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LIGHT SCATTERING FROM TRREGULAR DIELECTRIC PARTICLES

Gray Ward

Introduction

Accurate experimental measurements of scattering from irreqular
dielectric particles of known size and shape are needed to verify
theoretical calculations of scattering from these objects when the
wavelength of the incident radiation is comparable to the particle
dimension. Holland and Gaane [1] have made carcful measurements from
irregular silica particles from 18% to 166°, and find significant
deviations from spherical models. Parmenter [2-4] has measured the
angular distribution of scattering from randomly oriented single
particles of quasi-ellipsoidal BaSOa, and also finds sianificant
deviations from spherical particle scattering near backscatter.
Pinnick, Carroll and Hofmann [5] measured the scatterina from
clumps of NaCl and k304 particles, and found that for particles with
size parameters larger than about 5, Mie theory overestimates the

scattering at backscatter anqles.

Objectives
LIDAR measurements of atmospheric aevosols utilize the spherical
particle model and look at backscatter, We wished to extend the
measurements of scattering from irregular particles to angles very close
to backscatter to see how serious an error is being introduced by ¥

neglecting particle shape. Ne also wanted to determine whether an
R

T .




-

SIGNAL

MIRROR
NO.2

SAMPLE
VOLUME

MIRROR
NO.I

74 /
NCIDENT \_m____, SCAN
LIGHT
J STEPPING
MOTOR

JGNAL
ROTATING
FIXED MIRRORS ON
\1 MlRROR KLONICAL SURFACE

STEPPING
MOTOR Lu,

CINCIDENT ‘k,“,f"v\'
s SAMPLE
VOLUME

Figure 1. ‘Top, scanning mirror is on a rotating arm.
Bottom, the scanning mirror. is on a small rotating tube.
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ensemble of tumbled irregular particles could be represented by an

equivalent sphere in the backscatter range as it can be in forward ?
scatter. }
- i

Approach |

Mie scattering from low-loss spheres of one size has very
pronounced structure, which is washed out by size dispersion or

by departure from spherical shape. We elected to work with

optical scattering in the laboratory with aerosols of controlled
size, shape, composition, and size dispersion. Monodispersions
of particles of known size and shape were generated with a
Berglund-Liu [6] vibrating-orifice aerosol generator. Particle
shape and size distribution was monitored by SEM phctographs.

The -1ight source was a pulsed nitrogen laser pumping a
dye laser. Pulses were typically 10 kW 4 ns FWHM at 627 nm,

10 pps.

The polar nephalometer went through three models. The first
model used a scanning mirror mounted on an arm to sample and
reflect a 1° x 1° portion of the scattered light to a small mirror .
on the axis of rotation, and out through the tube on which the
arm pivoted. The scanning was controlled bv a stepping motor.
Light was analyzed bv a fixed quartz analysis prism, detected
by photomultipliers. Mechanical overshoot was a problem. The

second model, used to obtain the data reported herein, used 96

v 8 -
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fixed mirrors in place of the scanning arm (Figure 1). Scanning

was accomplished by rotating a small 1.2 cm diameter mirror on

the axis of rotation; though controlled by a steppina motor,

the systen had no problems with mechanical overshoot. The

scanning was accomplished in 23 sec, limited by paver tape punch
rate, The third model, which is being tested at present,

eliminates scanning altogether. It uses fiber optics at anales
selected by a Backus-Gilbert[7] routine, of various lengths so

as to delay each scattered pulse by a different amount, forming

an optical parallel-to-serial pulse converter. The longer fibers

not only have more delay, they have higher loss, and thev are placed
strategically at angles where scattering is stronger, so there

is compression of the dynamic range of the detector output. The
fiber bundle goes to a photomultiplier detector (Figqure 2).

The chamber in the third model contains provisions for suspension
of a single oriented particle, and is vacuum-tiaht., We are
attempting to capture single particles after scattering on a glass
slide and to prepare them for SEM photograrhy in the same apparatus.
The third model provides a pulse train with the scattering information
obtained from a single laser pulse incident on a singlg oriented
particle.

The data acquisition system was designed and built at the
University of Florida, which was a mistake, 1t delayed the proaram
at least two years. [t consists of a fast sample-and-hold unit for
each of two photomultipliers, one for each polarization channel, an

A/D converter, paper tape punch, and control logic. It could capture

the 4 ns pulse and perform a 12-bit digitization reliablv. (The
e
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development problems were due to noise pickup from the thyratron in the

nitrogen laser, combined with personnel chanages in the Electronics

Shop.) At the time it was built, it exceeded the capabilities of any 1
commercially available equipment, For the third model nephalometer, a

different data acquisition svstem is required, such as Tek R7912/4¥p 2010.

The procedure was to build the apparatus, test with spheres and
compare with Mie theory, test with ellipsoids and compare with

published results of others, then proceed to cubes and other shapes i

we manufacture.

Experimental Results

The calibration of the apparatus is shown in Fiqure 3. The upper
curve shows the experimental data points with individual error bars
together with the theoretical curve calculated from Mie theory,
using the index of refraction and size dispersion data provided by
the manufacturer. There are only two adjustable constants altogether:
the gain of each photomultiplier. Calibration runs are taken before
and after each experimental run with non-spherical particles. In
this case we would expect the data to agree with the theoretical curve,
and to the extent that it does not, further improvemeni in our
t experimental procedures is indicated. A SEM photograph of the calibration

‘ E particles is included. The fit in Channel 2 is very good, and in Channel *

1 it is fair,
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The data taken from Cladosporium particles is shown in Figure 4.
The theoretical curves are the best fit that could be obtained by
using a spherical particle model and varying the size parameter.
The fit is qualitatively correct in the middle range of scattering

angles, but does not fit the data as well as in the calibration runs.

|
1
.

This difference in goodness of fit indicates that the tumbled
Cladosporium particles are only crudely represented by a spherical
scatterer. An SEM photograph of a cladosporium spore is shown.
(The SEM preparation process has dried out the spore so that it
has partially collapsed, but its original spheroidal shape is
discernable.)

The data from NaCl crystals is shown in Figure 5.Aqain the theoretical
curves are the best fit that could be obtained usina a spherical
particle model and varying the size parameter (the index of refraction
is known). The SEM photograph shows that we have avoided
clumping of the salt crystals through beta-particle irradiation of
the aerosol. ( It is questioﬁab]e if the particles are rounded on
only one side as shown; the shape has been influenced by the collection
and/or sample preparation process. The volume is correct.) We sce ¥
that the spherical particle model is qualitativelv correct, but it

does not fit the data as well as it did in the calibration runs.
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Conclusions

We have constructed a digital polar nephalometer which takes
accurate detailed scattering patterns from irregular dielectric
particles of known and irregular shape in tumbled monodispersions.
The accuracy of the apparatus at this point is indicated by the
calibration runs in Figure 3. We have taken subsequent scattering
patterns from two different types of irregular particles about
which we have index of refraction information and some shape
information. The data is not well fit by any sort of eaquivalent
sphere model; therefore tumbled irregular particles do not scatter
like eqivalent spheres.

Further work is warranted. The data is of sufficiently high
quality to lend itself to fitting with theories for irreqular

particles[8]-[12].
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Abstract of Thesis Presented to the Graduate Council
of the University of Florida
in Partial Fulfillment of the Requirements
for the Degrece of Master of Engineering

SCATTERING OF LIGHT FROM NONSPHERICAL

DIELECTRIC PARTICLES:
SPHEROIDAL CLADOSPORIUMS (2um)

CUBICAL NaCl CRYSTALS (4um)
By
Ismail Kirmaci
March 1978

Chairman: Markus Zahn
Major Department: Electrical Engineering

A digital polar nephalometer has been constructed to
measure the intensity and polarization of light scattered
from aerosol particles of controlled shape. The scattering
at 94 angles (0° to 180° in 1.8° intervals) is digitized by
a fast sample-and-hold circuit and recorded on punched
paper tape. The light source is a dye laser pumped by a
120 kilowatts nitrogen laser, providing approkimatcly 10
kilowatt 2 nanosecond pulses at a chosen wavelength across
the visible spectrum. The device was calibrated with poly-
styrene latex spheres. Sample data for spheroidal particles
(2um cladosporiums), and cubical particles (4um NaCl par-
ticles) formed by a Berglund-Liu aerosol generator, are shown.
It is found that the backscatter from nonspherical particles
differs significantly from that for spheres so that a tumbled

irregular particle is not equivalent to a sphere.

,"' // : ,\
;1..‘;1(."& flLian SSA& (& e
Chairma\n




Ty

T

Y

-

¥y

.

B s e Tl Ll b tuass et at e —

CHAPTER I |

INTRODUCTION

The experiment described in this thesis was performed {
to provide data to test and compare existing theories of
light scattering from irreqular dielectric particles.

Several theoriesgiving both exact and approximate solutions
have been put forth independently in this area in recent
years.

Ward [1] has an approximate solution for convex par-
ticles using the Rayleigh hypothesis. VYah and Barber [2]
have a ngarly exact solution using Waterman's extended boun-
dary value‘approach [3]1, properly treating the region outside
the surface but using an approximate extension between the
irregular surface and the inscribed sphere. FEiden [4] gave
an exact solution which treats irregular particles as spheres
with a wave number k which is‘an arbitrary function of posi-
tion, which he applied to objects with one rotational axis
of symmetry. Herschel Wiel extended his integral-differen-
tial representation of induced surface currents and their re-
radiated field from conducting objects to dielectric objects,
namely thin disks [5]. Ward gave a solution using a general-
ized boundary value approach [6], but without numerical re-

sults. Acquista [7] has developed Shifrin's integrodifferen-
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tial equation [8] into a potentially useful approach.
These theories need to be further expanded, applied, and
compared to determine the range of validity of each. Our
role is to provide further data of high accuracy and high
resolution against which these theories may be checked by
other workers. We have calibrated our apparatus with
spheres, for which the theory is unquestioned, and have
gone on to take data for some very simple shapes. Close
attention has been given to measurements near backscatter
in the range 160-178° where little published data exists
(Pinnick et al. [9] have data to 170°), and where the
scattering is strongly affected by shape.

The experimental work is done to obtain a relation
between the shape, size and refractive index of the scat-
terer and the angular distribution of the scattered light.
Accuracy is of great importance to elucidate the effects
of the variables involved. The instrumentation must be
carefully calibrated. A polar nephalometer is used to
measure the angular distribution of scattered light in two
polarizations. It consists of a light source to illuminate
the particles, a means of collecting information by scanning
the scattered light, detectors and a data recording system.

Many varieties of polar nephalometers have been con-
structed and used and are being used for aerosol measurements.
Ours is unique in its angular range, digital data acquisition
system, and tuneable laser source. The information obtained

is in form of intensity and polarization of the scattered
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light which later is used to find the properties of the
scatterer. Accuracy and economy were the principal con-
siderations in designing the experimental apparatus.

The history of polar nephalometers goes back to Elter-
man's work (1952) with searchlights which could be termed
an early "polar nephalometer.” 1In 1960 B. S. Pritchard
and W. G. Elliott [10] used tungsten filament lamp with a
calcite polarizer as a source with a synchronous motor to
take the scan. Angular resolution was said to be 2° to 7°
chosen according to sensitivity measurements. Angle range
was not given. One photomultivlier was used for detection.
Information was recorded on a chart recorder. Calibration
was done with a then new procedure which employed a diffusing
plastic screen of known reflectance and admittance as a
standard. In this case the sample volume was outside in
the atmosphere.

The formulation-and modeling of light scattering pro-

perties obtained from experiméntal data was tried by Kurt
Bullrich [11] in 1964. He was interested in the scattering
function and polarization of the light scattered by a volume
of air. His light sources were a 500 watt high-pressure
mercury lamp for short waves and a 1000 watt high-pressure
xenon lamp for visible and near infrared regions. He used
a "Waldram iris" to keep the sample volume constant and

eliminate the background illumination. He also used a photo-

multiplier for detection.

P ——
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Reiner Eiden [12] studied the polarization (1966) to
determine the imaginary part of the refractive index and
aerosol size distribution. He used a polarized xenon pres-— ;
sure lamp with uniform spectral emittance as a source to
scan an angle range from 50° to 160° in 10°intervals. A : i
photomultiplier tube was used for detection. He measured
the aerosol size distribution for the particle radii from :
.1 to 3 um, and pointed out that 70% relative humidity

was a dividing line for aerosol growth because of the con-

densation of water vapor upon the surface of the aerosol )

particles. Using three different wavelengths (.443, .548,
.639 micrometers) he stated that the accuracy of the mag-
nitude of the refractive index was 1%. His results were
affected by the turbulence of dust in the air since he worked
in the actual atmospheric conditions.

The first careful laboratory experiments on irreéular
particles were carried out by A. C. Holland and Gagne [13].
They used a tungsten halogen lamp and a recording polar
nephalometer consisting of two identical telescopes, one
fixed at 11°, the other scanning a range from 18° to 166°.
The particles were carried by a jet of dry nitrogen gas.
The calibration procedure was based on using a standard
sheet of known reflectivity. Photomultipliers were used
» for detection. The particles used were 5um silica with a

refractive index of 1.55. Measurements were made at two

I wavelengths. They concluded that the light scattering for

- a polydispersion of randomly oriented irregular particles




was very similar to that for spherical particles except
|
{
near back-scattering where the differences were striking. !
|

Studies collecting more information on complex index

of refraction of atmospheric aerosols have been made by
G. Grams [14] from 1973 to date. His polar nephalometer |
moves the chopped He-Ne laser light source. The angular
range is 15°-165°. Angular resolution is limited to .5°,
by photomultiplier field of view. In these airborne
studies, particles are also collected with am impaction
device for microscopic analysis. Mie theory is used to
fit curves for various complex indices of refraction and
size distribution functions.

H. H. Blau et al. [15] constructed a polar nephalo-
meter in 1670 to study spherical Miec scattering. A He-Ne

laser was used to scan an angultar range of 10°-170°. A

photomultiplier was used for detection. The scatterers

were suspended in an electric field; size ranged from 7.5um

|
i
|
w to 11lym in diameter and indices of refraction from 1.55 to
} 1.63. Calibration procedures were not mentioned in this
i paper. Blau et al. [16] constructed another nephalonmeter
| to determine water droplet concentrations and size distribu-
'  tions. In this case a Ga-As diode laser with .6W Cw output
[ at 8500A° was used, the scattering was measured at 30°, 45°
w and 60°. Calibration was made by a known size droplet from
! a hypodermic injection necdle. A photomultiplier tube was
:

used; the pulse height was taken as proportional to projected

| area, and pulse rate as proportional to particle density.

In both cases the angular resolution was less than 1°,




A very fast instrument for measurement of light scat-
tering was made by Gucker et al. [17]. The system used a
He-Ne gas laser with 50MW output power at 6328&. Scanning
was made from 7° to 173° and 187° to 353° in 14.5 msec.
Photomultipliers were used for detection. The instrument
was calibrated with polystyrene latex particles. More
complex instruments have also been made, for example that
of Arlon J. Hunt and Donald R. Huffman [18]. They used a
piezo-birefringence modulator to modulate the polarization
state of the incident light beam, which was a collimated
high pressure Hg lamp. Detection was done by a photomul-
tiplier tube covering an angle range of 0° to 168°. Their
results for latex spheres agreed with Mie theory. They
concluded that the fluctuations were due to the additional
particles in the latex sols that were not specified by the
manufacturer.

Many different forms of aerosol sizing and counting
instruments are commercially available. The problems with
these instruments are calibration and maintenance. With the
utmost care still the accuracy of 10% in sizing becomes an
optimistic estimate. While this continues to be a practical
problem that has not been solved yet, there is a reasonable
agreement between the integrated scattering coefficient for
irregular particles and equivalent spheres fitting the same
size distribution. So-called integrating nephalometers
measure all the light scattered ray between 60° and 120°.

Irregularity of the scattering particle has little effect on




the total scattering into this angular range. A comparison
of this is given in a recent paper by R. G. Pinnick, D. E.
Carroll and D. J. Hofmann [19]. The objectives of this
experiment are similar, but the experimental techniques are
different. Pinnick et al. used an argon ion laser of 2W
output power at 514.5nm. All measurements were made at
this wavelength. The scattering was collected throughout
an angle range of 10° to 170°. Several nonoadispersions of
polystyrene latex, salt, and sodium chloride were sampled.
They concluded that the scattering might be modeled with
some success using Mie theory for spherical solid particles
of equal cross-sectional area, providing the particle size
parameter is less than about 5. For larger particles, they
found that Mie theory overestimated the scattering in non-
forward angles.

