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I. INTRODUCTION

The increasing accuracy of precision guided munitions which use a variety of electro-
optic sensors has led to renewed interest in obscuring aerosols that can be used to
protect intended targets from these devices. The first generation of obscurants, some
of which were developed in World War I, created a smokescreen by burning a material,
such as phosphorus, or vaporizing a substance, like fuel oil, which then condensed into
a fog. These two materials created an aerosol composed of spherical, liquid droplets
that was verv effective in attenuating light, i.e., targets could be effectively hidden
from human observers. Recent developments in electro-optics have produced viewing,
designating, and tracking devices that operate in the infrared as well as the visible
region of the electromagnetic spectrum. The earlier generation of obscurants has
been found to be relatively ineffective in the infrared so improved aerosols are now

being sought.

In general, the particles comprising the earlier generation of obscurants were
spherical. Nonspherical particles have, in some cases, been shown to possess more
desirable properties, such as broader spectral effectiveness and more obscuration per
unit mass. However, the theoretical problem of predicting the interaction of
electromagnetic radiation with a particle of arbitrary size, shape, and index of
refraction has not been solved for particles with a size on the order of the wavelength
of the radiation. Thus, it is difficult to predict or interpret data from experiments
conducted on nonspherical particles. The work reported herein addresses this problem
with a phenomenological approach. An electrodynamic balance was built that stably
suspends individual micron-sized particles. Individual spheres and nonspheres were
suspended and photomicrographs were made of the particles while their scattering
cross sections were measured in two orthogonal directions. The photographs and cross
sections were then analyzed in a search for correlations between particle size and

shape and the scattering cross section.

This report is organized as follows. Section II contains a description of the
experimental apparatus. Photographs of the particles, measurement methodology, and
resulting size parameters are presented in Section Ill. Differential scattering cross-
section plots are shown in Section IV and analysis and results described in Section V.
Finally, results and conclusions are summarized in Section VI.
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IIl. EXPERIMENTAL ARRANGEMENT

The heart of the experimental apparatus is an electrodynamic balancel used to
suspend individual, micron-sized particles. The particles are given a static charge
with a high-voltage source, then held in a stable position with a quadrapole-shaped ]
alternating field. A dc field is used to counteract the gravitational force; otherwise, _ S
the particles would oscillate about the central point.

The suspended particle was illuminated with a 50-mW helium neon laser beam focused

with a 250-mm focal length lens to increase the flux on the particle. The scattered

AAAAA“

light was collected by two EG&G Reticon RL1024G arrays located about 7 cm from
the particle. These linear arrays were oriented with their axes orthogonal to each
other and with the virtual intersection at the center of the laser beam. A schematic
diagram of the system is shown in Figure | and a photograph in Figure 2. The array
electronics were adjusted so that each pixel integrated for 8 ms. The array clockouts ’
were synchronized and the readouts were made simultaneously with a Nicolet 2090
digital storage oscilloscope. The digitized data were then transferred to a Hewlett
) Packard 9825A computer where they were stored on cassette tape for later analysis. i
‘- ¢ The microscope system for photographing the suspended particles will be described in » .

the following section.

M. PARTICLE CHARACTERIZATION b

In order to relate the measured scattering cross section to particle shape, size, and DR

orientation, it was necessary to photograph each particle in the suspension chamber at

the time scattering data were recorded. A microscope was set up with its optical axis |
30 deg from the incident laser beam direction. Due to the electrode geometry, a long
working distance (~50 mm) objective was required, which limited the system resolu-
tion. A photograph of a stage micrometer with laser illumination showed that the
system resolution on film was 8 um, The suspended particles were photographed on !'
Polaroid Polachrome transparency film at a magnification of 18X. One benefit of
using this film with monochromatic illumination is that the emulsion records the image
as a series of lines. Since these lines in the emulsion run parallel to the film edges, a

permanent and precise record of the particle's orientation is achieved. This feature is »

.. . R
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especially convenient as the transparency image must be magnified for measurement.




