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Wave Propagation in Particulate Media

Introduction

The purpose of this project is to study optical propagation in
a medium consisting of random, discrete scattering centers with a
view to establishing the effects of clouds and fogs on optical
communication systems. The degree of pulse stretching, depolari-
zation and beam spreading are to be determined as functions of the
scattering geometry and the physical properties of the scatterers
and compared with the predictions of theoretical models.

An appropriate scattering medium for these experiments is an
emulsion of two dielectric liquids since the indices of refraction
of both the scatterers and the bulk medium can be varied by choosing
different substances and the size of the droplets of the dispersed
phase can be controlled by the method of preparation. In addition,
emulsions can be stabilized with surfactants and can have much higher
number densities than can be maintained in cloud chambers. This
allows one to simulate the effect of say a kilometer of cloud in
a laboratory scale scattering experiment.

The initial phase of‘the project has been devoted to designing,
constructing and assembling the required equipment and to perfecting
the techniques of preparing monodisperse emulsions. A description
of this work follows.

Technical Progress

1) Scattering Medium Preparation

The scattering medium must of course be completely character-

ized in order to extract meaningful information from the experiments.




Thus it is of prime importance that the droplet size distribution
of the emulsion and the refractive indices of both the dispersed
and bulk phases be known precisely. The latter are well known for
E most substances and in any case are easily measured. The size
distribution can be determined directly, if tediously, by microscopic
examination. It is also possible to use Mie scattering theory to
! infer both the relative refractive index and the size of the scatterers
from the angular scattering functions of the medium if a sufficiently
thin layer is used to eliminate multiple scattering effects. We in-
tend to use both direct microscopic examination and the inversion

techniques. The design and construction of apparatus to measure the

angular scattering function will be discussed below but to date we

have relied on microscopic study of the emulsions in refining our

preparation techniques.

One emulsion we have been working with is an oil-water system '

2;? 1 stabilized with sodium dodecyl sulphate (SDS). We have found that
mineral oil and 0.2% by weight SDS in water form stable emulsions
and the volume fraction of the o0il droplets can be made as great
as a few percent without problems of agglomeration. The index of
refraction of the oil is 1.4802 and that of the bulk phase is 1.3332
yielding a relative index of 1.1103. Other substances can and will
be used to obtain higher relative indices, e.g., di-iodomethane in
water has been briefly studied and yields a relative index of 1.304,
For the present we are using the oil-water system to perfect our

method of producing monodisperse size distributions.
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The standard preparation procedure now in use is to

vigorously agitate 1% by volume oil in the SDS/water solution to

form a coarse emulsion which is then passed up to five times through

a filter of a given pore size. This produces a droplet size distri-
bution with mean diameter approximately that of the pore size but the
range in diameters is rather large and the distribution is skewed
toward the small end. For example, if an 8 um pore size is used the
droplet diameters range from around 2 to 10 um. Two types of filter
have been tried, millipore and nucleapore, with the latter seeming

to work best for producing larger droplet sizes but both yield
similar distributions.

We have expended considerable effort on reducing the variance
of the size distribution with some success. Since the rate at which
the oil droplets rise due to buoyancy is proportional to the square
of their diameter it would seem relatively simple to exploit this to
obtain droplets of uniform size. However as a practical matter the
speeds involved are so low (100 um/min for 5 um diameter droplets)
that great care has to be taken to isolate the system thermally and
mechanically to avoid convection currents and mixing in the separation
apparatus.

A technique for extracting'droplets with a particular mean
diameter and standard deviation has been developed although the
efficiency is low and we are continuing to improve the method further.
It involves carefully introducing the emulsion as it comes from fil-

tration into the bottom of a column of 0.2% SDS/water solution (see

Figure 1). After a time interval depending on the droplet diameter
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desired all droplets larger than that size have reached the upper
surface. By adding a small volume of SDS/water these large droplets
are forced out of the side tube and discarded. Some time later
additional SDS/water is added forcing out a volume of the medium which
contains the droplets of the desired size but none smaller than a given
size since these have not yet reached the surface. In practice we find
that the separation is not complete due to some mixing caused by un-
even flow rates near the surface of the liquid when removing the
samples through the side tube. Repetition of the procedure outlined
reduces the variance further and thus this method can be used to
produce the required degree of uniformity. Modifications to the
apparatus are now being made which we hope will improve the efficiency
of the separation process.

ii) Design and Construction of Apparatus

The first optical measurements which will be made are those
to determine the single scatter angular intensity functions which will
be inverted to obtain information on the size distribution and re-
fractive index. The angular scattering functions will also be used
to calculate the first and second moments of the cosine of the
scattering angle since these quantities appear as parameters in
theoretical models of the multiple scattering problem.

Apparatus to obtain the angular intensity functions is being
built and is nearly ready for testing. The scattering cell itself is
a cylindrical tube 1 cm in diameter with a 1 mm bore. One side of the

tube has an optically polished flat so that a collimated laser beam
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may enter perpendicular to the cylinder axis without focusing effects
(Fig. 2). A low noise photodiode is mounted on an arm which pivots
about the cylinder axis and is driven by a constant speed reversible
motor. The signal fromthe photodiode is converted to digital form
by a microprocessor controlled 14 bit A/D converter and recorded on
magnetic tape for subsequent analysis.

Pulse stretching and beam divergence measurements which
will proceed when the emulsion has been characterized will utilize
a cylindrical scattering cell 10 cm long by 40 cm diameter (Fig. 3).
The cylinder is mounted with its axis horizontal and rotates at 1
rpm in order that an emulsion can be placed in the cell and main-
tained for long periods of time without problems of agglomeration
or creaming, i.e., formation of a layer of 0il droplets on the
surface. The incident light enters along the cylinder axis through
a 2 cm diameter antireflection coated window which together with a
black anodized baffle can be moved over a range of 0.5 to 10 cm from
the 40 cm diameter plate glass exit window. This will allow a full
range of measurements to be made for a variety of path lengths and
optical densities with each type of emulsion.

Our current plans are to use a passively mode-locked Nd:YAG
laser which we have_assembled for the pulse stretching measurements.
Each mode-locked burst from the laser contains around twenty 80 uJ
pulses each 50 picoseconds in duration spaced at 10 nanosecond
intervals. The pulse train then passes through an angle tuned KDP

crystal frequency doubler to convert some of the infrared (1064 nm)
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pulses to the visible (532 nm). The green pulses carry around 20 uJ
energy and are 35 picoseconds in duration. A single one of the green
pulses will be selected fromthe train and transmitted through the
large scattering cell. The radiation emerging from the cell will be
detected and displayed with a Hamamatsu streak camera capable of 5
picosecond time resolutionm.

Summary

A technique for producing well characterized particulate scattering
media has been developed. The media are emulsions of two dielectric
liquids which can have a wide range of refractive indices. The size
of the dispersed droplets can also be varied and the size distribution
controlled by means of filtration and exploiting the difference in
speed with which droplets of different size move through the medium
under the influence of gravity.

Two pieces of scattering apparatus have been designed and are
nearly completed. One will be used to measure the single scatter
angular intensity functions and the other for the multiple scattering
experiments. A passively mode-locked Nd:YAG laser has been assembled
and tested. It will be used together with our Hamamatsu streak camera

to conduct the pulse stretching measurements.
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