This particular research aims to help find a better
model for light scattering from irvegular shapes by exper-
imenting with @ variety of shapes and sizes of aerosols and
wavelengths of incident light. At this point of proqress we
were only able to experiment with three shapes of one size

each using one wavelenaoth of incident light.
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I = <E E* E

RS Tre S

*
BT oy T By
* * *
U = <2Re(E}/El)> = <E}/El + EJ_F//>
* F * *

vV = -2Im(I?/El)> = <1(E}/El+ElE}/)>

// - parallel component
| - perpendicular component

* - complex conjugate

%V and El, U and V characterize elliptical polarization,
k is the wavenumber of incident light. The scattering
matrix (Sij) is a 4x4 matrix which can be reduced to less j
than 16 elements depending on symmetry considerations in i
various scattering situations. These elements can then be !
related directly to the intensity functions obtained from
Mie theory. The intensity functions are given in terms of
the particle complex refractive index m, size parameter x,
which is the ratio of particle circumference to the wave-

length and the angle from forward scattering direction, 0.

For :cattoring in a medium that is isotropic and free

of optical activity the scattering matrix is found to be

o § W T

812

854 = 1 o 6 By By
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For single homogeneous spherical particles,

$11 = I,(m,x,0)

S, = Il(m,x,O)

812 =0

S33 = Sg4 = L(m,x,0)

S34 = D(m,x,0) : |

The intensity functions:
Il characterizes the perpendicular, 12 characterizes

the parallel polarizations where L and D are for elliptical

|
|
]
|
|
|
|

polarization.

This theory for the characterization of polarization
is not shape dependent. The values of the elements depend
on shape. Mecasurements of the average intensity of light
scattered from uniform polystyrene latex particles were made
for comparison with Mie scattering theory (see Appendix II).
This is used for calibration.

The scattering of electromagnetic waves by an ellipsoid
of arbitrary size and optical properties may be solved exactly,
using the method of separation of variables. The procedure
would be to formulate the problem in ellipsoidal coordinates
and express the solution of the wave equation in a series of
ellipsoidal harmonics. However, Stevenson used a dif-
ferent approach by showing that the general solution of
electromagnetic scattering problems can be expressed as a

power series in the ratio of the dimension of the scatterer




11

to the wavelength (see Appendix III). We used this theory
to analyze scattering by cladosporium spores.
While the exact solutions give a means of standard
to check the experimental work, solutions for irregular
particles are not yet well known. 3 ;
Further studies have been made on the subject which

will not be explained in detail since it is beyond the

scope of this thesis.
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CHAPTER III

EXPERIMENTAL APPARATUS

A polar nephalometer is constructed to digitize and
record light scattering measurements (Fig. 1). It consists
of a scattering chamber, nitrogen pumped dye laser, digital
data recording system and aerosol generator. The tumbled
monadispersions generated by the vibrating orifice aerosol
generator are illuminated by the laser beam in the scattering
chamber. The scattered light is collected by the photomul-
tipliers at several angles. The detected signals are sam-—

pled and recorded through a digital data acquisition system.

Scattering Chamber (Fig. 2)

The scattering chamber is a light tight box of dimensions
( 34x48x78 cm) made of .5 cm thick aluminum. It is lined
with black velvet to prevent any reflections. The aerosols
flow into the box through a 7 cm diameter hole and are re-
moved through two outlets which have negative pressure to
the chamber located 10 cm above and 10 cm beneath the in-
let hole. The aerosols are illuminated by the incoming 0.5
cm dia. f/12 laser beam about 8 cm from the injection port.
A 1.5 cm portion of the 7 cm x 0.5 cm roughly cylindrical

illuminated volume is viewed by the detector optics and is

i
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called the interaction region. 'The laser beam enters the
box through a rectangular slit of .5x2.2 cm focussed (f/12)
into the interaction region and then it is sent into a light
trap (Fig. 3). The light scattered by the particles is
collected by a semicircular mirror arrangement (Fig. 4)
which redirects the scattered light to an axial mirror
mounted on the shaft of a stepping motor. Light passes out
though the hollow shaft, and is analyzed in a stationary
Glan air prism. The light passing through the prism is
decomposed into parallel and perpendicular components,
which the intensities are separaiely detected by photomul-
tipliers. The secondary mirror has an angular resolution
of about 1.3°9,

The volume of the intevaction region is individually
calculated for each laser beam. A spherical lens with 12
in. focal length is used to focus the nitrogen lasers' UV
output at the interaction vegion. Different lens arrange-
ments are used for the dye lasers either to focus the beam
or to prevent divergence because of the dimensions of the

light trap. A light stopper is used to prevent the direct

scattering of light from the entrance slit at the backscatter.

The mirrors used are front surface mirrors, silver coated
by vacuum deposition on glass slides of 1 mm. thick. The
stepping motor is the Sigma Instruments, Inc. 29A-21 Bi-
polar R/1 Drive motor which has a torque of 115 oz-in. at
2.4 amps. Two microswitches are provided at the 0% and 180°

of the motor revolution to stop the operation in case of

overshoot.
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Digital Data Recording System (Fig. 5)

The data recording system is a very fast digitized
electronics which is capable of synchronizing the laser
pulse, the stepping motor and the paper tape punch.

Laser triggering starts with a manual push button while
the mirror connected to the shaft of the stepping motor

is at the forward scattering angle, approximately 2° from
the optical axis of the laser beam. The scattering light
is collected by the photomultipliers and is multiplied to
a voltage level detectable by a sensitive instrument.

This voltage is fed to a sample-and-hold circuit with a
delay time of 10ns. The threshold level for this circuit
is 2.5 mV. The samples voltages are digitized by means

of a 12-bit analog to digital converter in 40us, and re-
corded on a punched paper tape with a BCD coded sequence
count. The 12-bit coding is shown in Fig. 6. After the
information is punched on the paper tape a command signal
triggers the laser, advances the motor and proceeds to
sample~and-hold. The main time-limiting factor of the
process is the mechanical paper tape punch. It takes about
.24 seconds for the paper tape to punch an information set
consisting of the sequence count, and voltages for two
channels. The whole scan of 94 steps is completed in 23
seconds. The information on the papver tape is decoded and

analyzed by using a computer program given in Appendix IV.
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The A/D converter and the sample and hold amplifier
used are ADC-12QZ2 and SHA1-2A of Analog Devices, Inc.
respectively.

Operation (Fig. 7)

The start box is a push button control with forward
and reverse switches. Closing the switch in the forward
mode causes the control unit to send a signal to the relay
to release the short circuit on the photomultiplier inputs
and puts the S/H in the sample mode. At the same time a
short pulse of 1.7 us triggers the laser. The information
on the photomultipliers A and B are integrated, partially
using the capacitance of the lines. After a very short
sampling the mode on the S/H is set to hold by the control
unit. The FET control then chooses the input with the
fastest hold rate to be digitized. The hold in one input
is 10 times longer than the other by manufacturers specifi-
cations. Upon the convert command from the control unit
this signal is converted by the A/D converter.

The information from the A/D converter is stored in
either A or B latches. After it is stored the control unit
sets the FET control to the other signal, which is then
converted and stored in the other latch the same way. By
this time the five-state counter is cleared and the first
motor position is put through gate 1 to the output gate
and is punched on paper tape upon a signal by the control
unit. During the punching there is a busy signal that keeps

the counter blocked. With the completion of the first punch

e T e e e

{4
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i
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the busy signal is released and punch again command is

e = A 7,

given which through gate 2 punches the first 6 lines of

the information stored in the A latch. This is repeated

4 times until all four 6 lines stored in A and B latches

are recorded. As soon as the last bit of information is
recorded and the restart is activated, the control unit
sends a signal to the motor to proceed one step. The

operation up until punching takes 10.4 ms but including

the limiting punch time, one set of data is taken in 240ms.

The operation, then, is repeated 94 times which is part

of the logic circuitry in the control unit. After the 94th
step the logic stops the operation.

The reverse mode on the start box is to take the motor

back to its original position. During this, none of the

R S

other circuitry is activated.

Nitrogen Laser

The construction of the nitrogen laser which is used

e T S T TR

to pump the dye is from apaper by P. Schenck and H. Metcalf

[20]. The design incorporates a bandsaw blade as multiple
electrode structure to ensure an even transverse discharge %
in flowing nitrogen and produces superradiant emission at \
337.1 nm. The laser channel consists of two plates of glass
supported on an aluminum base (Fig. 7a), which serves both

for support and electrical ground. The high voltage edge |

' of the laser channel consists of a copper bus bar, bandsaw

L blade electrode, and copper spacer. The electrode geometry
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has been altered to keep the discharge off the glass walls.

e

Twenty 590 pF capacitors are mounted in parallel, along the Q

laser channel (Fig. 7b). The laser channels is continuously
pumped and the nitrogen gas input is leaked in at a constant
rate. The storage capacitor is charged to 10-15 kV through |
a resistor. A Thyratron is used for switching. When the
switch closes, the positive side of the storage capacitor \
is grounded and the other side is kept at a high negative

voltage. 1Its charge, therefore, flows on the bus bar to |

the dumping capacitors, which provide the energy for the
discharge in the nitrogen. This results in direct electron

impact excitation of the triplet stages of molecular nitro-

gen's second positive band and superradiant lasing at 337.1 nm.
An Amperex 5C22 Thyratron is used for switching. The best
measured power outlet of the N2 laser of 40 mm Hg. and 12 kV

| is 120 kW (Fig. 8a,b). The pulse width is 2 ns FWHM.

Aerosol Generator

The generation of monodisperse aerosols is achieved by

o

a Berglund-Liu vibrating orifice aerosol generator [21]
machined by University of Florida Enginéering Machine Shop.
The generator is based on the instability and break-up of

a cylindrical liquid jet. A cylindrical liquid jet that is
unstable for controlled mechanical disturbances produces

: equalized droplets, which are dispersed and diluted to form

monodisperse aerosols. The minimum liquid velocity to form

a liquid jet from a capillary tube is given by,
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where o is the surface tension, p is the density of the |
liguid and Dj is the diameter of liquid cylinder jet.

A practical formula for producing uniform droplets is,
J.SDj< RS 7Dj where ) is the wavelength of the disturb-
ance. The disturbance in the system is created by a
piezo electric ceramic connected to a signal generator. t
A syringe pump delivers the liquid at a constant rate.
This liquid jet then breaks up into uniform droplets at

the frequency of the ac voltage. The uniform droplets

then disperse by means of a turbulent air jet for the

particles. A schematic diagram of the entire flow system
and the dispersion system is given in Fig. 9 and Fig. 10
respectively. The diameter of the droplet can be calcu-

lated by,

Cha

nf

where Q is the liquid flow rate and f is the frequency of

the disturbance.

The diameter of an aerosol made by dissolving a non-

volatile solute in a volatile solvent is given by,

1/3
p_=cl/3p, = [GQC]
RS

. where C is the volumetric concentration of the solute in

this solvent. Correcting this value for impurities gives




B, = fa+d
pcorr &

where I is the volumetric fraction of the impuritieshin

the solution.
The output aerosol concentration is equal to the

ratio of the ac voltage frequency to the total air flow.
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Fig. 3 Light trap: Brewster angle 57°, index of
refraction: 1.55 3mm black glass (Actual

dimensions) .

Fig. 4 Primary mirror mount 0

= 12.095°.
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Il

Fig. 7a Cross sectional diagram of laser channel.

1l: Base;
Band saw blade;

4:

Plate glass;
6: Aluminum bar to centralize discharge.

Storage capacitor

2: Dumping capacitor; 3: Bus bar;
Sz

+ 4 .012nf
High voltage T R e e e s 7
supply e—uw—-
250K
: P T T T TN “Laser
?:;gzer AN\ 5022 #lK : 500pf | Ichannel
Thyratron t | Dumping | !
'__fapacitorg
- . <+
Fig. 7b Diagram of discharge electronics in nitrogen

laser.
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Fig. 8a Nitrogen laser output through pvhoto diode
oscilloscope at 40 ns/div and 40 nv/div.
FWHM = 6 ns.

z’ Fig. 8b Dye laser output using Rhodamine B at 627 nm.
> 20 ns/div and 40 nv/div.
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.8 Filter
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Fig. 9 Schematic diagram of Aerosol generator.
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i

5'\(’
-+ To frequency generator
Dispersion air s
Cleaning outlet

Solving

Fig. 10 Schematic diagram of the dispersion system.
1: Transducer (piezoelectric); 2: 25 mPlatinum
orifice; 3: Teflon O ring; 4: Housing 1 grounded;
5: Housing 2 live; 6: Slip cover.




CHAPTER IV

EXPERIMENTAL RESULTS AND CONCLUSION

The data that will be presented in this chapter
con'sists of experimental and theoretical results obtained
from spherical polystyrene latex particles, elliptical
cladosporium spores and cubical sodium chloride crystals.
The experimental apparatus is calibrated by the comparison
of theoretical Mie calculations for spheres and experimental
scattering measurements from 1.091lum polystyrene latex
particles of Dow Chemicals run LS 1028 E (standard devia-
tion .0082). A discussion of this is in Appendices VI and
VIII and the statistical program developed is qi?en in
Appendix IV. Evaluation of experimental results and com-
parisons with the theories are fully automated by a series
of computer programs. The computer program used for theo-
retical Mie calculations is given in Appendix Ve

Several corrections are made on the experimental data
because of scattering geometry and sﬁatistical error calculaj

tions. 1In the comparison of theory and experiment, a set of

29
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two different, log intensity versus scattering angle, graphs
are presented for incident light plane polarized parallel and
perpendicular to the plane of scattering.

Due to the fact that the scattered light is collected
through 180° by the rotation of a mirror and then analysed
by a stationary prism, the intensity of the light received at
each photomultiplier tube is a combination of the parallel and
perpendicular components of the polarized light, regardless
of how the incident beam is polarized. This phenomena can be
explained by a simple rotation matrix, which can be expressed

as:
" cos0 sin0

M(0) =
-sin0 cos(C

The analyser prism divides the scattered light into its
parallel and perpendicular polarizations; therefore when the

light incident to the prism is rotated by 0 we get:

- S 2
I1 = (I//cosO + Il sin0)

12 = (IlcosO - I// sinO)2

I and I, are the intensities observed by the first and second
photomultipliers respectively; 1,/ and {l are the parallel and
perpendicular polarizations of scattered light. The terms on
the right hand side of the equations are amplitude squares that

t are directly proportional to the intensities. So, to recover

Bad
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the parallel and perpendicular components of scattered light

x we have to take square roots of the observed intensities and

solve for 1,/ and Il. By doing so we get:

Il = /Il sin0O + 12 cos0 |

o 8 - ST eiwmE
I// /Il cos0 »12 sin0

Because of the involvement and complexity of the computer
program that processes the raw data, instead of rotating the
obtained results we applied the inverse rotation matrix to the

theoretical curves for comparison. Appendix V shows the comput-

er program developed to perform this rotation on theoretical

Mie calculations.

The results are then analyzed as Iy and 1., first and
second charnels respectively. Several compuater plotted grarhs
of experimental results and theoretical curves are given for

each run of parallel and perpendicular polarized incident bean.

(an analyser prism is used in the entrance slit to achieve

linear polarization of incident light)

The light source used throuchout this experiment is N,
laser pumped Rhodamine B (Eastman # 4453) which lases in the
range of 685nm to 616 nmdue to its tuning and superradiant
character. An oscilloscope picture of this output versus
wavelenght, using a monochrometer and a slow sweep of the
scope by modulated z axis on time base, is given in Fig. 11.

It was impossible to detect the wavelength of the laser light
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each time the experiment was run. The variables involved in

.

the tuning of the dye laser and the operation of N, laser caus-

ed the wavclengths to be slightly different at each set of runs. |
Therefore, we took the best theoretical fit to the experimental |
data as the theory to be compared with. A scanning electron
microscope picture of the scatterers in each case are also

included in the data set to be presented. ; |

N ——

Fig. 11 A picture of the dye laser output versus wavelength

taken through an oscilloscope. The tail ends at 641.0nm and
starts at 640.0nm. The first peak is due to the superradiance

of Rhodamine B.




