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roposal and testing of dual-beam dynamic light
cattering for two-particle microrheology

in-Liang Qiu, Penger Tong, and Bruce J. Ackerson

A dual-beam dynamic light-scattering arrangement is devised to measure the time-dependent mean
squared relative displacement of a pair of tracer particles with a small separation of micrometers. The
technique is tested by the measurement of the relative diffusion of polymer latex spheres suspended in
a simple viscous fluid. The experiment verifies the theory and demonstrates its applications. The
dual-beam dynamic light-scattering technique, when combined with an optical microscope, provides a
powerful tool for the study of two-particle microrheology of soft materials. The advantages of the new
technique are its high statistical accuracy, faster temporal response, and ease of use. © 2004 Optical
Society of America
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. Introduction

f much fundamental interest in the study of micro-
heology of soft materials or complex fluids is the
ime-dependent mean squared displacement �MSD�
f a tracer particle, ��r2����t � ��r�t � �� 	 r�t��2�t,
here r�t� is the position of the particle at time t, � is

he lag time, and the angle brackets �. . .�t indicate an
verage over t. For particles suspended in a simple
uid of viscosity 
, their MSD is determined by the
rownian diffusion by means of ��r2����t � 6D0�,
here D0 � kBT��6�
a� is the single-particle diffu-

ion constant given by the Stokes–Einstein relation.1
ere kBT is the thermal energy and a is the particle

adius. In complex fluids exhibiting both viscous
nd elastic behavior, the Stokes–Einstein relation is
eneralized2–5 to give

��r̃2�s�� �
3kB T
�asG̃�s�

, (1)

here s is the Laplace frequency, ��r̃2�s�� is the
aplace transform of ��r2����, and G̃�s� is the projec-
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ion of the frequency-dependent complex shear mod-
lus G*��� in the Laplace space. The real part of
*��� is the elastic-storage modulus G��� and the

maginary part is the viscous-loss modulus G����.
With the generalized Stokes–Einstein relation

GSER�, one can probe the viscoelastic properties of
omplex fluids by simply measuring the thermal mo-
ion of micrometer-sized tracer particles embedded in
he material. Dynamic light scattering �DLS�, diffu-
ion wave spectroscopy, laser deflection particle track-
ng, and multiparticle tracking �MPT� with video

icroscopy have been used to measure the MSD of
ndividual tracer particles in various complex fluids
nd biomaterials.6–11 Other methods of measuring
he one-particle MSD are cited in the recent
eviews.6–9 The one-particle microrheology offers two
otential advantages over conventional rheometers.
irst, it provides a microscopic probe to study the local
roperties of rheologically inhomogeneous samples.
econd, it requires only a minuscule sample volume,
aking the technique particularly useful for biological

amples that are difficult to obtain in large quantities.
o fully utilize these advantages, one needs to ensure
hat the tracer particles embedded in the sample are
nert, so that they do not perturb the local environment
f the material under study. Although one-particle
icrorheology provides an accurate measurement of
*��� for simple systems, its validity in common com-
lex systems is far from certain. The experimental
ituation is often complicated by the adsorption and
epletion of macromolecules in the medium, electro-
tatic interactions, and other effects that are peculiar
o the system under study.12,13
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To overcome the experimental difficulties, Crocker et
l.13 recently developed two-particle microrheology,
hich measures the relative diffusion of tracer particle
airs within the sample. The correlated motion of the
article pairs depends only on the separation l between
he particles and is independent of the particle size.
his increase in length scale from the particle radius a

o the particle separation l means that two-particle
icrorheology is insensitive to the sample inhomoge-
eities of sizes smaller than l and thus measures the
rue microrheological properties of the sample, even if
ne-particle microrheology does not. In two-particle
icrorheology, one is interested in the mean squared

elative displacement �MSRD� of tracer particle pairs,
�r21

2�l, ���t � ��r21�t � �� 	 r21�t��
2�t � ���r2�t, �� 	

r1�t, ���
2�t, where r21� r2	 r1 is the distance between

he two particles and �ri is the displacement vector of
he ith particle defined above. From this definition
ne finds that MSRD contains both the self-diffusion
erms ��ri

