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ABSTRACT

An experimental apparatus to measure the scattering properties of hexagonal icelike particles in the analog
manner at the helium neon laser wavelength of 0.633 wm has been designed and built. The instrument consists
of an array of 36 highly sensitive and linear photodiode detectors that are positioned to measure the light between
the scattering angles of 2.8° and 177.2° in approximately 2.5° increments and at any desired azimuthal angle.
This array is calibrated such that the retrieved light signals are corrected to the actual light seen by the detectors
to within approximately 6% at all applicable scattering and azimuthal angles. A system of electro-mechanical
positioners places the sample at the desired and known position. A glass sphere and a glass fiber configured to
scatter light like an infinite cylinder was used to test the operational effectiveness and calibration of the ex-
perimental apparatus. The phase functions for the parallel and perpendicular components determined from the
experimental results match closely with the results computed from Mie theory.

1. Introduction

A number of different experimental studies have been
carried out in the past to investigate the scattering be-
haviors of nonspherical particles. These studies can be
generally divided into two groups: optical and micro-
wave. The optical method has been used to study the
scattering properties of ice crystals in cloud chambers
(Huffman and Thursby 1969; Dugin et al. 1977; Sassen
and Liou 1979a,b; Kuik 1992). A direct comparison of
the scattering results determined from cloud experi-
ments to theory cannot be performed exactly because
the contribution from each scattering particle cannot be
separated and the exact orientation and position of the
ice crystals are not known. In addition, there is the
problem of multiple scattering in these experiments.
Moreover, the generation of desirable ice crystal shapes
and sizes in cold chambers is extremely difficult, par-
ticularly in connection with optical experiments.

Pluchino (1986, 1987) examined the light scattered
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from an electrostatically balanced and isolated ice crys-
tal. Due to the nature of this study, the exact size, shape,
and orientation of the crystal was unknown. Also, the
crystal position oscillated at a low frequency. The mi-
crowave method has been carried out by means of an-
alog experiments by a number of researchers: Zerull et
al. (1993) studied interstellar dust particle shapes; Hage
et al. (1991) investigated cubic shapes; Schuerman et
al. (1981) and Lind et al. (1965) examined various el-
lipsoids; and Greenberg ct al. (1960) studied cylinders.
Moreover, Fuller et al. (1994) measured the scattering
properties of a hexagonal crystal in the microwave re-
gion. Due to the size of the incident wavelength (A =
3.18 cm) the facilities used for these experiments are
extremely large, and the applicable size parameter (2ma/
A, where a is the length of the semimajor axis and A is
the wavelength) is normally less than 10.

The present study is the first known experiment to
allow the analog investigation of the scattering prop-
erties of nonspherical particles similar to ice crystals in
the geometric optics region. The results of this exper-
iment can be directly compared to theoretical calcula-
tions because the size, shape, spatial orientation, and
optical propertics of the scattering sample are known.
This analog approach requires that we measure the scat-
tering parameters of nonspherical particles at both the
scattering and azimuthal angles. The experimental re-
sults will be used to cross-check the theoretical results
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FiG. 1. Three-dimensional view, side view, and top view of the ex-
perimental apparatus.

simulated from the geometric ray tracing methods de-
veloped by Takano and Liou (1989, 1995). The impor-
tance of the scattering properties of nonspherical ice
crystals for applications to remote sensing and climate
studies has been articulated in Liou and Takano (1994)
and Liou (1992).

The present paper is the first of a two-part report in
which the physical description of the experimental ap-
paratus is presented. The design of this experiment re-
quires the development of novel methods to collect and
analyze the retrieved scattering signals. A sphere and
an infinite cylinder are used to show the effectiveness
of the equipment. In the second part, the scattering prop-
ertics of several hexagonal crystals, including columns,
plates, aggregates, and crystals with rough surfaces,
made out of sodium fluoride (NaF), that have optical
properties very close to that of ice are presented.