Y
i
1

)
£
|
b4

33

Corrections For Experimental Data

Thexe are several factors in the experimental data
gathering that effected the results directly and indirectly.
It is impossible to separate and isolate these problems. The
major correction performed on the raw data takes into account

tiie fact that, the scattering is from a volume of several

particles. 1In addition to this, the particles are moving~
perpendicular to the light path. The velocity of the particles
are controlled to be kept at relatively insignificant levels
and the number of particles in the interaction region is

assumed to ke constant. There are also coagulated particles

T

and tumbling effects. Most of these problems are easily
eliminated by averaging a large number of runs for each data
point. The raw data had to be corrected for the volumetric
scattering from the particles in the interaction region.
This is treated as an angular gain problem. The effective

cross sectional area is found to be (Appendix VI)

cos@ RcosO + L/2
sin®@ R + (L/2)cos0

A, = 2¢¥L

€]

L - length of the interaction region
r - radius of the interaction region

R - distance of particles from primary mirror

This is divided by the maximum cross sectional area which is
2rl, and multiplied by a factor N (0) which is inversely pro-

portional to the square of the distance and the fourth power




of sin 0/2.[26] As a result we get an arbitrary weighing

function which can be expressed as:

G(0) = cosO Rcos0O + L/2
sin® R + (L/2)cos0O

+ (R%sinte/2)

The observed values can be expressed as a convolution of one
particle with G(p) in the real time. To recover the data for
one particle, an inverse filtration process is applied to the
data points since the intensities we need are already multipli-
ed by G(0) in the frequency domain. Fast fourier techniques
are used for this purpose. A study of this can be explained

as follows: Let a(0) be the intensities observed by the
photomultipliers. This is already a digital quantity. If

1(0) is the scattered intensity of one particle, we have

a(e) = i@} * g(0)

in the real time domain

Then in frequency domain:
A(0) = T(0) G(0)
Since
17 1(0) g(t-0)ao = S 1(0) G(0)e  tao

=a0

to recover i (0):

I(0) = A(0)/G(0)

S
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i(0) = rr(0)e 10t

4o
which is the inverse Fourier transform of 1(0).

Then,

i(o) = 5 RLO) ~i(0)ty,
G (0

-~

This is found to be the best correction (by statistical
analysis) in order to fit the calibration data to theory and
is used for all the outputs.

Other corrections that had to be taken into account are
the threshold of the analog to digital converter, and photo-
multiplier noise. The threshold for channel 1 and 2 of the
2lectronic data acquisition systen is measured to be 73mV
and 68mV respectively. An average of 0.1 volt deviation was
also found; and the relative calibration of the electronic

system is entcred as a correction to the raw data.

The photomultiplier tubes used in this experiment are
RCA type 7265. Photomultiplier noise is measured to be in
the range of 120mV to 240mV into 10 Megaohms, which yields
a current range of .017pA to .024pA which is well below the
specified dark current., Comparing these values with the

scattering expectations (Appendix VIT) we made sure that the

lowest detectable intensity is greater than the background

intensities.




™ » ——

B A B b i o v - e

36

The calibration for the relative gain of the photomulti-
pliers are done by dark current measurements and by using
several optical fibers. Actually this is not needed in our
calculations since we give the results in form of channel 1
and channel 2 which are the photomultipliers outputs. The
operational voltages of the photomultipliers chosen are based
on this criteria and the linearity of their gain in the |
desired region.

Fluctuations in the laser output power are not included
in these calculations since the negligible variations were
corrected by a large sum averaging at each data point. A
statistical analysis of the averaging and error calculations

are given in the proceeding secctions.

Experimental Data And Graphs

The experimental data is given by computer plotted graphs.

The variables used are; the sive parameter x, which is

X = 2nr/A

where r=Radius of the scatterer,
l=wavelength of the incident light,
and refractive index R, of the scatterer. The theoretical
graphs are chosen to be the best fit to the experimental data.
The explanations of the figures are as follows:
Fig. 12 a,b-The scanning electron microscope pictures of the

calibration particle, polystyrene latex, of Dow Chemicals run
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LS 1028 E. Particle diameter given by the manufacturer is
1.091 ym and the standard deviation is 0.0082. The mean
particle diameter we determined from the electron microscope
pictures is 1.04 pm.

Fig. 13 - Theoretical Mie calculations for Channel 1,
relative log intensity versus scattering angle with a size

varameter of 5.01 and refractive index, 1.592.

SN

Figures 14 to 17 are with scattering volume of 5cm length
and .3cm radius. Concentration of the particles yield a
number of 15 for number of particles in the interaction

region. Corrections are done accordingly.

i

Fig. 14 - Channel 1 experimental results for polystyrene
latex of 1.04 ym diameter. The incident light plane is
polarized perpendicular to the planc of scattering.

Fig. 15 - Same as Fig. 14 before subtracting the background.
Fig. 16 - Channel 1 experimental results for polystyrene
latex of 1.04 pym diameter. Incident light plane is polar-
ized parallel to the plane of scattering.

Fig. 17 - Same as Fig. 16 before subtracting the background.
Figures 18 to 21 are with scattering volume of 2cm length
and .5cm radius. Concentration of the particles are in-
creased to have approximately 35 particles in the inter-
action region.

Fig. 18 - Channcl 1 experimental results for latex particles.
Perpendicular polarized incident light.

Fig. 19 - Same as PPig. 7 with the background.

Fig. 20 - Channel 1 latex data. Incident light polarized
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parallel.

Fig. 21 -~ Same as Fig. 20 with the background.

Fig. 22 - Theoretical Mie calculations for channel 2,
relative log intensity versus scattering angle, with a size
parameter of 5.01 and refractive index 1.592 for latex
particles.

Conditions for figures 23 to 26 are the same as those of ,
figures 14 to 17.

Fig. 23 - Channel 2 experimental results for latex of
1.04 ym diameter. The incident light plane is polarized | !
perpendicular to the plane of scattering.

Fig. 24 - Same as Fig. 23 before the subtraction of back-

ground.

Fig. 25 - Channel 2 experimental results for latex. Inci-

dent light plane is polarized parallel to the plane of
scatterine.

Fig. 26 - Same as Fig. 25 without subtracting the back-
ground.

Conditions for figures 27 to 30 are the same as those for
figures 18 to 21.

Fig. 27 - Channel 2 data for latex. Incident light is
polarized perpendicular.

Fig. 28 - Same as Fig 27 including the background.

Fig. 29 - Channel 2 latex data with incident light parallel
polarized.

Fig. 30 - Same as Fig. 29 before subtracting the background.

An example of how these data are tabulated is given in
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Appendix VIII.

Fig. 31 a,b - The scanning electron microscope pictures of
prolate spheroidal, cladosporium spores. Mean particle
dimensions are determined from electron microscope pictures,
to be 3 ym x 1.5 ym x 1.5 ym. That is for the ellipsoid
a=1.5um, b= .75 ym, ¢ = .75 um.

The experimental results for cladosporium are best
compared with Mie theory using a size parameter of 12.1
and a real refractive index of 1.12.

Fig. 32 - Theoretical Mie result for Channel 1, relative
log intensity versus scattering angle, using an equivalent
spherical particle diameter of 2.47 pm. The wavelength of
the incident light is 640 nm.

Fig. 33 ~ Channel 1 experimental results, for cladosporium.
Incident light plane is polarized parallel to the plane of
scattering.

Fig. 34 - Same as Fig. 33 with the backgrounds.

Fig. 35 - Channel 1 experimental results for cladosporium.
Incident light plane is polarized perpendicular to the
plane of scattering.

Fig. 36 - Same as Fig. 35, including background values.
Fig. 37 - Theoretical Mie calculations for Channel 2.

Fig. 38 - Channel 2 cladosporium data. Incident light
plane polarized parallel to the plane of scattering.

Fig. 39 - Same as Fig. 38 plus background.

Fig. 40 - Channel 2 cladosporium data. Incident light

plane is polarized perpendicular to the plane of scattering.




Fig. 49 - Same as Fig. 48 with backgrounds.

Fig. 50 - Theoretical Mie results for Channel 2.

Fig. 51 - Channel 2 experimental data for NaCl. Incident
i light parallel polarized.

i Fig. 52 - Same as Fig. 51 with backgrounds.

Fig. 53 - Channel 2 expecimental results for NaCl. Inci-

dent light perpendicular polarized.

P g R S R e e D —

Fig. 54 - Same as Fig. 53 with backgrounds.

——

s )




Fig. 12a Spherical polystyrene latex particles collected
on millipore filter paper. Measured mean
diameter = 1.04 um. Real Refractive index = 1.592

| Fig. 12b Same as Fig. 12a with the magnification of 30000.
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Fig. 22 Theoretical Mie results for channel 2, x=5.01, R=1.592.
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Fig. 3la Electron microscope picture of cladosporium spores. ‘
Magnification is 8200. The spores were not pre-
pared for electron microscopy; so they shrunk :
during the coating process. |

Fig. 31b Same as 3la with magnification
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Analysis of Data and Error Calculations

The major source of error in the measurements is the
photomultiplier tubes. The main problem we had was the
variations in the photomultiplier characteristics after a
long period of operation. In this case a short duration
of high intensity light causes the photomultiplier to over-
load, and its recovery might take several weeks. The Chan-
nel 2 photomultiplier developed a permanent noise problem
in the midst of our experiment. The results can be seen in

Figures 38 through 41 and 43.

For instance in Fig. 3, the data points at 21.§),
37.7°% 86.3°% 95.3° 138.6° and 172,8° are out of range.
Although the scattering pattern seems to be somewhat simi-
lar to the theory (Fig. 37), the intensities at 27.00,
36.00, 43,20, 48.60, 77.6° and those closer to the back-
scattering range are hard to explain without noise. Some
of these points could be discarded as scattering from
doublets or triplecs but there is quite a lot of them that
don't fall into the error bracket. These, we had to in-
clude in our data presentation because there was no reason-
able way to get rid of them.

Other than this, the items for error considerations
are as follows:

1. Probability of multiple scattering in interaction
region:

Assume particle density 3 x 106/ ft3

retrion
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The conical volume from particle scattering:

: z . : 2
particles main beam will hit = =nr n

r - radius of scattering volume

! - length of scattering volume

n - concentration of particles

(671

i |
3 x 105/ ££3 x 3.53 x 107% 55 x 3.16 x T x ¢ !

I

particles
167

1l

particles in cone from point collision to mirror:

//“

laser
l 5/’1; / mirror
<h~» /

= 2/3cm

= 1/36.6rad.

= ho

2

1 TE"h = LA h302
3 3

<
i

4

v o= 55.8 % 16 %o

particles 55.8 x 10°% x 10.59 = 591.48 x 107% particles

Due to the irregularities, taking h = 1 cm

v=28.3x 1074 o’

4

particles 8.3 x 10~ x 10.59 = 8.7 x 1073 particles

Probability of Multiple scattering =

- 8.7 x 10°3/16.7 = . 5 x 107>
There is .05% probability of double or multiple
scattering.

Probability of scattering from coagulated particles:
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Approximately 10% coagulation of latex and 20% of
cladosporium and NaCl was detected from electron micro-
scope pictures. This is not taken into account in the
calculations. Actually a 10% coagulation might cause
one or two orders of magnitude increase in the intensi-
ties at a specific scattering angle. But this problem
is avoided by putting an error bracket to the data
points. This means the intensities that might be caused
by coagulation of two or more particles are rejected.
The values for rejection are determined by Mie calcula-
tion. The averaging is done for 5 runs at a time and
there are at least 50 of these averages. Assuming
there are at least 15 particles in the interaction
region at one time, one data point is the average over
3750 particles. By rejecting one point out of 5, we
make an error of 20%;

The overall probability of error for one data point is
then .2 x 100/50 = .4%

False count rate due to Gamma Source:

There might be a false count in the photomultiplier due
to the Kr.86 source used to neutralize the aerosol par-
ticles. This is given as 103 photons/cm2 sec at 1 me-
ter. The unshielded portion of photomultipliers are
approximately 1 cm2. Therefore false count rate is 103
photons/cm2 sec x 1 cm2 = 1/msec

Gate width of photomultipliers = 20 nsec
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9

20 x 10~ sec/10_3sec

.« False count rate =

20 x 107°% = 1/50000

1 false count in 50,000 shots
4. False count rate due to electronic command signals:

The digital data acquisition electronics have several
discrepancies in recording the data. A high error rate has
been detected especially in the first and the last data
points. This is due to the start and stop commands fed
into the system during operation. The error rate is exper-
imentally determined to be as high as 80% at the first and
last data points which are 9° and 176.4° respectively.
Within the rest of the 92 data points there is a 26% chance
of the occurence of a false count. This happens when the
paper tape punches an undetermined code which might be a
line less, a line more or a noniterated value as the count.
In this case that point is regarded as an "out of range",
which is indicated in the graphs by setting the scattering
angle off with respect to the rest of them. This data
point is then discarded. This, of course causes an error
in the overall averaged value because of less averaging.

5. Error encountered in subtraction of background:

In obtaining the final values the background at each
set of runs is subtracted from the averaged raw data. The
accuracy of this procedure is questionable since sometimes
the background values are higher than the experimental re-
sults. Background values are checked against Raleigh

gscattering, but even in the cases where there is poor
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agreement, the final values remain unchanged. This is
possibly due to the dust particles floating around in the
scattering chamber or those that rise from the velvet
lining on the walls because of the turbulance. Neverthe-

less we presented the data before and after the subtraction

of background, to avoid this confusion.

6. Accuracy of the values: {
Accuracy of the detected values depend on the sensi-

tivity of the experimental apparatus and the variables of

the experiment. Sensitivity of the apparatus depends on )

the angular resolution, noise level and threshold of the &

electronic system. Values below .2 volts cannot be detect-

ed due to the A/D threshold and photomultiplier noise.
Angular resolution is limited to 10 by an eyepiece slit at
the ireceiving end of the analyser prism.

The volumetric scattering element explained in
Appendix VI causes the experimental values to be an average
of the intensities from an interval of scattering angles.
As a result of this any two preceeding data points are not
independent.

Using the mechanics of the system the error involved
at each data point because of the geometry can be calculat-
ed as the ratio of the volume element from one particle to
the mirror and the volume covercd by the interaction region
and the mirror. The latter is a function of the scattering

angle; but we will approximate it by taking the mean value.

™.
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The angular dependence of the effective distance is
expressed as: (Appendix VI)

cos0 Rcos0 + L/2
sin0 R + L/2cos0

D =L
Then,

D = L2 cos0
2R sin0

To take the average we have to integrate this over an

f
]
|
interval of 27 ﬁ

2 ar 3 i
D,, = L. ¢ cosO 40 |
4yR % sino g

The result of this integral gives us an indeterminate

form; so we take 2(L2/4nR) 1/tan0 as the correction to

length L; therefore the tolerance on the effective length is

+ . Lz \._l_ﬁ
© 2wR  tan0

The correction gives us an average of 2.6, L = 5cm.
This gives us I = 5 + 2.6
The area considered is 2rl; and r = 1/3 cm

S A= % (52,6
which is

A= 3.33 t 1.74

The volume covered by the interaction region is the volume
created by the effective area and the mirror facing it.
The volume comes up to be:

Ny 36.6 (2t .86)
Volume of the cone covered by a particle and received by
the mirror is:

V,= 36.6 x .17

The ratic of these volumes is then:

VC/Vi = ,17/(2 % .86) = .10 *+ .05

B

-
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Therefore the accuracy of a data point due to the volume
effect is

+ (10 + 5)%
We will take the mean of this as 10%. There is an addition-
al 5% error due to the variation in the number of particles
in the scattering volume. Since these are additive, on
the average we have + 15% accuracy at each data point. As
we mentioned earlier this is also a function of the scatter-
ing angle, and this can be taken as an additional + 5%,
which diminishes at 900. This means there is a 10% errox
in the forwardmost scattering angles and a + 20% error in

the backward most angles.

Conclusion

The formulation and modelling of light scattering
properties of nonspherical particles is of particular in-
terest in work with the atmosphere. Accurate experimental
data is of importance to be able to successfully accom-
plish this task.

The polar nephelometer designed for this particular
experiment is capable of' digitizing the intensity of
scattered light at 94 angles with 1.89 intervals. This
covers an angle range of 167.4° whose limits can be
chosen to start anywhere from 0° to 12.6° from the forward

O

scattering direction. We chose the limits to be 9.0 to

176.40 because of the minor difraction of light from the
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entrance slit and the reflection from the light trap.

These could not be avoided since the divergence of the
incident light beam was considerably high and to decrease
this would have caused a noise level above detectable sig-
nal because of the angular recolution. Considering the
fact that the last data point is not reliable because of
the electronic command signals, we achieved taking accurate
data up to 174.60. To the best of our knowledge this is
the furthest scattering angle range achieved yet. In addi-
tion to this the large number of data points taken in this
range allows better comparison with theory on an angle to
angle basis.

The vibrating orifice aerosol generator used in this
experiment generates monodisperse aerosols of various
shapes from approximately 0.5 ym to 50 ym in diameter, with
an average geometrical standard deviation of 1.014. The
wavelength of the light source can be varied from approx-
imately 400 nm to 800 nm according to the type and the con-
centration of the dye to be pumped. This gives us a wide
range of particle size parameters to measure and compare
the scattering patterns with. Due to certain unavoidable
limitations, we only had the chance to use one wavelength
of incident light to examine three known shapes of one size
each.

The disadvantage of the experimental apparatus is, the
time that it takes to scan the entire angle range (23 sec).

During this time there is a certain change in the number of

s A S AN i v A
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particles and their orientations because of the turbulance
in the scattering region. This has been partially over-
come by averaging a large sum of runs at each data point.

