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Multiple scattering of light in porous glass
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Two kinds of multiple-light-scattering measurements were performed for porous glass plates of several
pore radii from 0.15 to 0.50 gm. One is the measurement of the angular dependence of the backscattered
light intensity, and the other is the measurement of the temporal profile of light pulses transmitted
through the sample. The measured curves were in very good agreement with the theoretical ones based
on the diffusion model in uniform scattering media, and no features specific to the local geometry of
porous glass were found. The pore radius dependence of the transport mean free path /* could be ex-
plained well by a Mie scattering calculation based on the independent scattering approximation. The
transport velocity of light in the porous glasses in the measured range of the pore size calculated from
the obtained values of [* and the diffusion constants was around 60% of the phase velocity in the bulk

glass.

I. INTRODUCTION

Recently there has been much interest in the multiple
scattering of light in random media and its relationship
with Anderson localization, since the enhanced back-
scattering was found to be a manifestation of the weak lo-
calization of light.? It has been shown that scattered
light intensity in the exact backscattering direction is
enhanced by a factor of 2, and that the width of the peak
is on the order of A/I*, where I* is the transport mean
free path and A is the wavelength of light. Although the
strong localization of light has been found to be difficult
to achieve,? studies of the intensity and the shape of the
backscattering peak can reveal the transport properties of
light in the spatial scale of /* in inhomogeneous media.

Several experimental studies on the multiple scattering
of light have been reported so far by measuring the back-
scattering peak shape or using other methods such as
measurements of the time-of-flight profile* and of total
transmission.” Almost all the measurements, however,
have been limited to scattering media with spherically
shaped scatterers, such as polystyrene latex and corpus-
cles of BaSO, or TiO,.!™7 In the experiment of multiple
light scattering, the generally expected features, which
the target sample should have are well-characterized spa-
tial structures, controllability of the size of the scatterers,
low light loss, and high contrast of the refractive indices
between the host and the scatterers. It is known that the
distribution of the pore radius of porous glass can be con-
trolled within 310% around the mean value, and the
mean pore radius and the volume fraction of pore can be
measured precisely. Therefore, we were interested in
porous glass as a well-characterized low-light-loss sample
that has a different spatial structure from previously stud-
ied samples. Moreover, it is reported that the structure
of porous glasses has a fractal nature.®® It is of great in-
terest how the fractal dimensionality of the scattering
media affects the multiple scattering properties of light.

In the present paper, the multiple scattering of light in
porous glasses was studied by two kinds of measure-
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ments. One is the measurement of the angular depen-
dence of the intensity of the backscattered light, and the
other is the measurement of the temporal profile of a
light pulse transmitted through the sample. The trans-
port mean free paths [* and the diffusion constants D of
light in the samples were obtained from these measure-
ments, respectively, and the transport velocities of light
were calculated using the Boltzmann relation. Four sam-
ples of porous glass plates [Asahi Glass, MPG-AM(S}]
with different pore radii were studied in the measure-
ments. They were 4 (mean pore radius r=0.15 pm,
volume fraction of pore f=0.53), B (r=0.275 um,
F=0.50), C (r =0.35 um, f =0.49), and D (r =0.50 pm,
f =0.48), and their thicknesses were 0.5 mm.

II. BACKSCATTERING MEASUREMENTS

In the backscaitering measurement, a linearly polar-
ized collimated beam at 514.5 nm from a cw Ar-ion laser
was reflected by a beam splitter and incident on the sam-
ple plate with a small angle from the normal incidence.
The scattered light around the backscattering direction
was transmitted through the beamsplitter and focused by
a lens with a focal length of 210 mm. A 50-um pinhole
was scanned in the focal plane of the lens in the direction
perpendicular to the polarization of the laser light, and
the intensity of the scattered light with the polarization
parallel to the incident light polarization was detected by
a photomultiplier tube. The sample was rotated around
the axis normal to the sample surface at about 10 Hz in
order to average out speckles. The obtained backscatter-
ing intensities are shown by dots in Fig. 1 as a function of
the angle from the exact backscattering direction. The
intensities are normalized to the incoherent portion in-
tensity obtained by the fitting procedure described below.
The resolution curve of the measurement, which is shown
at the bottom of the figure, was obtained by replacing the
sample by a plane mirror, which was set normal to the in-
cident beam. The full width at half maximum of the
resolution curve was 0.6 mrad, which was much smaller
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than the widths of the backscattering peaks. The trans-
port mean free paths of light in the samples were ob-
tained by fitting the data to the convolution of the resolu-
tion curve and the theoretical curve based on the
diffusion of vector wave in media with uniformly distri-
buted isotropic scatterers.'®!! According to the theory,
the angle dependence of the backscattered light intensity
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Here, 0 and W are the angle of the scattered light from
the backscattering direction and the thickness of the sam-
ple, respectively, ¢ =2k sin(8/2) is the scattering wave
vector,

