations. Since clipping or scaling is used in such correlators, the
enhancement of fluctuations that contribute only a small component to

FIGURE I The optical system. An Argon ion laser beam is focused in a

spectroscopic flow cell filled with a solution of scattering particles. A
microscope objective images the scattering volume on a pinhole. The two
halves of the objective aperture are then divided to the two cross-

correlated photomultiplier detectors.
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the total signal becomes very inefficient. For TMV the 4-bit Malvern
correlator was found reasonably effective even with prescaling of 2'. The
speed of hard-wired digital fast Fourier transformers allows for efficient
accumulation of power spectra, which enhances information equivalent to
the correlation function with precision determined by the digital accuracy
of the input, which is close to the quantum limit in the case of photon
counting. We are now successfully using photon counters interfaced to a
UNIGON 4520 dual-channel FFT processor (Unigon Industries, Mount
Vernon, NY) with 12 bits input, and 1,024 channels to improve the
accuracy of our results.
The choice ofTMV for demonstrating the use of the cross-correlation

for the measurement of rotational diffusion coefficient is illustrated in
Fig. 2. Here we illustrate the scattering intensity pattern of a single TMV
particle as detected on a sphere around it, as a function of its orientation,
using green light. The pattern is basically a cone of strong scattering at
the reflection angle from the long axis of the TMV, which results in large
fluctuations in scattering intensity because of the rotational diffusion. The
width of the scattering cone (given by the inverse length of the virus) is
20-300, which sets the required apertures of acceptance of the scattered
light for the detectors, as well as the maximum separation between them.
This feature in the scattering of TMV was used in the anticorrelation
experiment of Griffin and Pusey (12), in which two detectors were
positioned in opposite directions at 90° scattering angles.
The evaluation of the signal-to-noise ratio for the experiments requires

an estimation of the number of detected photons per particle during one
correlation decay time. The scattering intensity per particle, I/N can be
calculated from (27)

I/N = IB/ V * M P() ( B) kac

= lB/V. M2 . P(0) . (3.35 x 10-26), (13)

where nB = 1.51 1, RB = 29.9 x 10-6 cmn' and IB! V are, respectively, the
refractive index of benzene, its Rayleigh ratio, and the number of
scattered photons detected per unit volume of benzene used here as a
secondary standard; X, - 5,145 A is the wavelength of the laser light, NA
is Avogradro's number, (On/cc) - 0.17 cm-' is the index of refraction
increment due to the dissolved particles, M their molecular weight, and
P(0) the normalized scattering factor which is the ratio of scattering
intensity at angle 0 to the forward scattering intensity. Using the limiting
Zimm slope approximation we can write (27)

P '(0) [(RG - 4irn)/VXO] + 1 = (RG/529)2 + 1 (14)

where n = 1.34 is the index of refraction of the scattering solution and RG
the radius of gyration of the molecule (in Angstroms).

IB/V, which is a directly measurable convenient secondary standard,

FIGURE 2 The scattering intensity I as a function of the scattering
angles (04,) from a rodlike particle with length L and diameter d whose
long axis lies along the unit vector I is given by I(04,) = {[sin (cos4, 2wrL/
X)j/[(cos4,* 2TL/X)] - [2J, (sin4,* 2wrd/X)]/(Sin4#. 2rd/X)]2, where 4,
is the angle between the scattering vector K = k, - k, and the vector 1, k4-
the incident wave vector along the Z axis, k, the scattering wave vector
(angles 04,) and X the radiation wavelength. The scattering intensity is
presented schematically by the degree of shadowing on a unit sphere as a
function of 04 for different orientations of the rod as plotted with L =

3,000 A, d = 150 A and unpolarized green light. Polarization perpendicu-
lar to equator marked on the sphere introduces the cos2 additional factor
which we did not attempt to shadow for clarity.

includes the laser flux, scattered light collection aperture, and quantum
efficiency of detection. For V = 10-6 cm3, with a laser focused to 0.1 mm
beam diameter and with a collection aperture of 0.85 steradians using a
microscope objective, we can easily obtain a value of

IB/ V = 2 x IO"l photons/s/cm3. (15)

This means that for TMV with M = 6 x 107 daltons, RG - 866 A (for a
3,000-A long rod), and P(900) - 0.27,

ITMv/N = 6 x 104 photons/s/particle. (16)

At correlation decay times of the order of a millisecond, many photons
can be detected from each particle, giving a high signal-to-noise ratio.