The angular scattering patterns of polystyrene latex
particles were found to be in very good agreement with the
Mie theory for the size parameter of 5.01, although the ,
experimental results were a little smoother. (Figs. 13 to ;
17 and 22 to 26). The smoothness of the curves can either ' 1 8
be due to the bandwidth of the laser light (Fig. 11), or
the irregularities on the surface of the particles (Figs.
12 a,b). The effects of tumbling of a larger number of
particles was significant at forward scattering angles when
the incident light plane was polarized perpendicular to the

plane of scattering (Figs. 18 and 19). This was detected

at Channel 2 which is the perpendicular channel relative
to the body frame of reference. This convinced us to use
a lesser concentration of scatterers.

We found that angular scattering properties of prolate
spheroidal cladosporium spores and cubical sodium chloride
crystals are not very dependent on incident light polariza-
tion for the size parameters 12.1 and 10.2 that were examin-
ed. Since there are no exact theories for these particles,
we compared them with Mie theory for equivalent spheres.
The scattering pattern for the spheroid is much smoother
than the Mie results (Figs. 32 to 43), although the figures
are not very clear because of the noise that appeared in

the system prior to these sets of runs. By following the
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general pattern, we concluded that the backscatter pattern
for a spheroid is significantly different than that of an
equivalent sphere.

In the case of scattering from cubical sodium chloride
particles for a size parameter of 10.2, the scattering
properties were found to be smoother than those predicted
for an equivalent sphere by Mie theory. The patterns at
forward scattering angles are in good agreement, but the
nonforward angles are overestimated by Mie theory (Figs. 45
to 54). The difference in backscattering patterns with
respect to equivalent spheres are much greater for the pro-
late spheroid than the cubical particles. The smoothness
of the experimental results can be explained by the varia-
tions in the laser output and the concentration of scatter-
ers since the forward scattering patterns are in good agree-
ment with the theory.

In general, we conclude that the backscatter from non-
spherical particles differs significantly from that for
spheres, so that a tumbled irregular particle is not equiv-
alent to a sphere.

We refrain from further comment on the subject since
theory is not our task, but it is necessary to mention that
the results of this experiment are important for the
interpretation of measurements of atmospheric aerosols and
for successful modelling of scattering from tumbled non-

spherical particles.

WS WS
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APPENDIX I !

ELECTROMAGNETIC SCATTERING ;

The discussion of light scattering theory starts
with Maxwell's equations [22]), which form the basis for |

all electromagnetic phenomena. The set of four equations, i

aD :
V'P = P VXE‘—:Q“{"B-E \ I
|
aB
VeB = 0 VKE + = 0

are known as Maxwell's eguations, whereD = dielectric dis-
placement; B = magnetic induction; H = magnetic field in-
tensity; E = electric field intensity; J = current density;
p = charge density.

For macroscopic media the dynamical response of the
aggregates of atoms is described by the constitutive rela-
tions which connect D and J with E and H with B, e.q.,

D = ¢E, J = 0E, B=uH for an isotropic, permeable conducting
dielectric where € = dielectric constant; ¢ = conductivity;
p = permeability.

The nonhomogeneous equations for each component of the

damped wave motion then become [2C],

2
2 V- _"}E - .;)_.-12 =
‘ VTE o 3t €N g 0
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Vzg = ou %% = & é—% =0
at

However in nondissipative media the homogeneous

undamped wave equations are expressed as (o0=0),

The velocity of light in various media is given by
corresponding values of (cu)-l/z, since light itself is a
form of electromagnetic radiation.

For a harmonic monochromatic light wave in a homo-
geneous medium the vectors E and H are perpendicular to

each other and to the direction of propagation. The scalar

components are related by

es]

-E
::—.-X:Z = _—_E.___
H, o e-i0/w

]1/2

F
<l

where Zo is the intrinsic impedance of the medium for plane
waves; i is V/-1. The associated electrostatic and magnetic

energies are given by

U+ T-= l[ (clglz + ulg]z)dv
\
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For a periodic field such as the electromagnetic
wave there is a flux of energy crossing a unit area per

unit time which is given by Poynting's vector,

By taking the time average of this vector and
utilizing Ex/Hy, the intensity or the flow of energy

crossing a unit area along the direction of propagation is

e .
I

I = (22) |E

The function u satisfying equations; nonhomogeneous scalar

wave eaquation in dissipative media (o0>0):

2
Vzu - oy %% = e a;% =0
3

and homoageneous wave equation in dielectric media (c¢=0):

2
h = ey 28 =0
3t

is one of the components of E or H. Then,
= Ae1(u)t-kz)

Ex

Taking only the real part of the exponential we have !

Ex = Acos (wt-kz) !

where w = 2my.

The propagation constant k is given by the relation

k2 == uemz - ipow
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which can be written as

k = ay - 181

where f
i
RGN SMET
and %
1/2
o - o1+ 54 - 1)

For an undamped wave in a nonconducting medium (¢g=0) k is

real and

= wlus) 2l = piv = 2u/x

where v is the velocity and )\ is the wavelength in the
medium.
For the general case when k is complex, a complex

refractive index m can be defined by

Ex = Aexpll(mt—komz)]

where ko = ZH/AO and m = k/ko =m_ - im,.

When there is an absorption, the absorption coefficient

is defined by

. - ?
I = Ioexp[ a'z]

where the intensity of radiation decreases from Io to I

over the path length z,




a' =

The components of E where there is no attenuation

are,

1
il

t=
i

by taking only
The locus

equations,

which is the equation of an ellipse,

B/A = tana

where o is the

#y

IK—

1

where X is the
The state

§ or x and Y.

When the polarization cllipse reduces to a straight line

g =

~——-(A2+Bz) =

Jn (3 = 0,+1,+2)

929

km,
i

Aexp [i(t+5,)] Acos(1+61)

Bexp[i(r+62)] = ACOS(T+62) .

the real parts.

of E is found by eliminating 1 from these

g E L .
+ [T?] 2 —KEX cos§ = sin“§

semiside of the circumscribing rectangle,

= tanX
semiaxis of the ellipse.

of polarization is defined either by @ and

The intensity is given by,

-

&)

2
(A1+Bl

N

(o} ZO
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When the ellipse reduces to a circle, i.e., A=B,

8 % m (m = +1,23,85,...)

and

Another representation of the polarized light is intro-

duced by Stokes. The Stokes parameters are,

SO = A" + B" = Al + Bl
2 2 2.2 ’ :
sy = A® ~ B = (A1+B1)CQSJ¢COSZX
2. .2 :
s, = 2ABcosS = (A7+B])sin2ycos2y
2 T Tk
s, = 2ABsins = (AZ+B?)sin2y
3 : Bk | X
52 = si + 82 + sz.

when § = 0° or 180° the radiation is linearly pola-

rized, so 8, = A2+B2, s = Az—Bz, Sy = +2AB and 8y = C.

For circularly polarized light § = 90° or 270° and

- — .-~ 2 - = -
A=B so, so = !53 = 2A"; SL 52 2

One important property of Stokes' parameters is their

additivity for incoherent polarvized beams,

|
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The ratio of polarized intensity to the total is then

1/2
p p,2 Py 2 2
Doy MG [(sT)° + (5507 + (s3]
1 P n s
tot so + s0 fe)

Using a matrix notation Stokes' parameters of the out-

going beam must be a homogencous linear function of those

of the

L} -
82 = a 8 % 8.8, ® a33sz + a3453

1] - o
By ™ 93Fg * Ryafy T AgaSs v Gt

which can be applied to scattering as

-4 s 1 = -
i I, I
)
O 4 Q
W S a
US Kk ij UO
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whe i
ere the notation changes are:

oy i
o s [ s, ] B
. o o
1 Q
- s
s} -t i g Qo
2 L o
2 s
] 2 U
53 v :
g : Vs | 53 \"
b - - o A
r a nd l
i = S




APPENDIX II

GENERAL THEORY OF SCATTERING BY A SPHERE (23]

The electromagnetic properties of a particle may be

defined by the incident wave, which has the field vectors

E;e

scattered wave, Es' ﬂs' These vectors satisfy Maxwell's

Qi; the wave inside the particle, Er' Er and the

equations and the boundary conditions which are respectively

given as, .
2 B e
V E - opn P e e 0
d 8t
and 2
2 ol 2l
vV H - opn = tp e 0
ot

boundary conditions:

(_B_z r p—l) s nw=Q

where
B =yl
and

(.}.‘.2 i .}}.1) B TR

where L is the surface current density. Once the solutions
for these are obtained, all electromagnetic phenomena relatoed

to the object are Kknown.

The electric and magnetic Hertz vectors (S and W, ave

defined by the relations
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B1 = neV x Bnl/at

el 2 2

E, = VWem - ued m,/dt

D, = -ueV x dm,/dt

H, = WWem, - pedam/at2 -

=2 Ty ~ ned Ty SiLs

These vectors also satisfy the wave equations,

2
P
V211 e 331';1 T EQH aatﬂl bl
2 o
2
Vzn - oM 3§3 = e ; =2 = =M
-2 [o} ot o at2 —

where P and M are the electric and magnetic polarizations.

The scalar Hertz potentials w; and m, are derived as,

-V.El = -"-l

—V-12 =Ty

The spherical components of field vectors in terms of these

potentials are then,

2
P (rﬂl) 2

Er=Elr+E2r=-—-———2 +kr-n'l+ 0
or
2
9 (rm,) 9 (rm,)
0 106 20 r 9rao 2 rsind 99
az(rn ) d(rm,)
B o= B, + By = e AN R 2
¢ 1¢ 2¢ rsind aro¢ & ¥ a0
e— o B e T




P
’

0 (rwz) 2
H, = Hy + Hy. = 0 + ——5=— + k°rw,
ar
" i PR e % 3(1‘1!1) i }_ 9 (!'1\‘2)
0 16 20 1 rsing ¢ r 9ryo
1 3(!71!1) 1 82(1‘21\'2)
H, = H + H -, = :
¢ 1¢ 2¢ i x 90 rsing Ard¢
where the propagation constant k2 = —kl k2

The Debye potentials are the solutions of the homogeneous

time-dependent wave equation,

Vzu' + kzu‘ = 0

where p = p'elwt

In spherical coordinates,

1 [azrn] ot L [sinaan] + 1 81 . x2p = 0
N t&ino 20 20 r2ginlp ¢

By separation of variables,

n = k(r)o(o)o(¢)

A
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. 2
i 1 a ([sinedo(e) g 3
a st a5 (20000 [ nome) P ]0“” i

e

%QL + m2¢(¢) =0
d¢

where m = -n,...0,...+n n-integer

The solutions for the first equation are Bessel func-

tions

|

(Hkr/Z)l/z I ke)

‘pn (kr) n+,‘§

—(m /202w, (k)

Xp (k) n+y

where Jn+y(kr) and Nn+3(kr) are half-integral order Bessel
5 t
functions. The solutions to the second equation are Legendre

~ polynomials

_ . (m)
0 = Pn (cos0)

For the third equation solutions are sin(m¢$) and cos (m¢) .

The general solution of the scalar wave equation is then,

©o N
B

n=0 m=-n **

[

rll

©o n

s | {cnwn(kr) + dnwn(kr)}{Pém)(cose)}

n=0 m=-n

]

{amcos(m¢) + bmsin(m¢)}

The relative refractive index is defined as
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m = kl/k2 = mko/mzko = ml/m2
Considering the Debye potentials as the incident ﬂi, ng

the scattered wi, ﬂg and inside the particle ui, ng we get

i 1 |7 sn-1 2n+
rm) = 3 ) 3> = :+l wn(kzr)Pél)(cose)cos¢
k© n=1
i_1 v 4n-1 _2n#d (1) -
xmy ;7 nzl i AnFl) wn(kzr)Pn (cosf)sind
6. .Y v -l 2ol (1)
£w, = 5 Z i ey a £ (k,r)P, (cos0) cos¢
k™ n=1 ,
g . .1 g a1 2o (1) :
£y, = k2 Z i St bnén(kzr)Pn (cos0) sing
n=1
and
I SRR e R (1)
rwy = k2 Z i B lrel) Cntpn(klr)Pn (cos6)cos¢
1 n=1
r_ 1L § . n-l 204l (1) :
T, = k2 Z i A tnF 1) dnwn(klr)Pn (cos@)sind
1 n=1

where En(kzr) are the Hankel functions

£ (kr) = y_(kr) + ix (kr) = (mxr/2) /2 12} (kr)

The coefficients ag, bn are

() vl (B) = my (B)Y) (w)
% T T (@9 (B - @, (BT (@)

sy

S
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mwn(a)wg(s) - Wn(ﬁ)wé(“)
Pn 7wz, (@9 (B) = ¢, (AL, (@)

(prime indicates derivative with respect to the argument.)

I

where « k2a 2lla/\ = 2Hm2a/)\o

1]

B kla = 2Hmla/)\o = mo
Ao = wavelength in vacuum
A = wavelength in the medium
m = ml/m2
When the measured scattered field is far from the particle,

i.e., k2r >> n, the solutions become easier,

-ik,r
Anel)y TS
? -
En(kzr) = i e
-ik,r
2
Eitkor) =i e ©
With further simplification
—ikzr =
PR R «_2n+l
E¢ ; m, k2r EAng nzl n(n+l)
Pél)(cose) dPél)(cose)
P L
a sing bh ag
-ikzr o
: _ HO _ ie _2n+l
Ey = m, ~ T Kyr cos¢ ll Rin+l)
dPél)(coso) Pél)(coso)
R do + bn sinod

Denoting
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_ = _2n%)
i o n£1 n(n+l) {annn(cose) it bnrn(cose)}
*  2n+
8y * X n(n+l) ﬁ+i {antn(cosa) + bnnn(cose)}
where
P(l)(cose)
(cosp) = 2 NEERG
"n sing
dPél)(cose)
Tn(COSB) = 35

Then, by Poynting's theorem, the intensity of scattered

radiation polarized in the § and ¢ azimuths is,

2 2
o e A e
I, = |s ] sin“¢p = ~S5— i,8in%%
6 gpg2 2 an?r® 1
2 2
A g 3 : 2
I, = 55— |8,|° cos®p = —=5—5 i,cos%
AT apr* -

where il and i2 are intensity functions.

While the exact solutions give a means of standard
to check the experimental work, solutions for irregular
particles are not yet well know.

Further studies have been made on the subject which
will not be explained in detail since it is beyond the

scope of this thesis.
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APPENDIX III

SCATTERING BY AN ELLIPSOID (A THIRD APPROXIMATION) [24)]

Let the equation of the ellipsoid be
xz/a2 + y2/b2 + zz/cz =1
where a, b, ¢ are the principal semi-axes. Suppose in the
first place that a, b, ¢ are all unequal, but this restric-
tion can be removed in the final results. The dielectric
constant and permeability of the ellipsoid are €, u, respec-
tively, the external medium being a vacuum. Define the
incident wave by the three sets of direction cosines,
(2,m,n): direction of propagation,
(ll,ml,nl): electric vector,
(22,m2,n2): magnetic vector.
Consider a steady state with time factor e—iwt. The
incident field is then given by

(0) ik (Lx+my+nz)

E

(Rlpml,nl)e

(0) ik (ex+my+nz)

H

(R/Zlmzlnz)e
where k = 27/)A, A being the wavelength in vacuum.

We expand the incident field in powers of ik in the

form
p=0 P
(0) v ot0) 0P
H = H (ik)
pZO ¥
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The first three terms in the expansions are

(0) _
Eg = = (23,my,ny)
E(o) = (f,,m,,n;) (Lx+my+nz)
= 1" % 24
EéO) = %(zl,ml,nl)(2x+my+nz)2

with similar expressions for H(O) obtained by replacing

-0,1,2
(zl.ml.nl) by (lz.mz.nz)-
(i) (i)

Let (E,H) be the scattered field and (E » H the

field inside the ellipsoid. Then

8

E= J E_(ik)P, etec.
— p=0 -p €

go,...,gél) are given by the equations

S & % S (1)
2o * iy B " ¥y

- (i _ 1K) (1)
=5 * % - e DR

o (1) _ (i) (1)
Ng =53 Y B X Y

oL Gy

curlG, = -E, curlG,”" = ~eE,
curlF, = H; curlgél) - ugil)
divg, = aive!Y) = aivr, = aivedl) = o

S S — lv__z = lv__2 =

where G,, F, vanish at infinity, V,, U,, V, are external
harmonic functions, and Vél), U{l), Vél) internal harmonic
functions, which satisfy the boundary conditions on the

ellipsoid,

— | — — p— e~ ———

it e i i

e

e e e
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; n x V(Vo w Véi)) -n X géo)
a - v - v = p . g |
nx V@ - oY = onx (g - oY+ ")
n vy - wit) =0 g - w4+ ul?) | l
nx (v, -vit) = ax(E - r3% + 53" |
n - v, - evit) = on - (£, - er{V) + BV |

where n denotes a unit vector along the

Further

where the integrals are taken over the surface of the

ellipsoid.