a,=z,—z_.+2n(W +2z;)
and
b,=z,+z_+2zy+2n(W +2z,) .

The overall amplitude of the coherent portion and [*
were the variable parameters in the fitting, and the effect
of absorption of light was not taken into accotint. The
value of z, was set to 0.7104/*. The solid lines in the
figure are the fitting curves. The measured curves agree
very well with the theoretical ones.

The fractal nature of the surface structure of porous
glasses has been revealed by studies on the dynamics of
energy transfer between dyes adsorbed on porous
glasses,® and by analyses of x-ray and neutron scatter-
ing.” The multiple scattering of light in such media is
also affected by the fractal geometry, and the shape of the
backscattering peak can be different from the three-
dimensional one. The shape of the backscattering peak
from scattering media with a fractal dimension has been
studied by Akkermans et al.'> by a dimensionality
analysis. The theory predicts that the angle derivative of
the backscattered light intensity diverges to infinity at the
exact backscattering direction for fractal dimensions less
than three in contrast to the three-dimensional case. In
the present study, however, the curves agree well with
the theoretical ones for three-dimensional media within
the experimental error. It shows that the multiple light
scattering in the present porous glasses can be regarded
as that in a uniform scattering medium in the spatial
scale larger than [*. The discrepancy between this result
and the studies of energy transfer or x-ray scattering®’®
may be due to the difference in the spatial scale of the
effectively probed volume.

We repeated the same measurement several times by
changing the irradiation position for each sample. By the
curve fitting as is shown in Fig. 1, we obtained the trans-
port mean free path /* for the four glass samples 4, B, C,
and D. The dependence of /* on pore radius # is shown in
Fig. 2 by open circles. Here the horizontal coordinate is
the size parameter kr=2xr/A with A being the wave-
length of light in the air, and the vertical coordinate is

...

is composed of an angle-independent incoherent portion
and a peak-shaped coherent portion. The coherent por-
tion, J,,(8), is expressed as

Joon(0)=I(8, 00 )+21(6,(VT/3)*), (1

where, I(6,£) is defined by
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taken as kfI* in order to compensate for the small
differences in the volume factions f among the four sam-
ples. All the obtained values are almost on a straight
line.

Also shown in the figure are results of calculation by
three different methods under independent scattering ap-
proximation. !* In the first model, air spheres of a radius
r are randomly distributed in glass. In the second one,
straight cylinders of air with a radius r are randomly dis-
tributed in glass. In these two models, the radius r is tak-
en to be the value of the mean pore radius of the sample
glasses, and the volume fraction of air is set to the value
of the corresponding sample. The transport cross section
o*=(co(w)[1—cos(w)]) of an air sphere and that of a
cylindrical pore of a unit length in glass were calculated
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FIG. 1. Angular dependence of the backscattered light inten-
sity for the porous glass samples 4, B, C, and D (dots) together
with the fitting curves (solid curves) based on the diffusion mod-
el for vector wave. The scattered light intensity is normalized to
the incoherent scattering portion, and the curves for B, C, and
D are shifted downward by 0.3 from the preceding one. The in-
strumental angle resolution curve is shown at the bottom.
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FIG. 2. Transport mean free path I* (open circles) obtained
by curve fitting to the backscattering peaks as are shown in Fig.
1. The short-dashed curve and the solid curve are the theoreti-
cal ones by the Mie scattering calculations for spherical holes of
radius 7 in glass and for cylindrical pores of radius r in glass, re-
spectively. The long-dashed curve is for calculated values by
the form factor calculation.

according to the Mie theory, 4 and, for the case of a
cylinder, it was averaged over the random orientation of
the cylinder. The transport mean free path [* in the
medium was calculated by

WI¥=o*f/V, (3)

where ¥V is the volume of the sphere or the unit length
cylinder. The spatial correlation between scatterers was
not taken into account in the calculation although it has
been shown to reduce the effective cross section for poly-
styrene latex.!> The refractive index of glass was set to
1.5 in the calculation. The calculated values of I* are
shown in Fig. 2 by a short-dashed curve for spherical
holes and by a solid curve for cylindrical pores.

