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The intensity temporal profiles of diffusive light propagation in highly concentrated (up to volume fraction
¢ —~ 0.55) dispersions measured by 100-fs lager pulses showed an increase in transport scattering mean free
path above a critical concentration. This observation confirms the previous theoretical predictions of en-
hanced transmission at high particle concentrations due to correlated scattering. The correlation effects are
accounted for by incorporating a hard sphere Percus-Yevick static structure factor into the prediction of trans-
port mean free path. © 1998 Optical Society of America [S0740-3232(98)00803-5]
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1. INTRODUCTION

The study of light scattering in concentrated systems has
a history that goes back to the classic papers by Twersky
and co-workers,? who attributed the transparency of the
cornea to correlated scattering effects at high concentra-
tions of collagen fibers. Twersky’s? explanation invokes
intercollagen fiber spatial separations that are small rela-
tive to the wavelength of light and leads to the conclusion
that the transmitted light intensity should decrease with
collagen concentration in uncorrelated dilute systems and
increase with concentration in highly concentrated sys-
tems. Ishimaru and Kuga® were the first to partially
demonstrate this phenomenon with 91-nm latex particles
where isotropic scattering from individual scatterers was
assumed since the scatterers were much smaller than the
wavelength of light. However, Ishimaru and Kuga could
not work with particle sizes close to the wavelength of
light, owing to difficulties in measuring attenuation con-
stants at high densities.

In applications where the scattering objects are compa-
rable in size to the wavelength of light and the refractive-
index contrast is large, a quantitative description of the
scattering must include both particle correlations and the
angular dependence of the scattered light. Our interest
in such systems arises from stereolithography,* a new
technique for rapid prototyping of ceramic objects with
highly concentrated dispersions. In this application, a
laser beam is focused onto a highly scattering ceramic dis-
persion to induce photocuring of an agent in the continu-
ous liquid phase. A quantitative model of light propaga-
tion in the ceramic dispersion is needed to predict curing
depths; to calculate lateral light dispersion, which will
cause broadening of cured lines; and to determine the
spatial profile of photon intensity to program laser-
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writing beam speeds required for curing. Similarly,
medical applications of imaging through highly scattering
tissue require a quantitative description of light scatter-
ing in highly concentrated dispersions.’

The framework for this quantitative description has
been provided by several researchers,®” who formulated
the problem for light attenuation through colloidal disper-
sions using the diffusion model of the transport theory of
light propagation.®® The diffusion model is now well es-
tablished for describing light propagation in highly scat-
tering and absorbing media. The important parameter
in the model is the transport mean free path of light.
Beard et al.! and Twersky? showed that for isotropic scat-
terers the transport length in a correlated multiple-
scattering medium is modified by the structure factor.
For anisotropic scattering the generalization is
straightforward.® Individual scattering is described by
Mie scattering theory, and correlations are incorporated
through the structure factor, S(q), which is known for
hard-sphere mixtures. The theory predicts that in the
dilute limit the transport length should decrease linearly
as the particle concentration increases. For correlated
scatterers the decrease in transport length is less than
linear. Interestingly, at high enough concentration, the
transport length increases with particle concentration.
Saulnier et ¢l.% and Fraden and Maret” confirmed the de-
viations of the transport length ({,) from linearity in vol-
ume fraction. However, they did not experimentally
study concentrations that were high enough to observe a
decrease in scattering intensity with increase in volume
fraction. Kaplan et al.'” studied bimodal mixtures of la-
tex spheres to 30 vol. %. Surprisingly, the addition of
small spheres to a relatively dilute dispersion of large
spheres resulted in a decrease in scattering intensity.

© 1998 Optical Society of America



Garg et al.

This effect was attributed to the ordering that arises in
the binary mixture.!!

In this study we present what is the first, to our knowl-
edge, demonstration of decreased scattering in highly con-
centrated (to 55 vol. %) dispersions of particles that are in
the size range of the wavelength of light. Experiments
were conducted with ultrashort-pulsed-laser spectroscopy
and picosecond time-resolved detection to measure the
temporal photon-transmission profiles. This is a far
maore rigorous test of the adequacy of the transport theory
to describe photon propagation than is measurement of
steady-state light transmission, which is an integral mea-
gure. We find that the transport theory best describes
temporal light propagation over the entire range of con-
centrations with no adjustable parameters when Mie
scattering is used to describe single-particle scattering
and the Percus-Yevick (PY) theory is used to describe
particle correlations.