2�t �single-particle MSD� and the cross-
iffusion term ��r2 � �r1�t. Because of the axial sym-
etry of the problem, the relative diffusion between

he particles is no longer isotropic, and both the longi-
udinal and the transverse diffusion constants are
eeded to describe ��r2 ��r1�t. It has been shown4,5,13

hat the GSER is still valid for ��r2 � �r1�t, except that
he particle radius a in Eq. �1� needs to be replaced
ith the particle separation l. In the experiment,
rocker et al.13 used the MPT method together with
ideo microscopy14 to obtain ��r2 � �r1�t.
In this paper we show that, with a two-incident-

aser-beam arrangement and a new signal-processing
cheme, DLS can be used to measure the relative
otion between the tracer particles embedded in a

iscoelastic medium. The dual-beam DLS tech-
ique, when combined with an optical microscope

hereafter referred as micro-DLS�, provides a power-
ul tool for the study of two-particle microrheology of
arious soft materials. Compared with the video-
ased MPT methods, micro-DLS has the advantages
f better averaging, higher accuracy, faster temporal
esponse, and ease of use. It is a local probe that
easures the relative motion of the particles in real

ime and is capable of mapping out the strain field in
rheologically inhomogeneous sample by using the

canning capability of the microscope stage.
The remainder of the paper is organized as follows.

ection 2 contains the theoretical calculation of the
ntensity autocorrelation g��� in the two-beam ar-
angement. Experimental details appear in Section
, and the results are presented and analyzed in Sec-
ion 4. Finally, the work is summarized in Section 5.

. Theory

e consider the scattering by N identical particles
uspended in a dilute solution. Figure 1�a� shows the
cattering geometry of the experiment. Two parallel

g��� �
��E1�t � �� � E2�t � ����E1�t � �� �

��E �t� � E
1 2
aser beams with a small separation l are directed
hrough the scattering sample. The frequency of one
f the incident beams is shifted by� ��40 MHz�. The
olarization direction of the incident beams is perpen-
icular to the scattering plane, which is defined by the
ncident wave vector ki and the scattered wave vector
s. The momentum-transfer vector is q � ks 	 ki,
nd its amplitude is given by q � �4�n���sin���2�,
here � is the scattering angle, n is the refractive index
f the solvent, and � is the wavelength of the incident
ight. The photodetector records the scattered light
ntensity I�t� by the particles with the same polariza-
ion and momentum-transfer vector q �i.e., at the same
cattering angle �� but from two spatially separated
ocations. The collected signals from the two regions
i.e., from two different particles with a separation l �
nterfere such that the resultant light I�t� becomes

odulated by �.
The intensity autocorrelation function g��� is writ-

en as

ig. 1. �a� Schematic diagram of the scattering geometry �z axis
s perpendicular to the paper�: ki, incident wave vector; ks, scat-
ered wave vector; �, scattering angle; q� ks 	 ki. �b� Schematic
iagram of the experimental setup: LB, incident laser beam; BC,
ragg cell; L1, microscope objective; SC, sample cell; L2, collimat-

ng lens; FC, fiber-optic coupler; LS, He–Ne laser; PMT, photomul-
iplier tube; FS, frequency shifter; DSA, dynamical signal
nalyzer.

�t � ���*�E1�t� � E2�t���E1�t� � E2�t��*�
E �t� � E �t��*�2

, (2)

E2

�t���
 1 2
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3

here E1 and E2 represent the scattered electrical
elds from each of the laser beams. The numerator
n the right-hand side of Eq. �2� contains 16 terms.15

ight of these terms are of the form �E1E2*E2E2*� or
E2E1*E1E1*�, with one field contributed from one
cattering volume and three from the other. Be-
ause the particles that scatter the light are indepen-
ently positioned in the two scattering volumes, the
veraging over each volume may be carried out inde-
endently to obtain �E1��E2*E2E2*�. Because a sin-
le field average �E1� is zero, all eight of these terms
ay be neglected. There are two more zero-value

erms of the form �E1*�t� ��E1*�t�E2�t� ��E2�t�� and
E1�t � ��E1�t�E2*�t � ��E2*�t��. These terms also
eparate into independent averages for each scatter-
ng volume, and the averages for each scattering vol-
me are zero for the same reason that �E1� is. Two
ther terms are time independent and are equal to
I1I2. Two of the remaining four terms are self-beat
erms within each of the scattering volumes, �I1�t �
�I1�t�� and �I2�t � ��I2�t��. The last two terms are
onjugated cross-beat terms, �E1*�t � ��E2�t �
�E2*�t�E1�t�� � c.c., which contain information about
he hydrodynamic coupling between the two particles
eparated by distance l.
Equation �2� then becomes

g��� � 1 �
I1

2

�I1 � I2�
2 G1��� �

I2
2

�I1 � I2�
2 G2���

�
2I1 I2

�I1 � I2�
2 G12���

� 1 � bG12���, (3)

here G1��� � �I1�t� ��I1�t�� and G2��� � �I2�t� ��I2�t��
re two low-frequency self-beat terms, which will be
ltered out in the experiment described below. The
ross-beat correlation function, G12��� � �E1*�t �
�E2�t � ��E2*�t�E1�t�� � c.c., has the form

G12��� �
1

N 2�
i, j

N

�exp�iq � ��r2,i�t � �� � r1, j�t � ���

� �r2,i�t� � r1, j�t��� � i2����� � c.c.