2. Description of the experimental apparatus

The experimental setup consists of 36 photodiode de-
tector—amplifier units (PDU) mounted in a linear array
on a (0.635-cm-thick plastic half dome that averages 115
cm in diameter. This dome is mounted between two 122
cm? optical tables as shown in Fig. 1 (top and side
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views). The dome is mounted on a gimbal with its ro-
tating axis in the horizontal scattering plane that is de-
fined to be 15 cm above the optical table surface. The
dome rotates about the axis defined by the incident light
direction, which is the line running along the center of
the tables in the horizontal scattering plane. An alu-
minum frame prevents distortion of the PDU array as
the dome is rotated. There is a 2.5-cm-diameter hole in
the center of the dome and through the axis of the gimbal
axis shaft to allow laser light to enter the experiment
from the reverse direction.

The plane of scattering detection is defined by the
azimuthal position of the PDU array as shown in Fig.
1 (3D perspective). By rotating the dome, the PDU array
detection plane can be properly positioned to measure
the light scattered into any desired azimuthal angle,
which is designated as ¢. The small sample platform is
located approximately 48 cm below the center of the
dome to which translators, rotators, and other position-
ing equipment can be mounted as each experiment re-
quires. A small reversible A/C motor geared to rotate
at 4 rpm turns the dome via a rack and pinion gear
arrangement mounted to the rim of the dome, which
rotates the dome at a speed of (.063 rotations per mi-
nute. This motor is controlled by the computer and be-
cause of the slow speed of dome rotation, the azimuthal
position is determined by simply controlling the time
of the motor operation. The measured precision (A¢)
of the dome azimuthal position with the computer-con-
trolled interface throughout its range of motion is better
than 0.4%.

The individual detector location in the dome deter-
mines the scattering angle, designated as 6. The 36 de-
tectors span the angular extent of 6 = 2.8° to 89.6° in
increments that vary between 2.25° and 2.5°. The mea-
sured angular positions of these detectors are accurate
to =0.2. The inside of the dome is painted a flat black,
as are all other surfaces that could reflect light into the
detectors. The whole apparatus is inside a black felt
enclosure and light traps are placed at points of strong
intensity to reduce the effect of stray reflections. Despite
these precautions, most measurements have some level
of light contamination due to stray reflections.

The output of a helium neon laser is expanded to a
beam diameter of approximately 5 mm and then directed
with mirrors around the dome for forward scattering
measurements or through the center of the dome for
reverse measurements as shown in Fig. 1. The polari-
zation plane of the laser is oriented at an angle of 45°
to the horizontal scattering plane. A Glan—Thompson
polarizer placed in a rotating mount with a vernier dial
is used to select either the parallel or perpendicular po-
larization component of the laser beam for use in the
experiment. A depolarizer, optimized for the helium
neon wavelength, is used to unpolarize the incident light
when needed. The scattered light intensity is sensed by
silicon photodiode detectors (Hammamatsu S1226-
44bk) with large sensing areas (=1/3 c¢cm?) connected
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F1G. 2. A functional block diagram of the data acquisition system
is seen in the upper part of this diagram. The lower plot is a time
sequence of the signal acquisition method used in the experiment.

to high gain, low noise operational amplifiers (Burr-
Brown OPA128). The detector circuit housing is mount-
ed onto an aluminum frame, which is then mounted to
the plastic dome with epoxy resin. Only the photodiode
detector sensing area protrudes into the dome through
a 14-mm-diameter hole such that the glass window of
the detector is placed flush with the inside of the dome.

3. Calibration and signal acquisition

The photodiode and signal amplification circuit have
been chosen for their wide dynamic range, linear re-
sponse characteristics, and high sensitivity (Eppeldauer
and Hardis 1991), but these characteristics can vary
from photodiode to photodiode due to manufacturing
and installation differences. The purpose of the calibra-
tion is to determine these photodiode characteristics and,
if necessary, compensate for them.