2. THEORY

The diffuse light intensity in a medium is given by the dif-
fusion equation'?
I(r; t) = f(r, 1), (1)

o _pviy &
Jt 1,

where f(r, ) represents the source function for the diffus-
ing photons and the diffusion coefficient I} is defined by
D = ¢l /3, where ¢ is the speed of light in the medium
and [, is the absorption length in the medium. In this
study, a narrow beam of ultrashort laser pulses was inci-
dent normally onto a scattering slab. The transmitted
pulses at the point on the opposite side of the slab were
measured. The transmitted pulse can be described by
the solution of diffusion Eq. (1) for the slab geometry.
The solution is given by'®

1 o
L&) = 1% mz=1 m sin(mwz/d)

x exp[ —~Dt(mw/d)*lexp(—ct/l,), (2)

where d = z + 224, 2o = 0.71l;, is the extrapolation
length, and z is the thickness of the slab. In obtaining
the above solution, perfectly absorbing boundary condi-
tions at the extrapolated surfaces are used. Equation (2)
was used to fit the experimental transmitted pulse pro-
files to determine the absorption and transport length of
the medium. In fitting, the velocity of light in the me-
dium was assumed to be the same as the velocity in wa-
ter.

The transport mean free path is given by [,
= (nay) !, where o, is the transport scattering cross
section of a single scatterer and n is the number density
of scatterer, which is related to the volume fraction ¢ by
n = ¢fu,, and v, is the volume of a single scatterer. oy,
for a nonabsorbing particle is given by

o = f %2 11 - con(9)IS (0140, 3)

where do/d(} is the differential scattering cross section,
which is reduced by a factor of [1 — cos(8)] owing to an-
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isotropic scattering. Physically this means that for an
anisotropic scatterer, more scattering events will be re-
quired to randomize the direction of light propagation in
comparison with the isotropic case.” The interparticle
structure factor S(g) to account for particle correlations
is

Sg)=1+ nf [g(r) — 1]exp(iqr)dir, 4)

where g(r) is the radial distribution function and g is the
scattering vector of the scattered photon and is related to
the scattering angle by q = 2k sin(#2). At high particle
concentrations, dependent scattering takes place'®; ie.,
the interaction of radiation with a particle is affected by
the presence of other particles in its vicinity. In depen-
dent scattering, not only are the photons scattered from
one particle rescattered by other particles, but also there
is far-field interference of the scattered waves from differ-
ent particles. The structure factor S(q) in Eq. (4) de-
scribes the interplay among the scattering waves from
different scatterers. For the case of hard spheres the PY
structure factor!® can be analytically obtained, and it is
used in the present work.

3. EXPERIMENTS

A. Materials

The alumina dispersions were prepared by adding the
powder (0.32 and 0.51 um diameter, Sumitomo Chemical,
refractive index 1.77) to water, with use of a 15,000-Mw
ammonium salt of poly methacrylic acid (R. T. Vanderbilt
Company, Inc.) as the dispersant. The dispersions were
then ultrasonicated for a few minutes to homogenize.
The samples at various volume fractions were prepared
by dilution. The silica dispersions (0.46 um diameter,
Nissan Chemicals, refractive index 1.49) were purified by
centrifugation to obtain a dispersion of monodisperse par-
ticles. The dispersions at different concentrations were
then prepared by dilution.

B. Setup

The experimental system used to measure the intensity
temporal profiles of transmitted light pulses is schemati-
cally shown in Fig. 1. Ultrashort laser pulses of 100 fs
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Fig. 1. Schematic diagram of experimental apparatus.
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duration at a wavelength of 625 nm and 82 MHz repeti-
tion rate were generated by a colliding-pulse mode-locked
laser. Part of the laser beam was split by a glass slide to
be used as a reference pulse that marks the zero time of
the signal beam and monitors the intensity of laser
pulses. The main part of the beam was coupled into an
optical fiber (core diameter 200 um) that was positioned
near the front face of the sample cell. The sample cell
consisted of two glass windows (50 mm > 50 mm) with 1-
to 5-mm spacers. The sample thickness was much larger
than [;,, so the diffusion approximation is valid. The
transmitted light was collected by another optical fiber
(core diameter 200 gm) and was imaged into a streak-
camera detection system (10 ps time resolution). The
scattered light was time resolved by the streak camera
and recorded on a CCD camera. Neutral density filters
were used to adjust the incident light level for intensity
comparison among scattered-pulse profiles obtained from
different samples.

4. RESULTS

Figure 2 shows the transmitted temporal profiles for dis-
persions of 0.51-um alumina particles. As the volume
fraction increases from 0.1 to 0.55, the peak intensity of
the transmitted pulses decreases and the pulses broaden
since the transport length decreases as the particle con-
centration increases. Figure 3 shows the temporal pro-
file for aqueous dispersions of 0.32-um alumina particles
at various volume fractions. The transmitted intensity
decreases as ¢ increases from 0.02 to 0.3, but as ¢ is in-
creased beyond 0.3 the transmitted intensity increases as
@& increases (inset, Fig. 8). This reflects increasing [,
with ¢ at higher ¢. The 0.46-um silica particles show
similar behavior where an upturn in [, occurs at ¢ value
of 0.47 (not shown).