From these we obtain the results as

Yy # A xI_(g) + A,yI (E) + A3z1c(§)
v 2 ally 4 aldly 4 Al
(gl)x = Azzlc(g) = A3be(£)
)y = §agy - ata)
U, = BX,T (E) + B'X T, (£) + ByyzI, (£)
+ Bzszca(g) + B3xyIab(g)
U{i) = B(i)xv + B'(i)xv, + B{i)yz + Béi)zx + Béi)xy
: Ey = Eg + VY3
:
|
R e i e —_—“_ —— 1

outward normal.
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' - 2 2 . K q
(£3), = Al[? 1,(8) + y21,(6) + z21_(£) I(E)J

2 2 2
Bl[% Iac(ﬁ) + ¥ Ibc(ﬁ) + 32 ICC(E) - IC(E)]

+ BzxyIab(E) + Clszbc(E)

b Tl L A2¢y * A3ty

- %E (x2+y2+22)x1a(5) o % . $3(3a2+b2+°2)XIa(g)

(i)yz

(Eél))x = ££ A{l)(yzﬂz) - b Bil)(yz-zz) + Cy

4 2
V2 = DlxIa(g) + DZYIb(E) + D3ch(€)

The y and z components are given by cyclic permutations
of x, vy, 2z, a, b, ¢ and of the suffixes 1, 2, 3 in the
constants Al’ A2' A3, etc.

The notation is as follows: § is one of the ellip-
soidal coordinates of the point (x,y,z), defined as the

greatest root of the equation

x2 2 22
OlEY =S & Ag + 2—=-1=0
a“"+¢g b +¢ c+g
Further
X, = (@?+v) (%) (c4) 0 (v)
v,v' = roots of equation
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S e T
i Ia R (u)

1/2
R = [(a2+u) (b2+u) (c+u)]
¢ (a“+u)R(u)
du
I . (E) = « BtC.
ab (a2+u) (b2+u)R(u)
o du
T () = I
v £ (u-v) 2R (u)
r Im ~du
0 R ()
1 = jm o
f 0 (a’+u)R(u)
= du
1 = I T R e e e etc.
ab 0 (a+u) (bZ+u) R(n)
Tv = Tv(O)
A = —(e—l)fl(s)ll
1) .
Ay = (Z/abC)fl(e)Ql
2 -1
file) = [(P-I)Ia + gga]
B n-l 1 s S e S
(u—l)Tv—(l/\’abC) 6(v=v') {424y b2+\» 02+\)

same as B with v, v' interchanged,

PR,

P




2
B, = gl(u) {- %(b +c2)(m2n+n2m) + mznc2

2 SRR LR 1y _
+ nzmb + Eo Ib c Ic 2(b +c )(Ib Ic)]Al

a2 2. ()
+'§—(b -C )Al }

2.3 =k
gl(u) = [(u—l) (b"+c )Ibc + EE:"]

gy R G S G
(u-1)vabc ' (u-1)v'abc
(i) _ m,yn+n,m b2-cz
By =gy { abe T 2 mety
e =Tl 2 2
b "¢ b -¢
% [ abc v T2 (Ib+1c)1bé]Al
€ 2 .2 (i)
c, = (b2-c2) [(a2+v)B + (a®+v')B']
e o = 2/mpmd-cd) 1@+ @ione
b, = (172005, (&) { (1-e) 2 (aZe®4p i 4c?n®)

+ e(bZmn,-c?nmy) + [(2-6)T - ea’T, + 4a/belhy

+ (eI +2I)B, + (1/2)52u(b2+c2)A{i)

" Eu(bz_cz)Bl(i)}

Various relations connect the elliptic integrals (and

Tv' Tv')' of which we mention the following,




I+ I + IC = 2/abc

a b
2 2 g
a Ia + b Ib + c Ic = I
2
1, = (I,-Ip)/(b-a?)

-5 i

2 2 2 e
3a Iaa + b Iab + c Iac 31a
T = 1[ Ta = Iy % I ] & ik
2 2 vabc
¥ a“+v b +v c“+v

To find the first three terms in the wave zone expan-
sion, we require the coefficients of 1/R3, l/R4 in Egr’ ElR'
and the coefficient of l/R3 in EZR’ This necessitates ex-
panding the integrals I(§), etc., in powers of 1/R.

a = x/R, B =yYy/R, y=2/R

so that (a,B,y) are the direction cosines of the radius vec-

tor to the field point. Then
£ = R? - (a2e2+b2p2+c?y?) + 0(1/R%)

Hence, expanding the integrals I(f), etc., in inverse powers

of £, we find

i

I(€) = 2/R + (1/R3[- Lia%+p24c?)

+ a2a2+b282 + czy?} + 0(1/R5)
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I () = 2/3R> + (1/R°) [=(1/5) (3a2+b?4c?)

2 2

+ a o + bzsz

+ ¢y + oq/r))
2 5 7
Iab(g) = 2/5R” + 0(1/R")

I (€) = 2/5R° + 0(1/R)

For the remaining coefficients, when expressed in terms

of surface harmonics, we find,

(0:3) o .

8y = (4/3)(Ala+A28+A3y)
1,4 2 2 2

Sé ) - Pja + paf + pay + q)By *+ Qyya + QzaB
(2,3} _ ‘ .

S§2'3) = (%)Alu[}2q2+b282+02y2—(%)(3a2+b2+cz)]

2

+ Bn,p]ala®m?ptac 72—(é)(3b2+02+32)]

+ {%)A3y[%2a2+b282+czyz-(%)(3C2+62+b2)]

where
py = (6/5) [(b7+v) (c®+0)B + (bP+u) (P 4y ')
a, = (2/5) [(b2-c®)R) + 38,
r, = (2/79 ((9a?-2b%-2¢*) A + 5B = 50D,
P = kz[% S1(0,3)] A k4[_ ; S1(2,3) 3 ﬂ“ 351'4’

+

B
1% °3 ]
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For the wave zone field we have

E =n = [, _L 2P o1¥R
o= B¢ T |98 T.5in8 3] TE

E = -H = ._}_—.a._g.a_-l.’. g_l_kf.
¢ 0 sing 3¢ 00) R

where, as far as the term in k4, J

= k2 4
P = k"(Kya + KyB + Kyy) + k' |Lja + Lyg + Ly
MR Ml Mt W + N + N
1% 28 3Y 1BY 2y 3a8
2. 2. 2.2 2 2 |
§ 1] ?

- (1/30) (Kja + K,8 + Kgy) (a"a”+b"g7+c

Here (R,0,¢) are polar coordinates of the field point,

while (a,B,y) are direction cosines of the radius vector
to the field point, and are therefore functions of ¢,¢
which depend on the choice of the polar axis. The con-

stants Kl,Ll,... are defined as follows,

o RNt

lSLl = fl(s){(e~1)21[0%)(6a2-b2—cz)

(a222+b2m2+c2n2)J + g(bzmnz—cznmz)}

-+

[fl(e)]zzl{(e-l)[(e—z)l . ; ea21a - 4a/(bc) ]

+

a1/ (@abo | + £ ()9 (0 { (1,1

®

? { [(u/Z)(b2+c2)(mn2+nm2)—mn2b2—nm2c2]
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~cu(b2-02)(mn2+nm2)/(abc)} + [fl(e)]2
X gl(u)(Ib-Ic)El[(e-l)kl(u)

+ eulen-2) (b°-c?)/(abe)]

= €21
M, = 450 [(e 1)(1 nn1+I Sy = 2Iblzzl)

2¢ 2 2 2
+ —==__ —(2a“22,-b"“mm, -c“nn )]
abe (Ya’b?) A i :
158, = - (3 (D £ 0 P-cP) g, + gy ()
x [(E/2)(b2+cz)(mnl+nml) - bzmn1 - cznmll
+ £ (0 ()2, len(b?-c?)/(abe) - =11k, (e)]
k(o) = B2T = €21, - (e/2) (b+c?) (1,-T )
e
Q = (e-1) (IabIbc+IbcIca+IcaIab)
2
) 4e(e—1)[J N A J,] ) 4¢2
abc Eazbz 2 ? Z(Ea
o du
3 = I S NN )/ (c2-b%)
0 [R(u)]3 ab_ ac
i du 2
J' o= [ A = &% 3, abO,
0 [R(w)]°> e

a“ = a” + b” + ¢

X ab" =ab” +bec +c¢ca
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I, 1,, etc. are elliptic integrals.

The scattering coefficient s (ratio of energy scattered

by ellipsoid to energy incident on ellipsoid) is found to be

s = (& b c + m2c2a2 + nza b ) -1/2

=

3 =
@/art T R« [R0%) + tssn®
s j

3
x fhe I (kL4 + RIN - (1/150)
L g2 33

x [(3a w2+c?) (k)12 + %1%

+ (3b2+c2+a2)(|K2|2 + |R2|2)

=

(3¢2+a24p?) ([K, |2 + |1‘<3|2))]} + 0k’

(1) spheroid
If two of the principal axes of the ellipsoid are

equal, the elliptic integrals become elementary integrals.

We find for the

prolate spheroid (a=b<c):

Lo g =1/2 e + (c2-atyl/2
I = (c®=a”) log 3 3172
c - (c™=a%)
while for the L
oblate spheroid (a=b>c):
1= 2(a2—c2)—1/2 cos™ 1 (c/a)

z* Exact solutions for sphercids have been found by Asano and

Yamamoto [25].




(2) Sphere

g If a=b=c, we find easily

o 3 2, 5
= 2/a, Ia = 2/(3a7), Iaa = 2/(5a")

L]
|

T

2/(7a), J°' = 4/(35a°)

(&
]

T —

There is further no loss of generality in taking the z

— ==

axis as the direction of propagation and the x axis as the

direction of the electric vector, so that

the other direction cosines vanishing. We then find

£ o 2. afe~y -1 4.5
Ey = H¢—{ka (_m cos0 +{’l—+3_—] ¢+ k*a

. Eel L el
X [F(e,u)Cos() + Fu,e) + 6 (2c+3) cos20

n=1 eikR
ETEEI§T cosd]} cos¢ R

= of = - {k2a3[ecl 4 p=1 4.5
E, = ~-H, = {k a [€+2 + ) cose] + k'a

e—1
X [}(Elu) + F(u,e)cosp + €23y cosf
ikR

; -3 : e
| + E(ZuFd) cos2d]} sing ~

where

Fle,pn) = (3/10)(€+2)-2(€2‘65+4+€2H)




(3) Perfectly Conducting Ellipsoid
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We can deduce this case by putting y=0 and making

|&|»>~ in our general results. Thus

%

L

My

Ql

g Iablbc L IbcIca " IcaIab

1
® I8 TR Ly + yer— (mny4nm))

1
= 350° [?abnnl AL Bl
+ ————2—'2—2—‘ (2a2221-b2mm1—02nn1)]
abc (Ja“b”)

(2/3Ia)9.1
(1/151a){21[}%o(saz-bz-cz) = (a222+b2m2+c2n2)] ,

2 2 2 2 j
+ b mn, - C nmz} + (21/151a)(1+a Ia) !

Ja®
4 "i‘[J + ““"”*’J'] bl 24 g
oo Ja%b? a%b%c? (Jab

bc
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{ B oaX Iaphlptly 0y =2Ty 08,
“
1 45 IabIbc+IbcIca+IcaIab
2 2
- b“-c T 1/15

(b%+c?) 1 -2/ (abe)

2 2 2 2
x [b mn2+c nmz-(ll/Ia)(b Ib—c Ic)]

The remaining constants K,/Kq,... are obtained by cyclic

permutation as before.
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DATA
FIPST CATA CAKD KEADS (N THE
SECOAND CACD SORCIFIES THE NUMHBIN BACKGROUND
THIRC CAE 1S YHE & PUN TO OE
REANOLS541000) 1GPS

FORIMAT

APPENDIX IV

COMPUTER PROGRAM TO DECODE PAPER TAPE

AND AVERAGE OVER STATISTICAL DATA

DIVENSICN AVI(9a), AV2(94)
NDINVERSTICN YEI(G4).¥2(94) ANGIP4)s ANGELL 94)
DINENSICH MW ADER (20,80)
OIVENSTICH MOANTLAA) MUAND(24) 4y VART(94),
DINMEASTIUN DUMI(94) ,DUM2 (24)
DIMENSICN SVA'(S.?.GA).I'P'(?li.lNun(ﬁl
DIVENSION ACL (D4) 4 AB2
DIVNENSICN w(nN4) o YFI(
DINMENIICN GULELTA)JACTG) AACLE)
DI VERNSTIEN JSKI{20), VALUT (2+948)
DIYENSICN AAN(D4) JARE(GA)
MEANT (MU AND
RE AL K
CATA RFRARFI.K/3%0,07
NFF =20,

3 N
LOAT(T)**tu-1)
A

CTerLOAT (L) ¢AP
I\CYI‘F(O‘T(I)OM’)

(11, 2012)
(5+1001) INGO
AT(124A13)
(S5, 1000) ISKP
3 121 .NOR
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SKIPPS0e FIRST

VARI(IAYJOFFIL8) . CFF 2(90)

‘)-‘A) .YF?(‘N\) sYDL(QA) e YO (DA ) YALLOV)YAR(SA)

¥ BRUNS IN A GROUN THAT willLL bE AVIRAGLD

FUNS START iy SCtCriveLwy
S CARDS SKIPS ARLHNLT ITNCLUDED




RCAL (5.20) (HEADER(TJ),J=1,80)
20 FCAVMAT(AROAL)
13 CONTINUE
=1
12 CONTIMUE
WRITE(64321) CHEADER(TILJ)eJ=1,80)
21 FOFVAT(*1*,80AL)
404S CCANITNUE
IFLITK.GT20) GO TO 40S0
IF{ISKPIISK)EQeITOT) GO TO 9050
4050 CUNTINUE
Ivx=1cPSEIDD)
|r'l”X-FQ-O| CALL EXIT
TFLIMDOLIND) (EOQ.T) GO YO 5000
S050 CCATINUE
CALL STATS(STAT QA IMX N AN]L (VEAN2 s VAR] JVAR2,DFF1,CHF2,0)
5052 CGATINUE
CALL MOLLS(NGNF gMEANTL e GaW e AeY 1oYD1 o CSQeRECSQeRECT, IERY])
CALL "GLLSINGNI gMEAMN2 G oW sAA Y2 oYD2 ,CSQRECSQWRECT L IER2)
REACI5.1771) OIS LEN, PAD
1271 YORNMAT(INL 0e6)
REAC(H41772) CAL L CAL2,PART

1772 Fnl.pln(."flo-ﬁ.tlb.T)
DO € J=1,
Pi=.1a1%
AAN (D) =ANG (D) *PI/130.
ARC (V) =(A DI S-LEN*COSCAAN(I) ) ) *LEN® (COSTAANTI) ) #%2,)/ (PI*RAC®S IN(
TAAN(D)))
§S€ CONYINUE
DN SC J=1.M
WETTE(6,100) AMGUIDVI(U) Y20 ) e MEANTCII MEANL L) VARLIL D) s VARZL D)
FolSTATIL Y od) oSTAT(Lo20J) oL=1 o IMX)
100 FCENAT (Y *,17F7,41)
ADY LY =COM(VAR]L (D))
AR Z(D)=COM(VAR2(J))
Yilur=CceMevigl))
Y2t =ccMty2(J))
AV ECA) =CUMINTANTIC) ) #LARE LI CAL L)
AV2(J)=CONMINE AN () ) e ( Fla)eCarL?)
QC CU NTINUE
1P (121 ,GY .0) GU T 91 s
CALL GRAFHMICARNG o YT s NoYMAX T o RER P Lok}
91 CONTINUL
IFL1EP2 .G 40) GO TO 92
CALL GOAPHLLANG oY 2 s Noy MAX 2 3 RE R, RET oK)
02 cONTITIuE
t1lt cenvrnuc
[ CALL GRAPHLICANG oA ¢NeYMA X JRFR WRET 4K)
C CALL GHAPHICANGe AN N YMAXD o RFR o 1 ,4K)
CALL GEAPILEARNGSAVE NJYNAX T JRFR 4T T ,K)
CALL GRADHICANG AV NG YMAXDWRER JRET oK)
IF (1K« ECe 1) GO TO S04
CALL STATSISTAT GA o IMX oM ANT ¢ MEAN2 JVARL JWAR2,DUML ,LUMP, 1)
IF (1G.GEL2) GND TO 5051
1G=1G+1
GO 1N SCH2
5051 CONTIMNUE
1G=1
1= 1arerx
1CO=1C0D ¢}
1Tev=100
tiwr .o
GN o 12

S000 CUNTMUE
CALL SYATS(ISTAT JOA L IMX¢MEAML s MEAN2sVARLVAR2,DUML,DUMN2,0)
DO 01 I N
OFFIEI)=M ANICS)
CETLJ)=MTAN2(D)
"l p=Camtvakt iy
) COMIvAR2(
POl i= Ant
)= ALMF AN
FIh 4 100) ANG
TL 20 J) 0=
1MUE
DprD e
thw =y
GeoT o111y
G000 CUOANTINUE
CALL PAPTRIVALUE)
IYCT=1TOT +}
Fer=15Kel
G') TN a4pA9
END

g
'
]
J

<
Z (.
‘ )
(
1 CMEANT (U)o MEAN2I2) e VARLI(JD o VARZ(J) 4 (STAT(L 1)
\ A X)
1

V
v
5
[
LY

A I
AvV?
Wil
e 51
CLN
!