� �exp�iq � �r21�����cos�2����, (4)

here r21 � r2 	 r1 is the distance between the two
articles residing in the different scattering volumes
nd �r21��� � r21�t � �� 	 r21�t� is the relative dis-
lacement vector of the two particles over the delay
ime �. In deriving Eq. �4�, we have assumed that
he particles are uniformly distributed in the scatter-
ng volumes. Equation �4� states that G12��� is an
scillatory function with its amplitude modulated by
n ensemble-averaged phase factor �exp�iq � �r21��
ver all the particle pairs across the two scattering
olumes.
384 APPLIED OPTICS � Vol. 43, No. 17 � 10 June 2004
For particles undergoing Brownian motion, their
elative displacements are random and thus we have

�exp�iq � �r21����� � exp �
1
2 ��q � �r21����

2�

� exp �
1
2 k2���r�

2�l, ���

� ��1 � cos ��2�

� ��r�
2 �l, ����sin2 ���. (5)

n Eq. �5�, �r21��� is decomposed into two normal
odes: �r� in the longitudinal direction parallel to

s �and r21� and �r� in the transverse direction per-
endicular to ks �in the scattering plane�. In deriv-
ng the last relation of Eq. �5�, we have used the facts
hat the ensemble average ��r��r�� � 0 for random
iffusion and the amplitudes of ks and ki are equal
o k � 2�n��. In an ideal case, in which the photo-
etector sees only one pair of particles with r21 ex-
ctly parallel to ks �i.e., when the length �� of the
ylindrically shaped scattering volume �along the
eam propagation direction� viewed by the photode-
ector is infinitesimally small�, the angle � in the last
elation of Eq. �5� is simply the scattering angle
hown in Fig. 1�a� and no average is needed for the
eighting factors �1 	 cos ��2 and sin2 �. In most
xperiments, however, the scattering volume viewed
y a photodetector always has a finite length �� and
hus the position vector r21 between the two particles
as an angular spread � � �� around ks. As a result,
n average over the angular spread ��� at a given
cattering angle � is needed for �1 	 cos ��2 and sin2

. We discuss details about the angular average in
ection 4.
Equation �4� then becomes

G12��� � exp�	1
2 k2���r�

2�l, �����1 � cos ��2�

� ��r�
2 �l, ����sin2 ����cos�2����. (6)

s mentioned in Section 1, the longitudinal and
ransverse components of the MSRD, ��r�

2�l, ��� and
�r�

2 �l, ���, contain both the self-diffusion contribution
rom ��ri

2�t and the cross-diffusion contribution from
�r2 � �r1�t. The self-diffusion contribution comes
rom the single-particle MSD and is independent of
he particle separation l. Because the single-
article MSD is isotropic, the self-diffusion gives a
ommon additive term to both ��r�

2�l, ��� and ��r�
2 �l,

��. As a result, the phase factor �exp�iq � �r21�� in
q. �4� becomes a product of two exponential func-

ions: One is due to the self-diffusion and the other
s due to the cross-diffusion, which depends on both l
nd �. In two-particle microrheology, we are actu-
lly interested in the � dependence of ��r2 � �r1�t,
hich is related to the complex shear modulus G*���
y the GSER.13 It is shown below that the decaying
unction that is due to the self-diffusion can be mea-
ured independently by use of the same experimental
etup but with only one beam present in the scatter-
ng volume. Therefore the self-diffusion contribu-
ion can be readily divided out from the measured
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12��� and the “corrected” G12��� becomes the basic
unction for optical two-particle microrheology.