In Fig. 4, the transport mean free path length for the
alumina and silica dispersions as a function of volume
fraction ¢ are plotted. The solid curve corresponds to I,
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Fig. 2. Transmiited temporal profiles for aqueous dispersion of
0.51-um alumina particles obtained in 2-mm-thick scattering
samples at the ¢ values indicated. The intensity scale is nor-
malized to the same incident intensity.
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Fig. 3. Transmitted temporal profiles for aqueous dispersions of
0.32-pm alumina particles at the ¢ values indicated. The thick-
ness of the scattering samples for ¢ values of 0.02, 0.05, and 0.1
was 2 mm and for 0.3, 0.35 and 0.5 was 1 mm.
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Fig. 4. Transport mean free path versus volume fraction of scat-
tering particles on log-log scale. Solid curves are computed val-
ues without correlations and o, from Mie theory; dashed curves,
computed values obtained by using Eq. (3) and S(#) from PY.
Symbols represent transport lengths obtained from the experi-
mental temporal profiles: squares, 0.51-pm alumina; circles,
0.32-um alumina; triangles, 0.46-um silica. The curve for
0.561-um alumina has been shifted up by log (3) for clarity.

caleulated without the correlation effeets [S(g) = 1] and
shows linearly decreasing I, with ¢. The dashed curves
are the I, calculated from Eq. (3) by using the hard-
sphere PY structure factor to account for correlations and
the Mie theory to calculate the differential scattering
cross section.’® The symbols are the experimentally ob-
tained values from the fitting of Eq. (2) to the temporal
profiles. In all the samples studied, the absorption
length was 4-5 orders of magnitude larger than the
transport length, because the particles are nonabsorbing.
As can be seen, the experimental [, values are in good
agreement with the theory when the correlation effects
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are taken into account. At very high ¢, the correlation
effects become strong enough to cause an increase in the
l4 (in two of the systems, 0.32-um alumina and 0.46-um
silica) with further increase of ¢, as is predicted by the
theory. The ¢ at which reversal in [, occurs is higher for
larger particle size. The differences among these three
systems are discussed below. To our knowledge this is
the first experimental work that probes the concentrated
dispersions at such high volume fractions, where the
transport mean free path length increases with increas-
ing particle concentration.

5. DISCUSSION

As shown in Fig. 4, the correlation effects can enhance [,
by as much as a factor of 4 over that expected from the
uncorrelated case. This is in agreement with earlier
work,” where the /,, was found to be doubled at the high-
est densities studied (¢ ~ 0.2). It was suggested that
the correlation effects are important only when the num-
ber of scatterers per cubic wavelength (nA%) is greater
than 1. We observe a large correlation effect even for
nA3 = 0.5, where [,, is doubled for 0.51-um alumina par-
ticles. As the particle separation scales with ¢ V3, for
the system studied it is estimated that interparticle sepa-
ration will be comparable to A for ¢ ~ 0.2, which is where
correlation effects begin to affect the scattering. This ob-
gervation suggests that interparticle separation is the
most critical parameter for the correlation effects, as was
predicted by Lee.!* As the interparticle spacing becomes
comparable to or less than the wavelength of light, the
correlation effects become significant.

The correlation effects are shown to be stronger for
smaller particle size (compare the curves for 0.32- and
0.51-um alumina particles). For example, at ¢ = 0.45,
!, is enhanced by a factor of 2.6 for 0.32-xm alumina par-
ticles over that of the uncorrelated case, whereas for
0.51-um alumina particles the enhancement is 1.7. This
is again due to the fact that interparticle spacing de-
creases faster for smaller particles with ¢ and thus causes
stronger correlation effects. The correlation effects are
similar for similar-size particles (compare the curves for
0.51-pm alumina and 0.46-um silica particles in Fig. 4).
For example at ¢ = 0.4, [,, is enhanced by a factor of 1.5
for 0.51-xm alumina particles over that of the uncorre-
lated case, and for 0.46-um silica particles the enhance-
ment is 1.6.

6. CONCLUSIONS

In conclusion, the diffusive transport theory adequately
describes the phenomena of laser pulse propagation in
highly concentrated, highly scattering colloidal disper-
sions. At a high volume fraction of particles, when the
interparticle spacing becomes comparable to or less than
the wavelength, the correlation effects significantly en-
hance I;, over that of an uncorrelated case and at very
high ¢ can even lead to an increase in [/, with increasing
¢. This was observed for 0.32-ym alumina and 0.46-um
silica particle dispersions as the transmitted intensity
and [, first decreases as ¢ increases, goes through a mini-
mum, and starts increasing as ¢ is further increased.
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The maximum in the transmitted temporal intensity pro-
files increases by a factor of 3 in going from ¢ = 0.3 to
¢ = 0.5 for the 0.32-um alumina particles. The correla-
tion effects can be adequately accounted for by modifying
the transport cross section of the particle by the PY hard-
sphere static-structure factor. For laser stereolithogra-
phy this implies that the combination of decreased par-
ticle size and increased concentrations offers increased
curing depths. The success of the model in representing
the data means that design algorithms for stereolithogra-
phy photocuring should be possible.
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