In the third method of calculation, the transport mean
free path for randomly distributed spherical scatterers of
air in glass was calculated by using the form factor of the
sphere.*1¢ Although this calculation is justified only for
the weak scattering condition,

In—1lr<<Ai, @)

with n being the ratio of the refractive index of the host
medium and that of the scatterer, it is worthwhile to
compare the obtained result with those from the Mie
scattering calculation, since the calculation is simple and
convenient for further theoretical analysis.!"!¢ In this
approximation, 1 the transport cross section is expressed
as : :
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where ¥V is the volume of the spheres, €, is the ratio of the
dielectric constants (for the optical frequency) of the air
and glass, k is the magnitude of the wave vector of light
in glass, and F(0) is the form factor of the sphere:

F(0)= )j1[2kr-sin(9/2)] . (6)
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The function j, is the first spherical Bessel function. The
calculated result is shown in the figure by a long-dashed
curve. In spite of the weak-scattering approximation, the
agreement of this result with that of the Mie scattering
calculation is fairly good.

All the experimental data are almost on  a straight line
with a small offset from the proportional relation of the

- size parameter and kfIl*. Although the absolute values

of the calculated curves do not agree with the experimen-
tal results, the almost linear dependence of I* on the size
parameter with small offsets is well reproduced. Espe-
cially, both the slope and the offset of the results of the
Mie scattering calculation of spheres and cylinders agree
very well with the experimental ones when they are mul-
tiplied by 2.7 and 1.8, respectively. The independent
scattering approximation is not valid for the calculation
of I* in media with densely distributed scatterers such as
our samples, where the volume fraction of pores ranges
from 0.48 to 0.53. Therefore, the effect of spatial correla-
tion among scatterers should be incorporated via the
structure factor of the scatterer distribution to give reli-
able values,® which may explain the factors of 2.7 or 1.8.
Since the structure of the porous glasses can be expected
somewhere between the two model structures considered
here, the fact that either of the two models gave good
agreement with the experimental data suggests that the
transport properties of light in the actual porous glasses
can be understood in the same theoretical framework.
The result that the calculations based on the independent
scattering approximation, which neglects the correlation
effect, explain the experimental data very well shows that
the wave vector dependence of the structure factors of
the spatial distribution of scatterers in our samples is flat
in the region of the scattering vector investigated in our
experimental condition.

The nearly linear dependence of I* on r are well repro-
duced in the calculated curves. It corresponds to the
linear relation of the tramsport cross section and the
geometric size of the scatterer for large scatterer sizes
(geometric optics). As the radius r or the size of the
scatterer is reduced from a size larger than the wave-
length A, the scattering changes from geometric optic
scattering where r > A, to the Mie scattering where r =~ A,
and to the Rayleigh scattering where » <A. In the Ray-
leigh scattering region, [* is proportional to 1/r% in the
independent scattering approximation, since the cross
section is proportional to the square of the scatterer
volume. Since the smallest size parameter studied in the
present experiment is close to the crossover point of the r
dependence of [* from [* «<rto I* « 1/r3, it is of interest
to study the backscattering peaks from porous glasses by
using samples with a smaller pore radius or using light
with a longer wavelength.
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III. TIME-OF-FLIGHT MEASUREMENTS