To further demonstrate the application of the tech-
ique, we now consider a simple system of uniform
pheres suspended in a homogeneous viscous fluid
e.g., water�. In this case, we have16–19

��r�
2�l, ��� � 2D��,

D� � 2D0�1 �
3a
2l

� ��a3

l3�� , (7)

here D� is the relative diffusion coefficient in the
irection parallel to ks �or r21� and D0 is the single-
article free-diffusion constant. Similarly, we have

��r�
2 �l, ��� � 2D��,

D� � 2D0�1 �
3a
4l

� ��a3

l3�� , (8)

or the relative diffusion in the direction perpendic-
lar to ks �or r21� in the scattering plane. It is seen
rom Eqs. �7� and �8� that both D� and D� contain an
-independent term, 2D0, that is due to the self-
iffusion contribution discussed above. Because the
ransfer of fluid into and out of the space between the
wo spheres is needed, the relative diffusion is sup-
ressed compared with the free diffusion. This is
specially true for D�. In this case, the relative mo-
ion between the two spheres must squeeze out of the
uid between them, producing extra resistance for
he particle motion.

Substituting Eqs. �7� and �8� into Eq. �6�, we have

G12��� � exp�	k2�D���1 � cos ��2�

� D��sin2 �����cos�2����

� exp�	���0�cos�2����, (9)

ith

�0 �
1

k2�D���1 � cos ��2� � D��sin2 ���

�
t0

1 �
3a
4l �1 � �sin2 ��2��

. (10)

n Eq. �10�, t0 � �2q2D0�
	1 is the decay time in the

bsence of hydrodynamic coupling �a�l 3 0�. It is
lso the decay time for the single-particle self-
iffusion, which can be obtained independently by
se of the usual one-beam DLS arrangement.1 By
easuring both the one-beam and two-beam correla-

ion functions, we can divide out the self-diffusion
ontribution from the measured G12��� in Eq. �9�. In
btaining the last equality of Eq. �10�, we have ig-
ored the effect of the angular average over ��� to
he momentum-transfer vector q. It has been
hown20 that such an average reduces the signal-to-
oise ratio of the measured g���.
According to the Wiener–Khintchine theorem,15

he frequency power spectrum P� f � of the photocur-
ent is equal to the Fourier transform of g���. There-
ore we have

P� f � �
1

2� �
	�

�

exp�i2�f��G12���d�

�
1

1 � �2��0�
2� f � ��2

. (11)

n the experiment, we can obtain �0 more accurately
y plotting the measured 1�P� f � versus � f 	 ��2 and
y fitting the data to a linear function:

1�P� f � � � � �� f � ��2. (12)

rom Eqs. �11� and �12�, we obtain �0 � �����1�2�2�
rom the two fitting parameters � and �.

. Experiment

igure 1�b� shows the experimental setup and optical
rrangement. Incident laser beam LB from a solid-
tate laser �Coherent Verdi� of wavelength � � 532
m is directed through Bragg cell BC. The incident
eam becomes multiple diverging beams when pass-
ng through the Bragg cell, which acts as an optical
rating. In the experiment we use only the zeroth-
rder �unshifted� and the first-order �40-MHz shifted�
utgoing beams, and all the higher-order beams are
locked. The Bragg cell is tilted slightly so that the
wo outgoing laser beams have equal intensity. A
00 microscope objective L1 is used to direct the two
aser beams to sample cell SC. The distance be-
ween the objective and the beam-splitting point �in-
ide the Bragg cell� is set to be equal to the focal
ength of the objective, such that the two outgoing
eams become parallel at the measuring point. The
ample cell is a square cuvette with dimensions 1
m  1 cm  4 cm. It is filled with a dilute aqueous
olution of uniform polymer latex spheres of radius a,
hich is varied from 0.07 to 0.95 !m. A long-
orking-distance telemicroscope �Leica MZ8, not

hown� is used to view the incident laser beams di-
ectly from the top of the sample cell. Direct obser-
ation of the beam profile with the telemicroscope
eveals that the two incident beams at the measuring
oint are separated by a distance l � 10.5 � 1.5 !m,
hich is fixed in the experiment.
The scattered light from the two parallel beams is

ollected by fiber-optic coupler FC, which consists of
wo input and two output single-mode fibers fused
ogether. Only one input fiber is used in the exper-
ment, and the light coming from the input fiber is
venly split into the two output fibers. A small col-
imating lens is installed at the front end of the input
ber for better collection of light. With the aid of
xtra collimating lens L2 � f � 2 cm�, the input fiber
ollects the light scattered by the particles with the
ame polarization and at the same scattering angle
� � 90°� but from two spatially separated beams.
he two scattering spots viewed by the input fiber
ave a cylindrical shape of diameter �� � 6.3 � 1.5
m and length �along the beam propagation direc-
10 June 2004 � Vol. 43, No. 17 � APPLIED OPTICS 3385
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ion� �� � 12� 2 !m. The collected signals from the
wo regions �i.e., from two different particles sepa-
ated by l � interfere such that the resultant light
ecomes modulated at the shift frequency � � 40
Hz. This carrier frequency discriminates the self-