A functional diagram of the data acquisition and sig-
nal analysis system is shown in Fig. 2. The 36 PDU
array produce signals, which vary from 0 to 10 volts
DC, proportional to the scattered light that falls on each
detector’s active sensing area. The voltage signal from
each PDU is directed, via shielded cables, to a signal
multiplexer (National Instruments AMUX-64T) that
routes these signals to a data acquisition card (National
Instruments AT-MIO-16-1.9) in a personal computer
(Gateway 386/255X). The data acquisition card includes
a voltmeter and a 12-bit analog to digital converter that
converts the voltage signals to digital signals for use by
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the computer. This acquisition card can amplify the in-
put voltage signals by 1, 10, 100, or 500 times and can
discriminate voltage signals from 4.88 millivolts to 9.76
pvolts depending on the input gain. For instance, at a
gain of 1, the maximum voltage detectable is 10 volts,
but voltages are discriminated at increments of 4.88
millivolts. At higher input gain levels, the maximum
detectable signal is reduced, but the level of signal dis-
crimination is increased; that is, at an input gain of 500,
the maximum signal is 0.02 volts, but the signals are
discriminated in increments of 9.76 uvolts. The voltage
levels of any selected channel can be measured at a rate
of up to 100 000 samples per second. The multiplexing,
gain selection, and voltage measurements are controlled
by software written for this application in the proprie-
tary development environment provided by National In-
struments (LabWindows version 2.3). As shown in Fig.
2, the laser intensity is constantly monitored by reflect-
ing a small percentage of the laser beam intensity to a
PDU by a crown glass window to be used as a reference
to eliminate the effects of laser intensity drift as ex-
plained later.

The computer controls an electro-mechanical shutter
(UniBlitz Model D122) that switches the laser light from
the 5-mW polarized laser into the experiment. This al-
lows us to discriminate the background light levels from
those produced by the laser light as shown in the bottom
part of Fig. 2. First the shutter is opened and a voltage
reading is taken from the 36 PDUs installed in the dome
(t = t, to t = 1, in the lower plot of Fig. 2). These
voltages are used to determine the gain settings that
maximize acquisition sensitivity; that is, a high gain
setting of 500 is selected for voltages below 20 milli-
volts to take advantage of the 9.76-uvolt voltage sen-
sitivity at this gain level. The shutter is then closed and
voltage readings are taken to set gain levels for back-
ground light level acquisition (¢, to ¢, in Fig. 2). Si-
multaneously, a voltage reading of the laser power mon-
itoring detector is made. Next, 50 voltage readings of
each of the 36 PDUs are taken at 20 000 points per
second with the shutter opened (¢, to ¢, in Fig. 2). The
shutter is then closed and 50 more voltage readings are
taken from each PDU in the array to measure the back-
ground light level in the experiment (¢, to ¢, in Fig. 2).
From these measurements, the scattered light signal to
laser intensity monitor ratio is determined by

0 V(i 0 V(i
5, = (2 (D) $ sc,(l)>/50’ -

i1 Vom i1 Vo

where §; 1s the signal returned for each detector j; V(i)
is the ith measurement of the voltage from detector j
with the shutter open, hence the laser light incident on
the experiment; V(i) is the ith measurement of the
voltage from detector j with the shutter closed (back-
ground light level); and V,, is the voltage returned by
the laser intensity monitoring detector. This signal ac-
quisition process takes approximately 10 s. These sig-
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nals are the ratio of the detector voltages to the voltage
produced by the detector monitoring the laser output
power, which compensates for the fluctuations in the
laser power output.

The variability of this retrieved signal is dependent
on the level of background light levels and on the level
of the retrieved signal. To increase the precision of each
signal measurement, the data acquisition process (¢, to
ts in Fig. 2) is repeated. The dynamic range of this
acquisition method with a measured precision of less
than 2% 1is limited to the upper 4 decades. At lower
intensities background noise levels increase the vari-
ability of the retrieved signal to over 5%.

These detectors have been shown to be linear over 8
decades (Budde 1979). In this experiment and with the
described acquisition scheme, the detectors have been
found to respond linearly to the incident light intensity
over a dynamic range of over three decades within 2%-—
3%. The loss of linearity at lower intensities is due to
background light influencing the retrieved light signal.
The response characteristics of each detector were mea-
sured and then adjusted such that the outputs of each
detector are consistent with each other. The calibrated
output of the PDU array has been measured and its
response to an isotropic point source placed at the dome
center is correct to within 6% over three decades
throughout the azimuthal range of the array. A detailed
description of this response measurement and calibra-
tion method is described in Barkey (1997). For mea-
surements in the horizontal two-dimensional plane,
phase functions are produced by measuring the scatter-
ing intensity as a function of angle in both the forward
and reverse directions.

4. General measurement considerations

A system of electro-mechanical positioners allows the
sample to be precisely placed in three directions, rota-
tionally about the vertical z axis, horizontally along the
x axis, and vertically about the z axis. The sample po-
sitioning equipment is designed to be at least 15 cm
from the scattering center and painted black to reduce
the effect of spurious reflections.