For the Escherichia coli plasmid DNA with M = 4 x 106, RG, =
2,000 A, and P(900) - 0.066 (28),

IDNA/N = 70 photons/s/particle. (17)

This gives a signal-to-noise ratio of the order of 0.1, which can be
improved by finer focusing of the laser, as was done.
The value of I/N for lysozyme aggregates in a crystallization mixture

I/N - 7 x 10-' photons/s/particle. This value increases to 0.7 for
10-mers. Since the coffelation time is about 0.1 s we can expect a
reasonably high signal-to-noise ratio because of the dynamics of associa-
tion-dissociation of the larger aggregates.
The final, postdetection signal-to-noise ratio achieved in an experiment

is given by the product of the predetection signal-to-noise ratio and the
square root of the number of correlation times during which the data were
collected. It is the direct evaluation of the ratio of the correlation signal
amplitude and noise of the photon-counting statistics in this signal. Since
other noise sources can be present, it is the best possible estimate for the
quality of the results.

In contrast to the signal-to-noise ratio, the ratio of the signal to the
background (the correlation base line) is inversely proportional to the
number of scatterers in the beam, and directly proportional to the relative
mean-square fluctuation in scattering intensity from each particle
((If212)/( If212) in Eq. 11). It is independent of the duration of the
experiment. The ratio of the signal to the background and to the photon
statistical noise as given by the square root of the background offers a
check on the experimental results.

IV. MATERIALS

TMV particles were given to us by Dr. M. Bar Joseph from the Virus
Laboratory of the Volcani Agricultural Research Center, Bet Dagan,
Israel. The E. coli plasmid DNA was prepared in our laboratory
according to the procedure described elsewhere (28) in its circular
supercoiled form and was cut open by the restriction enzyme EcoRI, to
obtain the linear form that we used.

Lyophilized lysozyme from the Worthington Biochemical Corp. (Free-
hold, NJ) was dissolved in acetic acid buffer, pH 4.2. An 8% wt/vol
protein solution was mixed with an equal volume of 10% NaCl to obtain
the supersaturated mixture. This solution grows visible crystals within
i h.

V. RESULTS

In Fig. 3 we plot the cross-correlation measured from the
scattering of TMV particles at 220C. The data presented
were accumulated during a few minutes. A fraction of a
minute was enough to see the cross-correlation rising above
the noise. The correlation time was measured as a function
of the scattering angle, and was found to be constant within
the experimental error. The angular-dependence data were
collected using a cylindrical cell. The cylindrical optics
causes a detectable deterioration in the laser focusing,
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FIGURE 3 Cross-correlation measured from TMV scattering. The fitted
correlation tim'e of 240 ± 20 pss, independent of scattering angle. The
correlation at 900 and 600 are shifted along the ordinate by 0.25 and 0.5
units, respectively.

which decreased the signal-to-noise ratio as expected. The
cross-correlation signal also deteriorates when the pinhole
behind the collecting microscope objective is shifted, even
very slightly, away from the image plane. These tests
confirm the source of the correlation signal. The quality of
the results is determined by the laser noise, notably 50-Hz
harmonics.
The signal-to-background ratio is 0.002, compatible

with -100 particles in the beam, and 20% relative mean-
square fluctuations per particle. The total of 2 x 106
photons/s implies 2 x 104 photons/s scattered from one
TMV particle, in accordance with Eq. 16.
The data were fitted using the cumulant method, with

one cumulant. Since number fluctuations show up at
longer sample times, with a correlation time of a few
hundred milliseconds, a rather flat base-line results. A
Fibonacci search for best-fitted base line coincided, within
statistical error, with the base line measured using the
delayed channels. The relaxation times at 600, 900, and
1200 were all fitted with a decay time of 0.24 ± 0.03 ms.
Using Eq. 12 and the numerical computations of the
coefficients for TMV, a best single-exponential decay of
-7.5 DR, 9.5 DR. and 11 DR should fit the data at 600, 900,
and 1200 scattering angles, respectively, whereas the
experimental fit gives - 12 DR. We repeated the measure-
ments for two samples of TMV particles. The radius of
gyration was measured by total-intensity light scattering to
be 860 and 750 A. Electron microscopic examination
reveals a fraction of broken particles in the second sample.
Although the radius of gyration and the diffusion coeffi-
cient of heterogenous solutions produce different averages
of the length distribution of the particles, one expects to

detect -30% increase in the rotational diffusion coefficient
of the second sample. Indeed the decay time measured was
0.17 ms.