eat signals �between the particles in the same inci-
ent beam� from the desired cross-beat signals
etween the particles across the two measuring vol-
mes. Because � is much larger than the self-beat

requencies, we can readily remove the self-beat sig-
als by using a high-pass filter.
One of the output fibers is connected to a photo-
ultiplier tube �PMT�, whose analog output is fed to

requency shifter FS �TSI Model 9186A�. The fre-
uency shifter is a phase-sensitive downmixer, which
urther shifts the 40-MHz optical carrier frequency
own to a desired electronic carrier frequency �0 in
teps of 0, 2, 5, 10, and 20 kHz �other higher-
requency steps are not used in the experiment�.
he stability of the frequency shifter is better than
9.5%. The actual carrier frequency �0 used for the
utput signals is chosen to obtain the highest fre-
uency resolution possible. This signal is then fed to
ynamical signal analyzer DSA �HP 35665A�, which
easures the intensity autocorrelation function g���

nd the frequency power spectrum P� f �. In the
easurement of g���, we choose �0 � 0. An oscillo-

cope is also connected to the output of the frequency
hifter to view the signals directly. The frequency-
hifting scheme allows us to measure low-frequency
hase fluctuations accurately and at the same time
lter out unwanted noise. The other output fiber is
onnected to He–Ne laser LS, which is used for opti-
al alignment. With the reversed He–Ne light com-
ng out of the input fiber, we can align the input fiber
nd directly observe the scattering volumes viewed
y the PMT. The intersections between the output
e–Ne beam and the two parallel incident beams
efine the scattering volumes. A beam stop is in-
talled in the PMT housing to block the He–Ne light
hen the laser is on.

. Results and Discussion

igure 2 shows a typical trace of the scattered light
ntensity by particle pairs across the two scattering
olumes. The signal is obtained directly from the
nalog output of the frequency shifter. It is seen
hat the signal has a carrier frequency of �0 � 5 kHz
nd its amplitude fluctuates at lower frequencies.
o resolve the low-frequency fluctuations that are
ue to the Brownian motion of the particle pairs, we
rst set �0 � 0 and measure the intensity autocor-
elation function g���. Figure 3 shows the measured
��� 	 1 as a function of delay time �. The circles are
btained when two incident beams are used, and the
quares are obtained when only one incident beam is
resent. We achieve this experimentally by simply
urning on and off the Bragg cell.

As shown in Eqs. �9� and �10�, g��� 	 1 becomes a
imple exponential function when � is set at zero.
Experimentally, this is equivalent to setting�0� 0.�
he decay time of the measured g��� 	 1 is given by
386 APPLIED OPTICS � Vol. 43, No. 17 � 10 June 2004
0 � 1��2q2D0� for the one-beam arrangement and is
ncreased by a factor of 1��1	 �3a�4l ��1� �sin2 ��2���
hen the two-beam arrangement is employed.
hese features are clearly shown in Fig. 3. The two-
eam measurement shows a slower decay than does
he one-beam measurement. The solid curves are
he simple exponential fits to the data. We find that
he difference in decay time between the two curves
ncreases with the particle size. Evidently the hy-
rodynamic coupling between the particles increases
ith a�l.
To obtain the intensity autocorrelation function
���, the dynamical signal analyzer used in the ex-
eriment actually measures the frequency power
pectrum P� f � first and then Fourier transforms it
ack to g���. Figure 4�a� shows the P� f � measured
irectly with �0 � 0. In this case, we obtain only a
artial P� f � for f � 0, because we cannot measure
� f � at negative frequencies. In fact, we could also
et the electronic carrier frequency �0 to a value
lightly larger than the characteristic frequency 1�t0
f the relative diffusion �see Eq. �10�� and obtain a full

ig. 2. Typical trace of the scattered light intensity across two
cattering volumes separated by l� 10.5 !m. The particle size is
.14 !m, and the electronic carrier frequency �0 is 5 kHz.

ig. 3. Measured intensity autocorrelation function, g��� 	 1, as
function of delay time � for particles of size 1.6 !m. The circles

re obtained when two incident beams are used, and the squares
re obtained when only one incident beam is present. The solid
urves are the simple exponential fits to the corresponding data
oints.
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� f � for both f " �0 and f � �0. As shown in Eq.
11�, the power spectrum P� f � is a symmetric func-
ion of f 	 �0, and thus the measurement of a full
� f � helps only in data averaging.
It is seen from Fig. 4�a� that the measured P� f �

ecays slowly for more than three decades with a very
mall baseline �noise level�. This is because the
requency-shifting scheme used in the experiment fil-
ers out most low-frequency noise. The measured
� f � is well described by a Lorentzian function P� f �
�� � �� f 	 �0�

2�	1 �solid curve�, where � and � are
wo fitting parameters. To determine the values of
and � more accurately, we plot 1�P� f � versus � f 	
0�

2, as shown in the inset of Fig. 4�a�. In this plot,
and � become, respectively, the intercept and the

lope of a linear function. Note that the value of � is
ery small and is hard to see in the linear plot. To
iew �more clearly, we show a log–log plot of 1�P� f �
ersus � f 	 �0�

2 in Fig. 4�b�. Using Eqs. �11� and
12� we obtain the decay time �0 � �����1�2�2� from
he fitted values of � and �. It is found that the
alue of �0 obtained from P� f � agrees well with that
btained from g���.
Figure 5 compares the decay time obtained in the

ual-beam arrangement �solid circles� with that ob-

ig. 4. �a� Measured frequency power spectrum P� f � of the scat-
ered light intensity when two incident beams are used �open
ircles�. The solid curve is a fit to a Lorentzian function. In the
easurement, �0 is set to zero and the particle size is 1.6 !m.
he inset shows a linear plot of 103�P� f � versus � f 	 �0�

2 for the
ame data set. �b� Corresponding log–log plot of 103�P� f � versus
f 	 �0�

2.
ained in the one-beam arrangement �open circles�.
s discussed in Section 2, the one-beam decay time is
iven by t0 � �2q2D0�

	1 �dashed line�, which is a
inear function of the particle size 2a. It is seen from
ig. 5 that the calculated t0 is in good agreement with
he one-beam measurements. The measured dual-
eam decay time increases with 2a more rapidly, and
hus the difference between the two sets of measure-
ents, resulting from the cross-diffusion contribu-

ion, becomes larger for larger particles. As shown
n Eq. �10�, the effect of the hydrodynamic interaction
etween the particles increases with a�l �l is fixed in
he experiment�, and this is clearly seen in Fig. 5.
or example, the two-beam measurement for parti-
les of size 1.6 !m results in an #45% increase in �0.
or particles of size 0.14 !m, however, the two-beam
easurement gives essentially the same result as

oes the one-beam measurement, indicating that the
nterparticle hydrodynamic coupling is negligible in
his case.

The solid curve in Fig. 5 shows the fitted function
0� t0��1	$a�l �, with $� 4� 1. From Eq. �10�, we
xpect $ � �3�4��1� �sin2 ��2�� � �9�8��1	 �cos ���3�.
t the 90° scattering angle employed in the experi-
ent, cos � is an odd function and its angular average

ver ��2 � �� is zero ��cos �� � 0�. Therefore we
ave $ � 9�8, which is approximately 3.6 times
maller than the fitted value. In deriving Eq. �10�
e have assumed that all the particle pairs in the

cattering volumes have the same separation l. Be-
ause of the finite size of each scattering volume, the
ctual separation of the particle pairs may vary in the
ange l � �� �10.5 � 6.3 !m�. Such a variation in
article separation will give rise to a correction factor
o the fitted $. To calculate the correction factor, we
eed to know the intensity profile of each scattering
olume.21

Another source of experimental error comes from
he optical alignment. To focus the two incident la-
er beams in a small region, we used a 100 micro-

ig. 5. Measured decay time �0 as a function of particle size 2a.
he solid circles are obtained when two incident beams are used.
he open circles are obtained when only one incident beam is
resent. The solid curve is a fit to �0� t0��1	 $a�l �, with $ � 4�
. The dashed line shows the one-beam decay time t0 �
2q2D0�

	1.
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cope objective. Because of the tight focusing, the
wo laser beams become parallel to each other in only
very small waist region of size �� � 12 !m. In this

ase, the detecting optics is required to have high
ccuracy in locating the proper scattering regions.
lthough we are able to detect the desired signals by
sing the convectional light-scattering apparatus,
he overall optical arrangement used in the present
xperiment is not fully optimized. As shown in Fig.
, the two-beam data have relatively larger error
ars, which are estimated based on the scatterer of
he measured MSRD values from run to run. The
xperimental uncertainties are largely related to the
ptical alignment. The use of strongly focused laser
eams for illuminations introduces uncertainties for
he momentum-transfer vector q and thus compli-
ates the analysis of the scattering geometry.20,22

his may also affect the final result for $.
On the theoretical side, Hinch and Nitsche23 pro-

osed that the nonlinear hydrodynamic effect can
ead to an additional mean force of interaction be-
ween two Brownian spheres, which may change the
alue of $ in Eq. �10�. The calculation for the rela-
ive diffusion of particle pairs in Eqs. �7� and �8� uses
he linear Stokes equation, and the nonlinear term is
ot included in the calculation. More accurate mea-
urements are needed in order to test the theory by
inch and Nitsche.