T
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FUNCTLION CNMLA)
CCN=A®10.7(4096 )
RE 1LEN

ENT

SUDKLEUTINE PAPER(VALUE)
DIMENSICN LOK2( 64)

DIVENSION VALUE (2,98)

INTLGER®2 LONKUP (156)« 1BUF(100)
INTEGER R ,,R2

CCMPON ZRUF/ [BUF

DA YA LF 217/

CATA IFST/07

NC =92

GO 10 600

=11~

':cso 112=1 .2
112-1

()'"n" 113=1,2

m—¢

050 [ta=1,2

Lc*‘so 11671 ,2

|"’"l

L3224 1GHIIPACTAvYARISS20 1601
-|ho\‘ol‘OlhOlQOOQIJOAOlZO it

CINEX ) 2 IVUF . .
INUE
=\

B ol ol i R )

EYCITEST) #1)
NDEX) GO YO SO
(ITEST4S) ¢1 ) EQINDEX+L) GO TO &0

Tt T NNt (O et e

OV o gy T et K o = ()
TMC 0™
Tee
-
=
a

~
)

IFLI2.LT.2) GO YO 71
VALLEL (1 JINDEX =1 )=99999
1r=1F-2

VALLE (24 INDEX=1)=99999

(Lo Kb ]

CHECK TC SEE IF THE STEP » IS AFTER THIS POINT

70

CONTIHUS
neoEv 12
o #0 1

)} GO YO 609%e
STYIe)

i
.
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o

DRGINDUP GT L INDEX#2) GO TO a5
TelSr) GC TO 6094 |
CSTeS) 1 ).EQ.INDEP+1) GO TO 90 |

o
.
-
-
-
T -~
SVie
-t o
-
-~
-
- X
MQOe

t
1
1
AsS C
»Q C
rEINYT A1 .
a1l FOHUNMATY (* T AM IN TROUBLE®)
6064 Ir=17ES7Y |
GC 1O €096
CCNVINUE {
C nssv~c {
INUEPP= INDEP -1 . |
1 CINNEPPLE.O0) GC TC 2020 i
DN 91 1Z= INDE X, INDEPP !
VALLELL o1 2)=29399 |
91 VALLF [2,12)=966G56 \
‘ INDEX = INDEF : i
2020 CCNYINUT
Ir=11es7
20 CCANVINUE |
C BUILD Y-C MUMBERS £
ne 100 1=1,2 . f
IF=1F ¢l 3
TFCIG TCIF 156) GU TO. 6096 |
IR =MaL( Yetra d e
RY=LOK2
IF = 1F o1

F).G
GETI( "-60)0‘
12)

100 VALLL
TF=1f ¢
ICCIADEXNE GNO) GO TO 11

6CSS CCATILE
CALL FIRDLULIF)
RETLEN
6CSE CUONIINUS
1F (INDEXJGE«ND=2) GO TO G09S

SURLOUT INE FINO(IFF)
1F=)rs
ACAO0 CONTINUE
IFCICET(IF ) eNEL25%) GO YO 9090
TCCIGE TUIF 01 ) o HE255) GO T0 9091
9090 CONTINUE
F)F e
60 10 9080
Q091 CONITINUE
IF =10 &1
Irf - IF .
KETURN
END

FUNCTIUON IGLYI)

INTECLR*2 LHVF(100)

LOGICAL 1 IN(100)

EQUIVALENMCE (Hur1).IBC1))
Y CCPNTN/ZIUF 2 TF

DATA [SVE/707

AN =D

NUMI ANUNSD

FERDUEE LUV )

1T (Ut 0.0) J=KNUY

IrtJance1) GO 10 20

ITlleeRISVE) GO YO 20

READLS CIBCTE) T L=2, NUMR,2)

te )
WRITE(G. 0) 1DUF
(2 )

20 1G- (wur
tove=1
eronen
FMC

SUNENUT INE GRAPHE (K.Y s NeYMAX, RFRy RFLe X}
DIMENSTUN KIN) o Y(N) JLINECTON)

RE AL L INESX

DATA DOTLSTARGPLARK/ e ® ot 0,0 '/

DO 1 J=1,101

LINECS) =DOT
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11

O~

S1

60

Qo

N Qac
| 1¢53

Qa0co

{ &0
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WRITE(H,10) KTR RELWX

FORMAT (210 q10X, *M=0,F 8,2, '=IM*.FA4,3,5X, 'K=*,FAa,1)
WLt )

FORVYATL O 00X o *ANGLE * o7 X *INTENSITY* pSXe o001 e22X0% 041" 422X,°1.0°,
PEALLO LT X L1000)

WL (F.D) LINE

FTOFVYATCI IO Wt IPELGL744X201A0)

FORVAT(ICX4101A1)

DG % t=1«M

IF (ADSIY(T1)) GT. YMAX) GO TO 4

DO 2 J=1.101

LINECD) =0 ANK

LEINE(SH) )=00T

J:HCe VO (Y(I)/YMARS] O)*1.S

LINFID)=STAR

WELTE (H46) KUTD) Y (D)oL INE

6N 10 S

WOALTL (A7) K{T)aY¥L1)

FOUNAT (F10.54E1607e5Xe '0OUT OF RANGE®)
CONTIHUE

RE TLEN

END

i «£0.0) GU TO 9O
«I5VE) GO TO 50
ISVE)eILSTY

LT ol) GO YO 90490

BECCTIDP)

L

1
L
MAX/7107
E

T

LatTalnpP
F.LEJ MAXY GO TN €0
Vs

=RAINACFANOM

-
T

TR RS
B L
1Y =ARERCa0)
MNUFE
J=11DIEF
MUK

i

1

JIVIIGULIF )

NUE
ILST#INP=T0DIFF
1ner( nsT)

1

- 0 () ) 2t s Y e -
FANQInAr IS
AT U N
N
0o

GC 10 Qc¢qg
CONTINUE

DO 59 J=1 s IMAX
15T=1-14¢y
IPEF(I)=1GLIST)
1GT1-IPEF (1)

16VE=1|

1 €1-=})

1f =

CCNTINUE

FORVAT(OLS)

RE TUOY

CILNTINUL

WAL TE (6H1099) TGE Tl oL ST o IKGIMUK,IGVE

wEITI (601200

FODMAT(® WwHAT ARE YOU DCING? T AM POMUING MYSEFLF OuUr *)
CALL FExIT

EAD

(HGe EAD STATENM NT MOCY ORECIED 0O BY A TRANSFER

SURFOUT ING . STATS(STAT Ny IMX MEANT MEAN2GVARL VARZ.CFF J J0FF 2, 15K)
DIMENSION STAT (S 208 ) oMEANL(2A) JMEAN2 (90 ) VAR LI(94 ), VAR2(34)
DIMENSTON QFF 1{Sa)0FF 20 a)

DIMENSION VALUE(2.7%4)

O AL MEART oME AN

P A S e T v~ 1 o

T —
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(F(ISk fQ. 1) GU YO 50
DT GO K=} o 1M

CALL PAPCR(VALUE )

e 59 Jme N

STATK 1o J)=VALUE (1 o J)
STAT(K,W2,J)3VALUE(2,J)
CUNTINUE
CONTINUE

S0 CONTINUE
00 G2 J=1 N
MEANTI(D)=0.
MEAANDL D)0
vA1( J) =0,
VA () =0,
DT S K=l o 1'x
MEANT(ID)=LANIC J)+STAT (K, Lo J)
MEAND(IL)=MEAND(JDISTAT(K, 2:J)
COUNTINUE
MEANLCII=MTANLLC D) /ZPLOAT (T MX)
MLUARD(J)-MEAND (DD /ZFLNOAT (T MX)
DC €a K=1,[IMUx
VALY =(MEANI(I)=STAT (K, 1,0))e%2eVARRLI(J)
VAZI2LD) =(BFAND L J) “STATIKs2 ¢ J) )®824VAR2(I)
CUMNTINUCD
VALLE D) =VARL(J)/F)L OAT(IMX)
VARZ(D) =VARZ2( J) /FLUAT(IMX)
MEOANL(J)=MEANTI(I)-OFF1(J)
NEAND (D) =MEAND (D) -CFF2(Y)
IV (VFANTCS) ol ToCo) MFANL( J) =0
IE(VYEANZ2(J) LV e0e) MOCAN2(J)I=0
CUNITIHUE .
RETUEM
END

SUNENUTINF MGLLS (NeMaY oG eWeASYFITDIF qCHISQR,REODCSCRECCHT L TEI?)

MGLLS I35 A GEMERAL LFAST=SQUARE FIT ROUT INE WHICH DETERMINES THE
COFFF ICHENTS Als A2: ses o AM TN THT FUNCTIUN

YETT-AL®GLIX) ¢ AXHGDIND 4 sa0e & AMNGM(IX)
FIT Y6 THE INUT ARCAY ¥ AT N DATA POINTS.

MCLLS OE0rOnRes T SAME CALCULATIUON AS SUBRQUTINE GLE S, wWITH THE
FOLLCAING ADDITICNAS
lTe wITGHTS AZE ALLECWED AND ARE COMPULSORY. THE ARRAY W 1S USED
TC WEIGHT THE DATA.,  FOR AN UNWE TGHTED FIY, W MUST CONSIST
CF ALL CAES,
2. THE FUNCTIONS YEIT,0IFCHISOR R DCSQREDCHT ARE CALCULATED AS
DESCRINED (il NwWe

G 1S AN INPUT AREAY GIVEN BY GLIKI=GUIXIKI)I: Te€Es GCU.K) IS

THE JTr FUNCTION GJ IN THE ADOVE EXORESSIUON FOR YFIT, EVALUATED AT
THE KT GRID POINT X(K), (NOTE THAT X ITSELE IS NOT NFLDED AS

AN TAFUT o)

PEAL YON) GIMeNT oW (NI SA(M) JYFITIN) JDIFIN) +FD(625)

IAFUT S~ -
N NLMAER OF DATA PQOINTS 10 UF FIT,
M:T ALNMALR CF COLEFICIENTS TO OF ODCTERMINGD (Mol ENT MLEL2S)
Yi M=fLT M NT AERAY CCHMTAINING Y-VALUES OF THE DATA 10 NE FIT.
G: (MMI=LLEMENT APRAY OF FITTING FUNCYIONS. DESCRIBCO ABQVE.
@#: AN~FLLNMONT ABPAY OF INPUY WIEGHTS . THIS KOUYINE MINIMIZES
THE FUNC TION: SUMIWE(F =Y )* D),

QUM VS ==
A M-fLF*ENT APAY OF CNEFFILTIENTS
YETTS H=FLLYWE T BCRAY CONTAINING THE VALUES OF THE FUNCTION
YE T T=SUMCA®G)
DIF:  M=RLUMENT ATRAY &l TH ERRON VALUE S Y-YFIL T,
CHENORS (1 SQUARE == SUMIWe(YEIT-Y)ee2)
REOCHD: NFEECEN CHT SOUARE == CHISOR/ZIEN-M)
RECCH IS KFEYCLD CHE -= SUNT(PFDCSA)
TER: ERpen INOICATHN=-~

FER O MNITMAL TV QMINATION.

TEE=1: STHGOUAR MATLIX RETURNED FROM SIMQ. PPOBAtLE CAUSES
FUNCTINNS Gle G206 soe o GM USECD TO GENFRATE G APE NOT
LINE ALY TNDEODENDENT o

IER-22 M TON BIG

SUBPRCC(RAMS CALLFDL
AlvC: InM SCLEM TFIC SUBRIOUT INE
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B (e GYedn) C 1 vaa

DA 10 KoL M

ALK )0

0e oty ot Wh

ACKY ARy e wCadeYE D *GIK DD
0O LM

(PTSIT I W )

SUM -a.

e S0 K=, N
SUNESUM AW R)INGLT o X)) *GLI oK)
FOOOE=1 )3 a0) =5um

CALL STMGETOVAGMNG L 1R)
oot 2 0) BETUNN
CH =0,

NDC 0 L=1.N
Yroereti-ao,

0o a0 g-1 N

YELUCL) =vr LY L) 1+t )
DIFCTY=YOL VYL

CHE CR=CIIfSO e w e 0 (1)
T NN M) BEDCYR=CHTISORZ(N=M)
TF (NG Qe ) REDES0=1

VELONL =g (R pesa)

YA
T
ttre

Br YN
tew 2
HE ILEN
tND

S1MQ

$ e SN N et N s et et an P v e R BN Rt eReBeetaN et NeensansnrteeneapaehiM)

Attty

TLNRCUTINE SN0 MR A

niva

Frucr ey S My

MIITATN SOLUTTON OF A SEY QF STMUC TARNTOUS L INE AR T GUATTUNS Sy

AX-1 SiMO

L3 B

LandGt HSing

CAL SIPOTAGN G NGRS strqg

AR RS}

D SO VIC M O YA ANE F s AR BLE ]

Ao MAT IS CF Gy JOTEMNYS ATOe D ot tmNw e . T e A S MG

HESEOYED T TE COMOUT AT LN, THE SV 20 r MALIYEX A 5 St

oy N Sirn

o VECTOR CF ORFGENAL CONSTANT S (LENGYN M) TrE st ARG SN0

OECLACED MY FINAL SOLUTTON VALUD S e VECTOR N RO RLISY

N MRS 2 V0 F CUAY TOMS AN VARITAIILE Yve B MUY VT G Y ONC o st vy

LS (R R U B A P | S0

O PO A PG st Urron Hiwag

P A S itean AR ST O TOUAYIAONTY S MO

LS 1Y}

AR A N )

MAYEEX A NMURTY B GE NERAL » b Al

B AT X TS SEMNGUUAY » SOLUTTION VALUEYS ARE MEANTNGLIE 3%, SivaQ

AN AL YEENATIVE SOLUTTON MAY B OMTATNED LY WdaG MATREX St

PRV 9T 0H EMINYY AND MATEREIX PRODUCT (OGN0 ) o SIM

Siva

AU CH T ENE S AND FUNCTITON SUNPROGEAMY BLQUIReD [ RAIR}

LTSRS S

S M)

NE Ty S1aa

ME Uy (v SOLUTION I% NY FLIMINATION USUMNG ARG 51 P IVOTAL wWiMg

BIVISY . TACH STAGH OF FU INMTNATTON CONSERY S O TR RCHANG ING STy

Bretwy Wi b NE CE SSARY N C AVOTD DIVIESTON ity o o wevart R RAT))

FLE MY I8 B

P e QAR SOLUT TN 1D ONTALN VAKTAOLL N Iy toONe IN RO LAY

NS TAGE e TR GAC K SOLUTTON £ O Vi 0y i VALt sy by Sva

CALCUILATE DY Y S0 a5 IVve SURSTTIUTTONS,, FENMAL St urton iR RAT

NMALUE S AT D VE LI 0 N VECTOR ty wirt VAR AL 1IN 1Y) IO RIS

VASEAR ¢ 2 1N (U0 )eesssavees VARIAINML BTN (ALEAY 1 LTS

Br NO VO AN BE FOUND EXCELDING A YOLEBANCE 0OF 0,0, S

YHE MATHEX 1S CONSTRERED STNGUL AR AND KD TS wrb ta bt T s

YOUY RANCEL CAN (W AODTE TE0 (WY REPLACTRG Tt FIOST STATE MENT, SR

G e 00N §SENREE e SABOtorass RN lssnssasassscsssasscsssssnssssassssnssnceSiig
AUINEOLT e MO LA ANk 3D

DIMEANSTEN ALY 1N (L) Y ALY

, S1M)

FOOWALD S U TLON RS

St

b O B P ) SN0

K%=Q S MO

by--N SIMO

10

10
1A
199
KA
110
1
'l'.)
SO0
BAR
RRA
Al N
P T
S 89
S
2o
S0
J00
J0o
ttao
20
530
AL T
ta
a0
LA
ARATS]
X
LEARY
410
LI
aty
LR T
Ay
ano
LR
a0