In Fig. 4 we show the cross-correlation obtained by
scattering laser light from E. coli plasmid DNA molecules.
The dynamics of the scattered light intensity fluctuations is
associated with segmental diffusion motion of the DNA
coil (15). So far these relaxation times have been deduced
from a rather indirect analysis of homodyne scattering
experiments, which include the contribution of the transla-
tional diffusion fluctuations (5, 16-18, 28). Unlike the
correlation due to rotational diffusion relaxation of rigid
molecules, the measured correlation due to internal
degrees of freedom depends on the scattering vector length.
We measured the cross-correlation signal at 600, 900, and
1200. The correlation signal-to-noise ratio is here smaller,
as was estimated. The relaxation times scale rather well
with the third power of the scattering vector. They are
comparable to the autocorrelation decay times in corre-
sponding angles (29), which confirms the dominant contri-
bution of the diffusional motion of segments along the
DNA coil. The signal-to-background ratio of 2 x 10-6 is
compatible with 2 x 104 molecules in the beam, 4% relative
mean-square fluctuations per particle, and 100 photons/s
scattered from each DNA molecule. Since _106 correla-
tion times were accumulated, a postdetection signal-to-
noise ratio of 100 would ideally be expected, but periodical
laser noise correlation causes this ratio to deteriorate to
-10.
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FIGURE 4 Cross-correlation of fluctuation scattering from E. coli plas-,
mid DNA molecules. The fitted correlation times are 400, 120, and 80 uss
at scattering angles of 60°, 900, and 1200, respectively. The correlations at
90° and 600 are shifted along the ordinate by 0.25 and 0.5 units,
respectively.
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FIGURE 5 Cross correlation obtained from the analysis of the scattering
from supersaturated lysozyme and NaCl mixture. The correlation time of
112 ms was also measured by light-scattering intensity during tempera-
ture and pressure jumps, and presented in b and c, respectively. The
temperaturejump was carried out in the laboratory of Prof. I. Pecht at the
Weizmann Inst., and the pressurejump in Prof. Gutfreund's laboratory in
Bristol, England.

Fig. 5 a is the cross-correlation measured from a solution
of 4% lysozyme in 5% NaCl, pH 4.2. The correlation time
of -0.1 s is in agreement with relaxation times of light-
scattering intensity from the same solution measured by
temperature and pressure jump techniques presented in
Fig. 5 b and c. The rate and amplitude of the cross-

correlation implies that it is mainly contributed by the slow
fluctuations in size of the large aggregates. The rate of
crystal nucleation and growth estimated using the mea-

sured equilibrium constants of aggregation of this system
(21 ) agrees well with our experimental observation.2

VI. CONCLUSIONS

In this work we applied cross-correlation of scattering-
intensity fluctuations at two scattering angles for a direct
measurement of rates of processes that contribute to
fluctuations in light-scattering intensity. They are domi-
nated in the autocorrelation analysis by relaxation of
concentration fluctuations of the scatterers due to the
translational diffusion.
The measurements of the rotational diffusion of TMV

particles indicate that this method is practical for studying
large asymmetric scatterers. The much higher sensitivity
of rotational diffusion to size, as compared with the
translational diffusion coefficient, compensates for the
lower signal-to-noise ratio and makes the effort required to
perform the cross-correlation experiment well worth it.

The increased difficulties of total-intensity light-scattering
measurements of large particles at low scattering angles
and the coupling of translational and rotational diffusion
contributions to the usual quasi-elastic light scattering
autocorrelation experiment further support this conclusion.
Applications of the cross-correlation technique to studies of
assemblies that form elongated structures (e.g., actin fila-
ments and microtubules) and of motile systems seem quite
appealing. However, one lacks a simple relation between
the measured correlation and the rotational diffusion, since
the relaxation time depends on higher spherical harmonic
expansion coefficients as the scatterers's dimension
approach the wavelength of light. Referring to Fig. 2 it is
easily realized that the light-scattering relaxation time
depends on the detailed profile of the scattering pattern,
and not only on the rotational diffusion.
The probing of the dynamics of conformational changes

by cross-correlation gives a direct measurement of relaxa-
tion times, whereas separation of these data from the
autocorrelation necessitates also the determination of their
amplitudes using multiparameter-fit procedures. The pos-

sibility of cross-correlating polarized and depolarized scat-
tering fluctuations may further elucidate dynamic contri-
butions of internal motion. Although there is additional
information in measurements of the cross-correlation as a

function of the angle between the two detectors for deter-
mining the flexibility of long coils, in practice, only a

limited range of k vectors is accessible to such analysis.
Measurements of the kinetics of aggregation reactions

are of interest, since the probing of kinetic parameters in
unperturbed systems has many advantages for studies of
interacting biological particles. We conclude that laser
cross-correlation studies are feasible when the theoretical
signal-to-noise ratio is high enough. However, the clean-
ing-up of the sample is even more crucial than in other light
scattering studies; this can be handled by careful filtering
or centrifugation. Laser noise, especially 50-Hz harmonics,
is a major obstacle in improving the data. The use of
electronic compensators or the identification of these har-
monics in the cross-power spectrum offer the means for
significant reduction of laser noise contributions.

Finally, we have tried to minimize the effect of number
fluctuations in our experiments by keeping the exchange of
particles in the scattering volume very slow. As shown in
previous studies (30, 31) it is possible to reduce the scatter-
ing volume by an order of magnitude, and increase artifi-
cially the flow of particles through the scattering volume.
This would permit measuring the number and size of
particles in the scattering volume.
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