. Proposal of Microdynamic Light Scattering

o overcome the experimental difficulties and further
mprove the accuracy of the dual-beam DLS for small
amples, we herein devise a dual-beam DLS arrange-
ent on an inverted microscope, which provides the

est optics possible. Recently, Kaplan et al. have
evised a one-beam DLS arrangement on an inverted
icroscope.22 By the introduction of a coaxial laser

eam along the optical axis of the microscope, the
ne-beam DLS collects the scattered light at the back
ocal plane �BFP� of the microscope objective. The
ollected signals from a point in the BFP have the
ame momentum-transfer vector q. By use of an
bjective with a large numerical aperture, the one-
eam DLS can measure g��� at a scattering angle � up
o #65°, which is determined simply by the distance
etween the measuring point and the center of the
FP.
Figure 6 shows the optical arrangement for the

ual-beam micro-DLS. This design is similar to
hat for the one-beam DLS22,24 except that Bragg cell
C and collimating prism CP are added before lens
1, which is placed at a position conjugate to con-
enser CO. The two outgoing diverging beams from
he Bragg cell, with one of the beams frequency
hifted, become parallel after the collimating prism.
he two parallel beams are further projected onto
ample SA by both L1 and the condenser, which re-
uce the beam separation and diameter simulta-
eously by a factor proportional to the focal-length
atio between L1 and the condenser. In addition, a
requency shifter is used to process the electronic
ignals.
388 APPLIED OPTICS � Vol. 43, No. 17 � 10 June 2004
This design has several new features. First, with
he aid of the microscope we can directly view the two
ncident laser spots on the sample. The size of each
pot can be reduced down to the diffraction limit
#0.2 !m� and the separation l between the two laser
pots can be adjusted down to #1 !m. Using the
icroscope, we can also record the intensity profile of

ach laser spot with a CCD camera and carry out
ptical alignment in real time. Second, because the
ual-beam DLS measures the relative displacement
irectly from the cross-beat signals, the accuracy of
he two-particle MSRD measurement becomes as
igh as that of the one-particle MSD measurement
ade with the standard one-beam DLS. An alter-
ative way of obtaining MSRD is to measure the
osition of individual particles separately and then
et the difference between the particle positions by
ata subtraction. This is the approach employed by
aser deflection particle tracking3,10 and video-based

PT11,13,16,19 methods. With these methods the
easured MSRD may suffer large experimental un-

ertainties in certain cases in which the interparticle
ydrodynamic coupling is weak and the signal is
ominated by the uncorrelated motion. This is es-
ecially true when the particle motion is influenced
y a large background noise that is due to vibration or
elocity drifts.
Finally, the dual-beam micro-DLS uses a

requency-shifting scheme, which selects the right
article pairs and measures their relative motion ac-
urately. Because the cross-beat frequency between
he particles across two measuring regions is shifted
o a frequency �� � 40 MHz� much higher than the
elf-beat frequency, we can easily pick up the cross-
eat signals by using a bandpass filter. The optical

ig. 6. Optical design of the dual-beam DLS microscope: IF,
ncident fiber; BC, Bragg cell; CP, collimating prism; L1, lens; DM,
ichroic mirror; CO, condenser; SA, sample; OB, objective; BFP,
ack focal plane; TO, tube optics; SP, scattering plane; CF, collect-
ng fiber; PMT, photomultiplier tube; FS, frequency shifter; DSA,
ynamical signal analyzer.
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ixing at the high frequency also discriminates all
orts of low-frequency electronic noise, making the
echnique particularly useful for samples with small
SRD. By using the best digital correlator avail-

ble in the market, we can have a temporal resolution
n many decades of a time span down to 50 ns. The
ast digital correlator also allows us to measure g���
n real time. As a result, the dual-beam micro-DLS
ffers wider frequency range, higher accuracy, and
etter averaging compared with the video-based
PT methods. It is a local probe and requires a

mall sample volume. Measurements of the relative
otion of the particles in a rheologically inhomoge-

eous sample, such as a live cell, can be carried out by
scan of the laser beams over an area of interest.

his can be accomplished readily by use of the fine
canning capability of the microscope stage.