For the measurement of the temporal profile of a light

pulse transmitted through the porous glass, output of a*

cw mode-locked dye laser was used as the incident light.
The wavelength and the autocorrelation width of the dye
laser pulses were 603.5 nm and 5 ps, respectively. The in-
tensity of the pulse transmitted through the porous glass
plate was detected by a synchroscan streak camera
(Hamamatsu Photonics, M1955). The temporal width of
the incident pulse observed by the streak camera was 21
ps, which was determined by the combination of the dye-
laser pulse width, timing jitter of the pulse, and the time
resolution of the streak camera. The observed temporal
profiles of the pulses transmitted through the porous
glass samples and the incident pulses are shown in Fig. 3
together with the theoretical fitting curves based on the
diffusion model.* The observed curves show very good
agreement with the theoretical curves, and we can hardly
see any deviations between them in Fig. 3. From curve
fitting we obtained the diffusion constants D of light in
the porous glass samples. The same measurement was re-
peated several times by changing the irradiation position
on each porous glass sample, and the obtained values of
D are shown in Fig. 4 by squares. Here the vertical coor-
dinate is kfD /v, s, Where vy, is the phase velocity of
light in the glass which is 1/1.5 times that of the light ve-
locity in vacuum. The measured values of D scatter more
for a larger pore radius 7, since the temporal profile of the
transmitted pulse decays faster for a larger r as is shown
in Fig. 3, and the decay time approaches the resolution
time. Like the transport mean free path /*, the obtained
diffusion constant D also has a nearly linear dependence
on the size parameter kr.
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FIG. 3. Temporal profiles of transmitted pulses through the
porous glass samples (presented by X) together with the
theoretical curves based on the diffusion model. The resolution
curve of the measurement apparatus is shown at the bottom.
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FIG. 4. Diffusion constant D obtained by curve fitting to the
temporal profiles of the transmitted pulses through the porous
glass samples.

In the Boltzmann picture of diffusion processes, where
light is scattered by uniformly distributed point scatter-
ers, [* and D are related by the equation,

D =vgl*/3, (7)

where vy is the transport velocity of light in the sample.’
The fact that both the obtained [* (Fig. 2) and D (Fig. 4)
have nearly linear dependence on r shows that the depen-
dence of vy on r is rather weak. From the obtained
values of /* and D, and the relation of Eq. (7), we derived
the transport velocity of light vz in the porous glasses,
which is shown in Fig. 5. For this calculation, kfI* was
fitted to the first order and kfD /v, to the second order
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FIG. 5. Transport velocity vz of light in the porous glass de-
rived from the obtained transport mean free path I*, diffusion

constant D, and the relation of Eq. (7).
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of kr. These fitting curves are shown in Figs. 2 and 4. In
our porous glass samples the volume fractions of pore
and glass are nearly equal, which leads to the expected
value of vy around the middle of v, and the light ve-
locity in vacuum. The obtained vg, however, is about
60% of v, through the measured range of kr with
slight increase for small scatterers. This can be attributed
to the phase shift of the scattered light wave in the sam-
ple>!7 with a high volume fraction f of scatterers and/or
to the complicated network structure of the porous glass
where light propagates mainly in the glass rather than in
the pores by waveguide effect. The fact that no pro-
nounced resonance structures are seen in the size parame-
ter dependence of vy suggests that the delay of propaga-
tion of light wave in our sample media should be attribut-
ed to the overall spatial distribution of scatterers rather
than to each scatterer. Although similar result was ob-
tained by the study of microwave diffusion in random en-
sembles of polystyrene spheres,’® and light diffusion
through titania particles,® the scatterer size dependence
of the transport velocity was not studied in these reports.

IV. CONCLUSION

The shape of the backscattering peak and the temporal

‘proﬁle of the transmitted pulse from porous glasses in the

present measurement showed very good agreement with
the theoretical result of the diffusion model in three-
dimensional media. By curve fitting we obtained the
values of I*, D, and vy of our porous glass samples. The
microscopic structure of the porous glass is reflected in
the values of /*, D, and vy. The understanding of these
values needs more detailed information on the microscop-
ic structure of the porous glass and more precise analysis
of light scattering. The multiple scattering of light in our
porous glass samples can be regarded as that in uniform
scattering media in the scale larger than the transport
mean free path [*. The pore radius dependence of the
transport mean free path [* could be explained well by a
calculation based on the independent scattering approxi-
mation. The transport velocities of light in the media cal-
culated from the obtained values of [* and D were about
60% of the value in the bulk glass.
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