LRI
Sa
“1
b ot ]
ald
nan
“ao

MY
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' -
UL B L] SIMQ 70
| 1 dy = e} SIMQ 90
JU=areNet SIMQ 590
BIGA-O S1MO 60O
(Y=31-1 SIMQ 610
DO 20 t=dN SIMO 620
C SIMQ 630
C SCARCH FOR MAXIMUM COFFFICIENT IN CUOLUMN SIMQ 6A0
C SINMD 650
tortTel SIVMQ 660 l
TECAMSINIGA)=ARSLA(TD)) ) 20,30.30 SIMQ 670
20 NIGA-ACTS) SIMO 6LAO !
IVMAX=1L SIMO 690 |
3O coONTYINUE SIMO 700
C SIMO 710
C WAHEY FOR PIVAT LESS THAN TOLERANCE (SINGUL AR MATRIX) SIM0 720 :
C Siva 710 i
IFLAFSCEIGA)-TOL D 35,335,440 SIrO 740 :
25 KEwt SIM) 7450 1
RETUr N A SINQ 740 :
C SIM) 7720
C TMYTE RCHANGE ROWS IF NLCE SSARY SIMO 7RO
C SIML 790 |
A0 11=JrNe(I-2) SIMO BOO |
IV = IMAX=) SINO 810 |
DO S0 K=JeN S1MO 020 |
Ti=11eM SIMe 8 %0 ]
121101V SIMO 040 . |
SAVECACTL) SN RS0 |
ACTYI)=ACTLD) SIvYO Boo
f A1) -SAVE SIMQ 870
' C S1HQ eno |
C CIVIOY FQUATION BY LEADING COEFFICICNT sS1vQ ave |
C SIMQ 900
SO ACLIN-A(L 1) /NVIGA | SIMQ 910
SAVLE 1\ IMAX) SIMO 900
eLIvax) 2t SIM) 9%
DO SAVE SOTGA SIVY wao
3 C SIMD 960
C (Y IMINA Y NEXT VART AT S1M) G40
¢ Siva 9rnn
TE (J-N) 5% 470455 S10D 9ND
S8 1Y nueCJa V) SIMQ 990
DO S X JdYWN SIMQ100D
IXJ=0500N StHQ1010
1y oo-ax S1rQL020
DO B0 X DY N SIMOL 000
ITXIx Nagox-1)el X STM21090
JINTIXAXOLT SIVO10H0
60 ACTIXIX)=ACIXOX)=CACIXAI®ALIIX)) S1HFOLOGLO
€S BETY) N EIX) (NI eA(LLIXD)) SiM21o02e
C STMer 0
C FTACK SCLUTIECN SIMO L0920
C SiMGt oo
70 NY=N-1 StML1o0
| R B ) St
D0 "o =1 NY ) Stvat o
] tA=11=-0 3 SILMOL 1 w0
TR SIMOLLLO
1C =N SiMat oo
Nnn oFO Kel o J St
PN D) -nEIn)=ACTA) = (IC) SIrvOYLINO
IA=1A=N SIMOtL0
AC 1C=1C-1 SIMQ1 200
LFTUON SIMOLN0
END SIMOL 200
SENTRY
Ed
t ¥
“
£
i




200

100

250

10

30
25

20

21

oy

APPENDIX V

THEORETICAL MIE PROGRAM

DIMENSION STHETD(101)+SELTRM(A4,101),POL 1(101),.FP0OL2(101),UC201)
DINENSION PIAT1(101).PINT2(101)

OIMENSION ELTICIO0LD«ELT2(101)ELO(201),ELD2(101)

REALYA X RFR4RF T4 THETD(100)+0EXT,QSCAT.CTBROS+ELTRMX(4, 100, 2)

P1=3,14159265358979323846
PEAD(5e200) FMeELD
FORMAT (31 066)

00 7 N=1,101
STHETO(N)==1.,84N*1,8

DD B N=1,51
THETOU(N)=GTHETDIN)

DN 25 KK=1,417

READ(S4250) P

FORMAT (F10+6)

YEEXP (= ((P-PM)/E)#%2/2)
X=pr+p/P

CALL DBMIE (X +RFRyRFISTHETD 314+ QEXT 4QSCAT,CTDROSFLTRMX)
DO 9 JU=1,.51

CO0 9 1=1.4
CSELTRMUL o J)=ELTRMX(TsJe1)
00 10 J=1e50

JJ=51-y

DO 10 1-1,.,4

SELTRM(I+51¢J)=ELTPMX(T +JJe2)

DO 30 k=1,101

FLYI(K)=Y*SELTRMI] ,K)

ELT2(K)=Y*SELTRM(24K)
ELGCL(K)=ELOL1(K)+ELTL(K)

ELO2(K)=ELO2¢(K) +ELT2(K)

CONT INUVE

CCATINUE

09 20 K=1,101 '

U(K)=STHETD(K)*PT1/180.
POLYIX)=(ELCE(K)*COS(U(K))*ELO2IK)I*SIN(UIK) ))An2
POL2IK) =(ELOD2(K)I*COSIUIK) I=-ELOL(KIRSIN(U(K)))I**2
CONYINLE

00 21 K=1,101

PINTI(K)=ALOGIO(POL1(XK))
PINT2(K)=ALCGLIO(PCL2(K)) ’

CALL GRAPHICSTHETDWPINTL 4101100+ RFARRFLoX)
CALL GRAPMI(STHETDsPINT2,101¢1040RFRRFT4X)
sTCP

END

132
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CSUBNDUTINE CENMIE (XeRFRNFI JTHFTD o IX o OF XT g CSCAT ( CTHRRQS, EL TRMX )
SUBROUTINE FOR COMPUTING THE PARAMETERS OF THE ELFCTROMAGNETIC
COMPUTAT IONS IN DDUDLE PAFCISION ARJTMMETIC,

THIS SUROUTINE COMPUTES THE CAPLYAL A FUNCTION BY MAKING USE OF
DOWNWARD RECUPRENCE RELAVIONSHIP,

DOMIF 001
ovMIt 002
OBMIF 00
OBMIEQDS
OBMIEOOA

X 2 SUIE PAKANETER CF THE SPHERE,( 2 ¢ Pl ¢ RADIUS OF THE SPHFRE)/DOMIEOO?

WAVELENGIH CF THE INCIDENY RADIATION) .

RF3: QEFRACTIVE INDEX OF THE MAYERIAL OF THE SPHERF ,COMPLEX
QUANTITYeabFCENMT ( RFR = I & RF1 )

THETOCJI: ANGLE IN CEGREES BETWFEN THE DIRECTYIONS CF THE INCIDENY
AND THE SCATTIERID RADIATION, THIETNEY) 1S < DR = 90,0

TF THETD(J) SHLULD HAPPEN YO BF GREATER THAN 90.0, ENTER WITH
SUPPLEMENTARY VALUE ; SEE COMMENTS BELOW NON FLTRMX ..

‘IX: TOTAL NUMRER QOF THETO FOR WHICH THE COMPUTATIUNS ARE
REQUIREDe JX SHOULD NOT EXCFED 100 UNLESS THE DIMEMNSIONS
STATEMENTS ARE APPROPALTATELY MODIFIED.

MAIN PROGRAM SHOULD ALSO HAVE REAL®A THEYO(100).FLTRMX(A,100:2)0
THE OELF INTETICANS FOR YHE FOLLOWING SYMAOLS CAN HE FOUND IN * LIGHY

pDaMIEOO R
DHMIEOO9
oBviIe ol o
onMIE0NY
DHMILIE D) 2
DBMIE 0] Y
OEBMIFEOY A
DOAMIFOLS
DUMIY 016
OnMiIFOoL ?
DAMIT 0L A
oHMIEo0Y 9

SCATTERING HY SMALL PARTICLESHeCe VAN DF NHULSTY, JOHN WILEY E SONSCOMIFQO20

o INCeos Now YUK, 1657 ¢ o

QF XT: FFFIECTIENCY FACTOR FOR EXTINCYIONGVAN DF HULST,Pe 14 € 12
QSCAT: EFFLECIEACY FACTOR FOR SCATTERINGs VAN OF HULSTP,14 € 1
CTHROS: AVERAGE (COSINE THETA) ¢ OSCATVAN OF MULST,P.128,

4
27

DOMLIF Q21
DOMIFOp2
DAMIEQ2 3
DOMIEN2 A

ELIAMX (T 0o K):2 ELEMENTS OF THE TRANSVORMAYION MATRIX FoVAN DE HUL DUEMIEOQS
STePe34,a5 € 125, I = 12 ELFMENT M SUB 2,0 = 27 ELEMINT M SUB 1e,00MIF 026

I = 33 ELEMENY § SUD 21ee I = A1 ELEMENT D SUD 21,40
ELTIMXClodol ) REPRECSENTS THE 1TH ELEMONTY UF THE MATRIX FOR

THE ANGLE THEETO(JU ) e ELTIRMX (T eJde2) REPRESENTS THE TTH FLEMIENT
OF Ytk MATREX FOK THE ANGLE 18060 = THFEYD(UJ) o0

FLIVATETIO0 Y Tt VAUl OF THE SCAYYERING ANGLE (45 GREATER THAN
1 90.0 DEGREESe 1Y 1S *,015,4)

FORMAY (/77010+" PLEASE READ COMMENYS, %/ /)

FORMAT(/Z/T 10T VALLE OF THE ARGUMENT JX IS GREAYER THAN 100°)
FORMAYLZ/0V10 T UPPER LIMIY FOR ACAR 1S NOT UNOUGH. SUGGEST GEY
TOCETAILCO GUTEUT ANDG MOD T Y SUBROUTEINE Y/ /)

PEAL®SA X X htERGRE T OEXToOSCAT 3 T(S) GYA(AN, YD)V C(2)

REAL ¢ TO(U ) YE (D) CTHROS

DRMLEON2Y

N A LR TR URY

DAMIC 029
oentroro
orelon
[CRALAR R B e
COMLEO LYY
DOYIE Qe
DHMNEE OVS
DEMEE O ye
OBMIE Oy
peNIE QYA

FEAM SN ELTEMX(ALNI00 D) PTLEY 1000, TAUL I, 10U CSTHTCT D0 « ST2THTOLOOIO L 09

feTHETOCIOO)
COMDLEXSIE RF GREFNAE X o WME L ENALENO, YCL, TC2.wENE2) s ACAR(TO00)
COMPLEX®LIA FNARFNOP

TA(1): REAL FART OF WEN(1)ee TAL2): IMAGINARY PART OF WEN(1)..
TA(N): REAL FARY OF wiN(2leeTALA): IMAGINARY PART OF WEN(2)e
TRELD): REAL FARY OF FNAse TH(2)Y IMAGINARY PARYT OF T NA..
TCL1): HEAL PART OF FNBHge TC(2)Y IMAGINATRY PART OF FNDGe
TOLY M REAL PART OF FNAP L TO(?) TMAGINARY PART OF FHNAP,

YO (11D REAL FARY OF FNBPee TE(2): TMAGUNARY PART OF ENDP,

FNAL & FNOP ARE THE PRECEDING VALUES OF FNA & FNO RESPECYIVELY.
FOUIVALENCE (WENCID)oTACL)) s (FNALTO(1))y (FNA,YCLL))
EOQUIVALENCE(FNAR,TD(1)) o (FNBPTE(L))

1F ( UX +LEe 100 ) GO YO 20
WRITE (€ .7)
WRITE(E46)

CALL EXIT

RE = DCMPLX(FFR,=RF1)

ROF = 1 «ODO/RF

X = 1 000/X

REFX = RRF » AX

TC1) = (X®8D )¢ (NFR&¢] ¢ RFI¢e2)
V(1) = D5CRTLTI(1))

NMX) = 1,10D0 & Y(1)

1F ( NMXL oLEe 6999 ) GO TO 21
WAL TE (& o A)

CAtL EXxIT

NMX2 = T(1)

IF ( AMXL «GTe 150 ) GO YO 22
NMXLl = 150

UM (e 0a0
cErreoan
DOMITE Can
DM 0A S
DHMIF 03 A
DOMLE 0a S
[ARALL B AN W°Y
Vit 04>
DML 0an
DONTE 0AY
OBMIF 050
OUMIEOSY
DBNIE OS2
DOMIE 0S)
ONMIE 0Sa
0OMtEONsS
ORMILIE 086
DBMIEOST
DAMIY 059
DEMIE 080
DOMIFOSO
DUMTE 0AY
oMLt 062
OOMIE 06
OBMIE 06 a
OHMIC 06S
OANLEORA
OHMIE 067
DEMIEOLY

|
{
{
I




22

23

24

2%

28

30

33

(alaTalalalatalal

60

v
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NMx2 = 13%

ACAP(NMXY ¢ 1 ) = ( 0,000, 0,000 )
0N 23 N = l-NMll

AN = NMXL = N ¢

ACAPINN) = (NNO]) * RRFX = 1.0D0/7C(NN#1 JSRRFX ¢ ACAP(NN+1))
CONY INUE

00 30 o = 14JX

IF ( THETD(J) «LTe 0.0D0 ) THEYD(J) = DABS(THETD(J))
IF ( YHETD(J) «+GTe 0,000 ) GO VO 24

CSTHT(J) = 1,000

SI12THY(J) = 0,000

GO YO 20

IF ( THEYD(J) +GEe 90.000 ) GO YO 23

T(1) = ( 3.14159265235697932 ¢ THETD(J)) /180,000
CSTHETCJ)Y = 0OCCS(TL D)

SID2THT(J) = 1,000 - CSTHY(J)ee2

GO 19 3o

IF { THEYD{(J) «GTe 90,000 ) GO YO 28

CSTHIC(J) = Q.,0N0

SI2THT(J) = 1.0D0

GC Y0 30

WRITE(E,.,S) ‘NFTD'J)

Upl'r(bob'

CALL E>I7
CONTYINLE
o0 35 U =
PI(1ed) =
Pl(2es)) =
TYAULL o)
TAU(2.J)
CONT INUE

o000

- -

L

LewFN(2) - WFMN(1))
C2 * WFN(2) ~ WFN{1))

-
b 4
>

e
u
-
z
>

T(1) = 1,%000

FRON MFERE TO THE STATEMENY NUMBER 90, ELTRMX(1sJeK) HAS THE
FOLLONING MEANING:

ELIRMX(14JeK): REAL PARYT OF THE FIRSY COVMPLEX AMPLITUDE.
ELIEMX( 20X )2 IMAGINARY PARY OF THE §F IRST COMPLEX ANCLITUDE.
FLIFMX(3,Jek): REAL PARY OF THE SECUND COMPLEX AMPLITUDE.
ELIRMX(A,J,K ) ITMAGINARY PARI OF THE SECOND COMPLEX AMPLITUDE.