. Summary

e have devised a dual-beam DLS scheme to mea-
ure the MSRD, ��r21

2�l, ���, of tracer particle pairs.
ith two parallel laser beams, the new technique
easures the cross-beat signals between two tracer

articles across the two incident laser beams. Be-
ause it is based on the same optical beating princi-
le, the dual-beam DLS works in a way similar to the
tandard one-beam DLS. The only difference is that
he beat signals in the dual-beam scheme result from
article pairs across two different scattering regions
ith a small separation l �cross-beat�. In the stan-
ard one-beam DLS, however, the signals come from
he beating of the individual particles in the same
cattering volume �self-beat�.
To find optimal experimental conditions for the

ual-beam DLS, we measure the relative diffusion of
niform latex spheres suspended in a simple viscous
uid. The experiment verifies the working principle
f the dual-beam DLS and demonstrates its applica-
ions. It is found that the dual-beam DLS measures
SRD with the same high accuracy and high statis-

ical averaging as the one-beam DLS does for the
SD of individual tracer particles. To obtain the

ighest spatial resolution and the best optical align-
ent, we devise a new optical arrangement to carry

ut the dual-beam DLS on an inverted optical micro-
cope �referred to as micro-DLS�. Micro-DLS will
ave wide use in the general area of soft condensed-
atter physics, especially in the study of two-particle
icrorheology of complex fluids and biomaterials.
From the definition of MSRD, we have ��r21

2�l, ���
2��ri

2�t 	 2��r2 � �r1�t, where ��ri
2�t is the single-

article MSD, which changes with the particle radius
ut is independent of the particle separation l. The
ross-diffusion term ��r2 � �r1�t depends on both l and
he delay time �. In two-particle microrheology, we
re actually interested in the � dependence of
�r2 � �r1�t, which is related to the complex shear

odulus G*��� by the GSER.13 Because the self-
iffusion term contributes only a multiplicative factor
xp�	q2��ri

2�t� to the intensity correlation function
12���, its effect can be readily divided out from the
easured G ���. We do this by measuring the
12
ingle-particle correlation function exp�	q2��ri
2�t�

ndependently by using the same experimental setup
ut with only one beam present in the scattering
olume. The corrected G12���, which is proportional
o exp�q2��r2 � �r1�t�, thus becomes the basic function
or optical two-particle microrheology.

The new technique of micro-DLS should be com-
ared with the video-based MPT methods, which
ave been used increasingly in recent years.6–9

ith the aid of video microscopy, MPT follows the
otions of several hundreds of micrometer-sized par-

icles in each frame of a video simultaneously and
btains the ensemble average ��r2 � �r1�t or MSD
rom each of the individual particle trajectories.
he ability to uniquely identify each particle in each

rame of a video and accurately determine the center
f the two-dimensional particle images is critical to
he method. MPT requires postprocessing of the
ideo images by sophisticated image-analysis pro-
rams, and therefore ��r2 � �r1�t cannot be obtained
n real time. The frequency range of the measured
�r2 � �r1�t is limited by the frame rate of the camera
typically, 15–30 frames�s�. Because the relative
isplacement between two particles is obtained
hrough the subtraction of the particle positions, the
easured ��r2 � �r1�t becomes sensitive to the back-

round noise, such as that from sample vibration and
elocity drifts.
Micro-DLS, on the other hand, is a local probe,
hich measures ��r21

2�l, ��� �and hence ��r2 � �r1�t�
t a point of size 1–10 !m. Measurements of
�r21

2�l, ��� in a rheologically inhomogeneous sample
s carried out by a scan of the probe over an area of
nterest. By use of two parallel incident laser beams
f different frequencies, the technique picks up the
cattering signals from the particle pairs across the
wo incident beams and measures ��r21

2�l, ��� di-
ectly and precisely by means of optical mixing.
ith a fast digital correlator, we can measure the

ntensity autocorrelation function g��� in real time
nd obtain ��r21

2�l, ��� over a time span from hours to
0 ns. Photon correlation spectroscopy is a mature
echnology that provides excellent sample averaging
nd is easy to use. Consequently, micro-DLS offers
wider frequency range, higher accuracy, and better
veraging compared with MPT. Its ability of mea-
uring ��r21

2�l, ��� in real time and the precise optics
nd fast electronics available for photon correlation
pectroscopy make micro-DLS a particularly useful
nd convenient tool for the experimental study of
wo-particle microrheology of soft materials.
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