The light source is a Uniphase model 1105P 5-mil-
liwatt linearly polarized helium neon laser that produces
light at a wavelength of 0.633 m. This light is coherent
and monochromatic, and it has a minimum polarization
ratio of 500:1. The laser operates in the Gaussian TEM
mode; that is, the radial profile of the laser beam is
determined by

)= Bye 2, @

where I(r) is the intensity of the laser light at the beam
radius r, I, is the laser beam intensity at the center of
the laser beam, and w is the laser beam waist, or the
laser beam radius at which the laser beam intensity falls
to a value 1/e? of the axial value.

This laser beam does not present a constant intensity
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Fi1G. 3. The effect of the Gaussian intensity distribution of the laser
beam on the angular scattering profile of a sphere as calculated via
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wave front to the sample, as is assumed in most models
that predict the characteristics of the scattered light. As
such, we have two options to circumvent this discrep-
ancy: either use a Gaussian beam profile in our theo-
retical modeling or configure the laser beam to reduce
or, if possible, eliminate the effects of the Gaussian
intensity distribution. Ray tracing methods lend them-
selves easily to inhomogenous incident light intensity
profiles. In Fig. 3, the expected scattering behavior for
unpolarized helium neon light scattered from a 5-mm
glass sphere with both an incident plane wave and with
a TEM,, Gaussian beam with a waist size of 2.37 mm,
is plotted. The effects of diffraction are not included in
these calculations. Compared to plane wave light, in-
cident light with a Gaussian profile increases the for-
ward scattering and reduces the side scattering. Ignoring
the effects of diffraction, this is because the light scat-
tered into the forward direction is mainly due to the
light that undergoes two refractions or P = 2 in the
drawing at the top of Fig. 3. Light incident about the
center of the sphere produces most of the intensity in
the forward direction and is increased in the Gaussian
case. Light that is side scattered is mainly due to the
light that is reflected (P = 1 in Fig. 3), which is reduced
under the Gaussian condition. External reflection (P =
1) produces most of the energy for light scattered into
the reverse direction; the contribution from this case is
reduced under the Gaussian condition. The angular scat-
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FiG. 4. Effect of variation of the waist size of the incident laser
beam on the light scattered from a 5-mm glass sphere.

tering position of other features, that is, rainbow peaks,
do not change under the Gaussian condition.

The Mie theory expectations of a helium neon laser
beam incident on the 5-mm glass sphere is also plotted
in Fig. 3. This curve does not include the Gaussian beam
correction, hence it closely follows the non-Gaussian
ray tracing expectations. Each detector integrates the
received intensity over its active sensing area, 1/3 cm?
or a solid angle of 1 X 10~ steradians or an angular
extent of 0.3°. To reflect the larger sensing angle, the
Mie theory results are smoothed by averaging the cal-
culated results of several size parameters and then fur-
ther smoothed by a running average of adjacent points
that are determined at intervals less than 0.5° apart.
Since the optical characteristics and the spatial position
of our scattering sample are well known, the exact the-
oretically expected scattering pattern can be determined
for each incident light configuration, hence a simple
least squares fitting method is used to fit experimental
results to theoretical expectations.

a. Sphere

A sphere is used to determine the effect of laser beam
collimation, laser beam waist size, and the sample ped-
estal on the scattering parameters obtained by this ex-
perimental setup. The glass sphere used in these studies
18 5 mm in diameter (=1 pm), has an index of refraction
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of 1.844 91, has negligible absorption, and has a sphe-
ricity corrected to a quarter-wavelength at the helium
neon wavelength.

Figure 4 shows the effect of changing the laser beam
waist size on the forward scattering pattern of the 5-
mm glass sphere. The theoretical expectation plotted in
Fig. 4 does not include the effects of the Gaussian laser
beam. We assumed that the beam radius, or the radial
diameter at which the laser intensity falls to 1/¢? of the
center axial intensity, can be determined by the radius
of the visual ““spot” of the spatially filtered laser beam.
This beamwidth measurement is estimated to be 90%
accurate. A wider beam more closely approaches the
flat plane wave condition, hence its scattering pattern
is closer to the theoretical result. The laser beam size
is limited by the optics as a larger beam interferes with
the lens holder assembly, producing diffraction rings
that affect the scattering pattern. Also, in all of these
forward scattering measurements, the laser beam satu-
rates the detector placed at 2.5°, which is not included
in the plotted results. A beam wider than 20 mm in
diameter would affect the detector placed at 5°. Similar
experiments on the effect of the beam size in the reverse
direction are similar, though less dramatic.