K = 1 I FOR THETD(J) AND K 2 : FOR 180.,0 ~ THETO(J)
OEFINITION GF THE CCMPLEX AMPLITUDE: VAN DE MULST.P+125.
TRE1) = Y1) » TO(1)
TE(2) = T(1) ¢ ¥B(2)
TC(L) = T(1) & VC(1)
TC(2) = Y(1) & YC(2)
DO 60 o = 1,J0X
ELTIFEMX(1eJel) = YB(1) % PI(2,J) & YC(1) ® VAU(2,.J)
ELTRMX(2.Je1) = TH(2) & PI(2¢J4) ¢ TC(2) ® YAU(2.J)
ELYPMX(3.Je1) = TC(1) ¢ PI(2,J) ¢ TOUL) * YAU(?,I)
FLYRMX(84J01) = YC(2) * PI(2¢J) ¢ TE(2) & TAUL2,.0)
ELYFRMX(LleJe2) = TH(L1) & PI(2,J) = TC(1) * TYAUL2,0)
ELTIPMX(2,0.2) = TR(2) * PI(2,J) = TC(2) * TAU(2,I)
FLTRUX(3,0¢2) = YC(1) #* PL(2:J) = TB(1) ® TAU(2,J)
FLIRMX(A,J62) = TCL2) » PI(2,J) = TBL2) » TAU(2,))
CONVINLE
QEXT = 2,000 ¢ ( YBA(1) ¢ VC(1)) .
OSCAT =(TB(1)*¢2 & TO(2)842 ¢ TC(1)e42 ¢ TC(2)%#2)/0.75D0
CTYHRAS = 0000
N = 2
T(1) =2 2eN - |
T(2) = N - 1 .
Y(3) = 2 » N ¢ 1}
\
e ———————

ORMIE 059
DRMIEQ70
DPMIFOQT 1
DaMIF 072
DAMIEO07 3
DDMIEOTA
DAMIEQTS
OBMIEO7H
OBMIEOTY
DAMIEO7A
DBMIEOT79
DBMIE 080
ORBMIE OR 1
DBMIEDB 2
DOMIF 0B
DRAMIEQRA
DBHIE0TS
DYIMIF 086
DBMIFOBY
OBMIE ORAQ
ODMIF0R9
DEM{F 090
DOMIF 001
DBMLE 092
OEMIF 093
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00 70 J = (eJdX
PIE3sJ) = (TUL1)PT(2,J)eCSTHT(JI=NePI(1,J))/T(2)
TAUC3ed) = CSTHTLI) ¢ (PI(3e0)-PI(1+J)I-T(1)SSI2THT(JISPI(2:J)¢
t TAaulr .0
CONTINLE
WMl = WFN(1)
wFA(L) = WFN(2)
WENCZ2) = Y(L1)WRXOWFN(T) =~ WM]
YCL1 = ACAP(N)®RRF ¢ NeRX
TC2 = ACAP(N)SRF ¢ NeRX .
FNA = (TCIOTA(3)I-TA(R))/Z(TCLI*WFN(2) ~ WFN(1))
:Ne's (TC2eTA(DI)=VA(L1))I/Z(TCR2¢WFN(2) —~ WFN(1))
(s = N
TLA) = T(1)7(V(S)eT(2))
TE2) = (T(2)2(T(S) + 1.0D0))I/T(S)
CTBHFQS = CTORQS ¢ T(2)¢(TO(1)*YB(L1) ¢ TO(2)eTH(2) ¢ TE(L1)eTC(1) ¢
TE(2)eTC(2)) ¢ V(A )IS(TD(LI)STE(CL) ¢ TO(2)«VE(?2))
QFXT ' = QEXT ¢ T{3)*(TBL1)+7C()))
Tla) = TE(1)0e2 ¢ TH(2)%e2 ¢ TC(L)*42 ¢ TC(2)0¢2
QSCAY = QSCAY ¢ T(3) 7 (a)
T(2) = Neo(Rhey)
Y1) = T(3)H)/7(2)
K = (N/2)¢2
DO 0 J = 1,JX
ELYFMX (100 )=FLYRMX(1oJs3)4TL1)2(TE( L) ePTI( 3, N eTC(LI*TAU(3I,LI))
ELTPMX(26del )=CLTRMX(2,Je1)¢T 01D (T(2)*PI(I,))¢YC(I) ST AU(DL D)
ELYEMXLA D II=ELTRMX( I Jel DEYCT e (TCCRI*P (I ) eTELL)*TAU(3,)))
ELTFMA(AGI t P=FULTRMX(AL, I 1) TN YCE2) 4L, M) e TR()eTAU(DYU))
1IfF ( K ofQe N ) GO YO 75
FLYIPMXEYod o) =0 LTRMX(1ede2) ¢TCIDS(TOCIIPI( I, 1)1~TCLL I eTAU(DI))
EULTPMX (20042 )=C€LTRMUX(2: 02207 (2)0(TR(2) &P (3, 0)-TCL(D2)*TAU(S, J))
ELIRPMXEDs 0 2)=ELTRMX( 3,J¢2)¢T(1)(TC(1) eI (3,J)-TH(L)eTAL(3,U))
ELTIFRMX (A0 ¢2)=ELTRMX(A0Je2) T (1)S(YC(2) eI 3, 0)-TO(D)*TVAUCILU))
GO 10 0O
CLTIRPMX(1eDe2)-F TRMXL 1,207 (1)L *PTI(3, I )0 TC(L)ETAU(Z, )
ELTPUN(D o e2)=E LTRNX(2,0e2)¢T (1) (= TH(2IP I I0NC (2 )¥TAUT 34 )
FUVE X300 o2) =B LYEMX(IoJeZ) 4T S (=TC (Lt DePI( 32D 161 )*TAU( 3, 2)
FLYIOCHRXEA 0042 ) ELTEMX{ A eI Y1) (=YC(2)OPTI( 30 I)eTUB(2)RTAU(I, )
CORYINLE
TFg 1(a) JLTe 1.00~14 ) GO YO 100
N = N ¢ 1
DO Q0 J = 14J2
PL(led) = PLI(2:J)
PI(Z49) = PI(3, )
TAUCL«J) = TALID YD)
YAUL24J) = TAUL3WY)
CONYINUY
FHNAP = F A
FHDP = FHD
IF (N JLEg AMX2 ) GO TO 65 .
WRITE(€E.0 )
cAl EXLY
NO 120 J = 1, IX
0N 120 X = 1,2
o0 115 1 ~ 1.4
TE1) = ELTRMN(L ¢ J.K)
CONTINVE
ELTRMK(20JeK) = YL )982 » T(2)%eD :
ELINMX{LodoK) = T(I)062 & T(A)ee2
FLYRMX(JedoK) = Y(R1)OT(I) ¢ T(2)%7(8)
FLIDMX(8,J4K) = T(2)eT(3) — T(A)*T(Y)
CONTYIMNLE
T(L) = 2.000 ¢ ¢ ¢42
OF XY = QEXT & 1(1)
OCCAT = QSCAY * 1))
CTOROS = P,0L0 & CYHRQS * V(1)
IHE DETAILS ANDUY THES SUROUTINE CAN BE FOUND IN THE FOLLOWING
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APPENDIX VI

VOLUMETRIC CORRECTION

S N e

Al A 0] B

The figure given above represents the scattering
geometry. The direction of incident laser light is + x, and
the direction of flow of the aerosol particles is + y.
Aerosols enter the chamber through a circular opening of
diameter AB. They get hit by the laser beam in the inter-
action region AB. The scattered light is then collected by
the semicircular arrangement of mirrors A'C'B'. The inci-
dent light is focused at the interaction region. The radius
of the light beam is negligible compared to its length.
Therefore the problem reduces to a cross sectional area

rather than volume. The effective area observed by the
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mirror at D is CB. In order to find this we find the
equations for the line CB and AB, and intersect them to
find the coordinates of C and B.

The length of AB = L
. A0 = OB = L/2

OD = R
Angle DOB = 0@

Equation of CB:

G 2 v B2 (1)
tan0 tan0O

Since its slope is ~i/tan Dbecause CB is perpendicular to

OD. Then, finding the slope for AD, we get:
Rsin0
Rcos0O + L/2

Tap ™

Equation of AD:

y = RsinO % (LL/2) RsinO (2)

RcosO + L/2 RcosO + L/2

Intersecting 1 and 2, we get the coordinates of point C:

. (2Rsin’0 - R - (L/2)cos0)
R + (L/2)cos0O

cos Rsin20 ~- R -~ (L/2)cos0O

sin R + (L/2)cos0

Xo = L/

!

Yo = L

Equation of the line BD is

Rsin® . . L/2 sind

y = X
Rcos0 - L/2 Rcos® - L/2

Coordinates of point B is then:

il

*B

yp = 0

L/2

e D —— VUSRS
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Using the distance formula

D=/7(XB"XZ Z

el” ' Uy ~ ¥p)
we get

cos0 Rcos® + L/2
sin® R + (L/2)cos0

D =1L

At this point because of the relative gain factor to be
used we can take the problem as a volumetric one, then the

effective volume is

vV = ﬂrzD
e

r being the radius of laser beam.

Relative volume ratio is taken to be Ve/vmax

2
where Vmax = mr L

Therefore the volume ratio G(0) is:

cos Rcos0O + L/2
sin R + (L/2)cos0O

Gl(G)

Assuming R >> L

c052®

G, (0)
1 sin0

In addition to this, due to the charging of the parti-
cle and the cross sectional effects we have an arbitrary
correction of N(0) which is the number of light particles
(photons) scattered into a unit area at angle 0 [26]

N(0) = k/R%sin® (0/2)
K is an arbitrary constant which depends on the charge and
the kinetic energy of the particle. Therefore our correc-

tion factor becomes:

TR a—




139

G(0) = K cosO Rcos0 + L/2
{ sin® R + (L/2)cos0

/(R%sin%(0/2))

A graph of this function is given in Fig. A VI-1.




: iar o s WS N N i B B T A e

140

. . 00+30{29590"
. . DCed52L20L
. . 00e 399D by
. . 00 AL5I5108° 2
> . OCe 3§ 42553t %2
° . CUeAvygIhL N2 [3)
. . 0Ce 3+02393a°2
. . 00eFU033L 32 -
. . 0CeIHZIGLGY* 2 1 9]
. . 00¢W2ZIFION*2Z +
. - CCe3lvepesi®2 ()
s . OCeLPIDONC" T
. . eze2 g
. . ec*e
i ez =
. »
& Z1e: g
. ° s9°2
b » s9°2
. ao:i ()}
. i 5
: . Qg'l ﬁ
. . fﬁ:“
. 026
T e 23°1 -
e 331 le}
. 3 A |
. ° 00+ 3595553¢°1 Ko
& 00+ 5262tuG2° 1
. . 00+ 3v22552¢°1 o,
. ° ©C+ 2£309253°1 Y]
» L3 - H
. ° Dy
s ° o
L]
"y 43
v
o o
o}
© M
©
D ved
a9
A O
N
3 (O]
. *D-Tle3le29%2~ K8
*e 10-3022104285= 2°16 1y 1
. CO* iCubSebi®*6- D°I6
. 10 voecees- zeaw U T
. 13 2riz0e1 o::u O
. 10~ 22320 e
Us 1c (eoes  3eze 2 r8
. * 10=-0556G6v6% 6 o*ta w P
. o 00+ 512725311 z°se
* ® COe32ueararel o223 @©
« o 00« 37215005 °1 9°sL 0w o
NI 130e9°) 3°cL a9
& s2ceetl 0°22 @ P
. . L] z
P - it >
- . gg»avog:.i: &:
- + dsTdT
© 0CrIp03 Vot J:TO
. . (7" Y
. ee
T 250 n o
P . 55w : (14
. » Sove QW
gk et 3
L3
3 . z1s g e
M . 04 ~ O
* . 209 o
- . 169 U‘J_)
. . 13¢ lell®)
b . 116
& . ve 0 ~ Q
* . e N
. . ;;: U N
L d
: : 3 &9
& . 256
- . 5%0
. . fsQ
. . ati -~
. . EER ) \
. . el
PY . (R H
. - 20 >
. . l(’;
.
* . 56 Y
. . v
» . e .
. . vy o
. » 0s Ba |
» A
- 30 Fu
c;;.-.......-oo-o'-a-;..-:;;oo.---n.oococ-roono.-oo.‘nouoooon.o A RSN WY
CCi*wi=00"0mn
e - —




APPENDIX VII

SCATTERING EXPECTATIONS

There are a few variables that enable us to calculate
the expected scattering values, and compare them with the
real data points. They are actually the basic considera-
tions of our experimental system design. Aside from
several other factors that effect the measured values like
the coagulation of particles, multiple scattering and

variation of number of particles in the scattering region,

an approximate estimation of the first order can be done by

using the quentities listed below:

1 - laser output power and bandwidth,

2 - # particles in interaction region and their velo-
cities,

3 - The angular resolution and the attenuation of
light due to mirror reflections and the glan air
prism,

4 - Photomultiplier gain,

5 - Digital conversion.

The power output of the dve laser is estimated by a
comparitive measurement of the nitrogen and the dye laser
outputs (igs. 8 a,b).

The power output of the nitrogen laser is calculated
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by the readings from a thermopile and the half width ob- ‘

: tained from the oscilloscope picture through a fast photo }
diode. t

We read an average of 86 uV output from the thermopile

at 10 pps, counted by modulating a frequency counter.
Calibrating this with a He-Ne laser of known output power
which gave 24 pV at 2 mW we get: i

86 x 2

= 7.17 mW average output power i
24 H

7.17 m J/sec 1/10 pulse/sec = .717 m J/pulse

Half width = 6 ns

.717 mJ/pulse = 120 kw

S P =%
6 x 10 sec/pulse

Comparing the amplitudes:

deqﬂ dye

Dye lasex power output:

o 710 (% =
P = (sg5) % x 120 = 81.98 kW
150

Assuming losses of 45% including 25% due to the Glan air
prism that is used to polarize the incident beam and 20%
due to the focusing lens

P = 50 kW approximately

The measured half width for dye laser output is also

6 ns, therefore comparing with N, laser we have aporoximate-

ly .3 mJ/pulse

Energy of a photon = hC/A
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Assuming A = 627 nm

-34 | 8
E = 6.62 x 10 joule sec x 3 x 10" m/sec _ 26V

1.6 x 10°1? igg%s % 627 % 18°° m

Number of photons per pulse is then

3z 1072 joule/pulse
1.6 % 20727 lgglﬁ x 2 ev/photon

= 9.4 x lO14 photon/pulse

Assuming 1% of the beam is scattered equally in all direc-
tions and knowing the solid angle covered by the mirror:

%(.63)2 5

Solid angle = ————p = 7.4 x 10~
41 (36.6)

the number of photons detected per pulse is: (taking the

number of photons per pulse as 5 x 1014 due to losses)
5 x 1014 X 8 x 10“5 = 4 x 1010 photons detected
per pulse

The photomultiplier specifications are given in table
A VII-1. At 627 nm the radiant cathode sensitivity E(A) is

E(X) = 30.4 mA/W

with 4 x 1010 photons : we get 12.8 x 10“9 joules

10 ev 19

4 % 107 x 2 x 1.6 x 10 7 joule/ev =
photon

- 12.8 x 10”7

Therefore the photocurrent from cathode at 10 ns will be

mA  12.8 x 10° W

W 10 x 10 °

I, = 30.4 = 38.9 mA

k

Taking into account the 25% attenuation due to the
analyser prism we get approximately 30 mA output from the

photomultipliers. This value is only an estimate but can
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be used to determine the absolute quantities.

A better approximation can be calculated by knowing
the number of particles in the interaction region, their
sizes and shapes, and refractive indexies.

The number of particles in the interaction region
depend on the concentration of the aerosols in their sus-
pension or in the solvent, the liquid flow rate and the
frequency of the sinusoidal voltage at which they are gen-
erated. These are the variables of the experiment. They
are calculated at cach run and the data is corrected accord-
ingly.

The electronic data acquisition system has its errors
in detecting voltages. These are given in Table A VII-2,
The raw data is corrected due to the relative standard de-

viation of these functions.
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TABLE A VII-1

Photomultiplier Characteristics

PMT 1 PMT 2
Type RCA7265 RCA7265
Serial # P 57379 P 12542
Cathode 220 ua/l 255 pa/l
Sensitivity
Cakhode  Red 1.05 pa 1.25 pA
Sensitivity
Raaas 15500 A/1 2700 a/1
Sensitivity
@ 2400 Vv 2400 Vv
Dark .045 uA 03 uA
Current
@ 193 ov 220 V
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TABLE A VII-2

Calibration Data for Electronics

Regulated Channel 1 Channel 2
Applied voltage Average voltage Average voltage
(volts) output (volts) output (volts)
0 .073 .068

1 1.040 1.060

2 2.130 2.140

3 3.100 3.030

;——~ . ) 4.120 4.150 ‘
5 5.080 5.060

6 6.100 6.090

7 7.140 7.090

8 8.190 8.050

9 9.160 9.080




APPENDIX VIII

DATA TABULATION

An example of two data sets, which are the average of
5 consecutive runs each, of latex particles, are given in
Fig. A VIII-1 and A VIII-2. The former is Channel 1, and
the latter is channel 2. The incident light in this case
is polarized perpendicular to the plane of scattering. As
can be observed from both of these graphs, the angle at
151.2 is set off, and the axis point is not typed. This
data point is considered as "out of range". The appear-
ance of the out of ranygye point is because of the miscoding
of the paper tape in one of the five runs that are averaged.
In the overall averaging this point is discarded as well as
some other points that might have occurred due to the
scattering from coagulated particles. These are rejected
if they are within the range of the error bracket set by

Mie theory. The rejected values are the intensity at 156.6°

0 0 0
of Fig. A VIII-1l, and the intensities at 28.8 , 45.0 , 66.6,
0 0 0 0 0 0 ]
79.2 , 8.4 , 88.2 , 97.2 , 163.8 , and 174.6 of Fig.
A VIII-2. "The occurence of so many rejections in the
second channel can be better understood by observing the
graphs of the two channels before the subtraction of the

background intensities, which are given in Figs. A VIII-3
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and A VIII-4.

It is clearly seen that, while the first channel is
giving a smooth output, the second channel is very incon-
sistent. This cannot be due to the coagulation of the la-
tex particles since, the scattered light is detected by
both channels at the same time, from the same orientation
of particles. Therefore we conclude that it is a noise
problem of the second channel photomultiplier, which is
random. Nevertheless the data points corresponding to
this effect are discarded.

The same kind of reasoning can be applied to the clad-
osporium and NaCl datas. An example of a set of cladospor-
ium data is given in Figs. A VIII-5 and A VIII-6.

Most of these data points are either rejected or

omitted within reasonable limits.
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