The effect on the divergence or convergence of the
incident laser beam is shown in Fig. 5. The estimated
accuracy of each divergence measurement is better than
90%. A divergent laser beam allows the beam waist to
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be much greater than the sample, but the divergence of
the incident wave may affect the scattered pattern. Also,
a diverging beam will saturate the far forward detectors
unless a circular hole is placed to limit the size of the
spot, but this hole introduces diffraction rings, which
interferes with the expected scattering pattern. A con-
vergent beam, which reduces the size of the beam waist,
produces results that differ greatly from that expected
with plane waves. A laser beam with a waist approxi-
mately equal to the size of the sphere produces diffrac-
tion rings as seen in Fig. 5 (the negative divergent con-
dition), which are expected (Colak et al. 1979). Com-
paring these results to those presented in the beam di-
ameter study, it is seen that, as long as the beam diameter
is not the same as the diameter at the sphere, the effects
are similar, that is, a higher beam divergence produces
the same effect as a larger beam diameter.

The pedestal is a cylinder approximately 1 mm in
diameter upon which the scattering sample is glued.
Though it is blackened and roughened to reduce reflec-
tions, the pedestal itself produces a scattering profile
that has been measured and is seen to be at least a decade
lower than the signal produced by the glass sphere at
all measured angles. There is also the interaction of the
pedestal with the light scattered from the scattering sam-
ple. To determine the degree of this interaction and to
further determine the effect of the pedestal on the scat-
tering results, a knife edge was positioned in the laser
beam to obstruct the laser beam’s extent on the pedestal
and sphere, as seen in the upper cartoon of Fig. 6. The
incident laser beam has a beam waist of approximately
8 mm and is linearly polarized perpendicular to the scat-
tering plane. Results obtained with the laser polarized
parallel to the scattering plane are similar.

The differences between the signals retrieved in each
of these four cases are less than 10%, but there is a
definite trend toward a better fit, as determined by a
least squares difference, to the theoretical expectations
as the knife edge obscures the pedestal. The knife edge
in case 4 partially shields the sphere from the incident
laser beam; the goal is to reduce the effect of interaction
between the sphere and the pedestal. This resulted in a
better fit to expectations. The experimental result be-
tween 6 = 90° and 155° is higher than the theoretical
prediction because of the light scattered into the forward
direction is reflected back into the reverse direction by
experimental equipment in its path. Beam stops are used
to reduce this effect. These results indicate that the ped-
estal has an effect on the retrieved scattering signal, but
it is much less than the signal from the sample under
study. To reduce the pedestal signal, we ensure that the
sample occupies most of the laser beam profile, and
minimize the extent of the pedestal into the beam. The
amount that the sample interacts with the pedestal is not
known at this time, but it is minimized by keeping the
sample size much larger than the pedestal. Both of these
conditions requires that we configure the incident laser
beam diameter as large as possible.
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the light scattering characteristics of a 5-mm glass sphere.

b. Infinite cylinder

A scattering sample that avoids some of the experi-
mental problems encountered with the sphere is the in-
finite cylinder. The top of Fig. 7 shows the configuration
used to simulate an infinite cylinder in the experiment.
The cylinder is mounted without a pedestal or any other
mounting hardware intruding into the incident laser
beam. The cylinder is chosen with a diameter much
smaller than the incident laser beam waist size, therefore
the scattering effects due to the Gaussian aspect of the
laser beam are avoided.

The exact solution to the scattering characteristics of
this configuration has been known since 1918 (Rayleigh
1918) and has been experimentally measured by many
researchers (i.e., Kodis 1952). The exact solutions cal-
culated for this experiment are smoothed to reflect the
experimental conditions in a manner similar to that used
on the Mie solution to the scattering propertics of the
sphere.

The cylinder studied is a fused silica fiber originally
designed for optical communication. It has an index of
refraction of 1.457 02, negligible absorption, and a di-
ameter of 600 um. A length of fiber 10 cm long is self-
supporting when it is placed on its end and is mounted
to the small precision tilt table such that a section of
the fiber is illuminated by the complete laser beam spot.
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FiG. 7. Experimentally and theoretically produced phase functions
for an infinite cylinder (index of refraction = 1.457) with incident
helium neon laser light polarized perpendicular (middle) and parallel
(bottom) to the scattering plane. The experimental arrangement is
shown at the top of the figure.

The laser beam waist size is approximately 7 mm, which
is much greater than the sample diameter. Colak et al.
(1979) determined that if a TEM, laser beam waist is
five times greater than the diameter of a sphere, the
resulting scattering pattern would deviate less than 5%
from that produced by an incident plane wave. It is
assumed that this also holds true for cylinders. Also, the
variation in intensity of the incident laser beam over
this scattering sample at the laser beam center due to
the Gaussian aspect of the laser beam is less than 0.4%.

In Fig. 7 is shown the angular scattering intensity
produced by helium neon laser light linearly polarized
perpendicular (middle plot) and parallel (bottom plot)
to the scattering plane incident on the quartz cylinder.
There are 6% error bars on the experimental results as
previously discussed. The two peaks seen at the angles
of 150° and 100° are the first and second rainbow peaks
similar to those produced by a sphere. The oscillations
in the pattern seen just outside of these peaks are due
to interference of the incident light similar to the su-
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pernumerary rings produced by spheres. Between the
angles of 100°-120° and the measurement at 172° the
experiment is slightly higher than expected. This is
probably due to forward scattered light from the cyl-
inder reflecting off surfaces in the experiment during
reverse measurements. Despite these slight differences,
the experimental results agree very well with the the-
oretical expectations for both polarization directions.

Because the light scattered by the glass cylinder is
confined to the horizontal plane, it is possible to con-
struct beam traps to prevent unwanted light (i.e., for-
ward scattered light during reverse measurements) from
reflecting off internal instrument components and af-
fecting the measured results. It is not possible to make
beam traps to reduce this systematic error to undetect-
able levels when the sample scatters into three dimen-
sions, that is, the sphere. This is seen as a greater dis-
crepancy between the expected result and the measured
result in the reverse direction for spheres (Fig. 6) than
for the cylinder (Fig. 7).

5. Summary

An experimental apparatus has been built to measure
the light scattering characteristics of a small scatterer at
both the scattering and azimuthal directions, excluding
the far forward and reverse angles. The accuracy in
which the apparatus can detect scattered light has been
measured and a conservative estimate of the accuracy
of detection is 94%. The incident laser beam has a char-
acteristic TEM, profile. The effect of this profile on
the light scattering properties of a glass sphere is shown
to be significant. To compensate, the incident laser beam
profile can be used in the theoretical calculations, or the
laser beam waist size can be made larger than the sample
being studied.

The effect of the size of the laser beam, the conver-
gence of the laser beam and the effects of the sample
mount have all been measured using a small glass
sphere. In order to produce comparable experimental
results, the incident laser beam must be collimated. An
incident laser beam diameter of approximately 22 mm
is optimal for this experiment. The sample mount is
painted with a black, nonreflective paint and is shielded
to reduce its effect on the measured scattering intensi-
ties. The sample size must be as large as possible to
minimize the effect of the sample pedestal. Light scat-
tered by the sample can be reflected off the experimental
apparatus and back into the photodiode array, which
produces unusual and undesired light signals particu-
larly when making reverse scattering measurements.
Each scattering sample produces its own forward scat-
tering characteristics, therefore beam traps are required
for cach sample.

A glass fiber oriented to produce the two-dimensional
scattering intensities of an infinite cylinder has been
measured by this apparatus. This sample avoids prob-
lems associated with the Gaussian laser beam profile



612

and the sample mount. The experimentally measured
light scattered from this sample with incident light po-
larized parallel and perpendicular to the scattering plane
compare very well with theoretical expectations. Meth-
ods have been developed to accurately measure the light
scattering properties of a small sample with this appa-
ratus. In Part II of this paper, the light scattering prop-
erties of ice like particles will be presented.
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