The images used for measurement are shown in Figures 3 and 4 with a transparency-

to-print magnification of 125X,

A sample of six particles was used in this study: three spheres and three nonspheres.
The spheres are from a sample of 10- to 15-um-diameter Particle Information Services
(PIS) glass spheres; the nonspheres are agglomerates of 1- to 3-um-diameter PIS glass i
spheres. White light photomicrographs of samples of the particles are shown in Figure
5. Particles 1, 2, and 3 are individual sphere samples and Particles 4, 5, and 6 are

agglomerates.

The images were analyzed for size and shape information in the following manner.
The lines in the emulsion defined the x~direction, the perpendicular direction being v.

The emulsion lines are spaced regularly 1.4 um apart in the object space. Figure 6

shows how the images were measured and a two-dimensional reconstruction of the

4

image area was created. The image area is given by ]

o

A= f dx dy .

—————y

N 9

= n§l (yn - yn—l) (an - xnl)

i g ( ) 6} m‘j

[ = A2, X=Xy o

w

P We can define the radius of a circle of equal area RE as a measure of the overall :

particle size: -

:' B

N RE = JA/w (2) ]

If RE, sometimes called the zeroth moment, were the only descriptor of the particle, - 4

we would have no way of distinguishing a circular from a noncircular image. The first 5

L moments of the x and y coordinates, X, ¥, give the location of the object's "center of :.i]

" mass", information not related to its scattering properties: ]
»
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The second moments about axes passing through the "center of mass" and parallel to
the coordinate axes will contain information on the deviation of the image from a
circular shape. Since the scattering cross sections were also measured in the x and y
directions, it seems logical to search for correlations between the scattering cross

sections and these moments. The second moments, My and My, are given by

My, = <(x-%2> =}—l\f (x - %2 dx dy

- & +3l ,ENI (":2 ‘ xil)/,gl ®n2 = *ny) (5)
My = <y - 2> =}\f(y-?)2 dx dy

- -72+§—2ngl (3n% - 3neD) (x 5 - x ) ng (x - %)) (6)

The image can be related to an equivalent ellipse through the second moments. Given
an ellipse with its "center of mass" at the origin and semi-axes a in the x-direction
and b in the y-direction, the boundary equation, area, and moments are:

2 2 2
x—z * ‘Ef = 1, Area = mab, <x2> = aT and <v2> - b—u (7)
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Combining Equations 5, 6, and 7 gives the semi-axes of the equivalent ellipse in terms
of the moments of the reconstructed image:

=

.J-'_ a= 2VyM_ .
- X o
F b = ZJW (8) -

Table I lists the dimensions for the six particle images reported in this study. Note
that Particle 3, which is from a sample of spheres, has an aspect ratio that differs
significantly from [.0. Either it was nonspherical or the dc field was not precisely

adjusted and the particle oscillated in the y-direction. This question will be addressed

. .—ﬁv -

in the following sections where the scattering cross sections of the particles are
presented and analyzed.

” r-.w
]

Table I
Particle Dimensions Derived From the Photographic Images

o A RE a b :
Particle (um?2) (um) (um) (um) bl/a

1 23] 8.6 8.8 8.7 0.99

2 141 6.7 7.6 6.2 082
3 226 8.5 6.6 11.4 1.73

4 506 12.7 10.9 15.1 1.39

5 395 11.2 20.2 6.5 0.32

6 757 15.5 12.8 19.0 1.48

IV. DESCRIPTION OF DATA

As shown in Figure |, the linear photodiode arrays were arranged in an orthogonal
configuration. For convenience, we shall refer to the array with its axis parallel to
the x-axis defined in the previous section as Channel A and the one parallel to the y-
b_ \ axis as Channe! B. The laser beam was linearly polarized in a direction parallel to the

y-axis. However, there were no polarization analvzers in front of the detectors. The

........................
.............................................
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arrays lay in a plane perpendicular to the laser beam 7.2 cm from the particle, the
detector element closest to the beam center being 1.3 cm from this reference. As the
detector element spacing on these devices was 25.4 um and there were 1024 elements,
the scattering angles covered were from 10 to 28 deg with 0.018-deg resolution.

To obtain an absolute calibration for the system, the laser beam was spread out into a
large, relatively uniform pattern using a spatial filter. The system response was
recorded on computer tape while a Laser Precision RK5100 radiometer measured the
flux incident on the arrays. Calibrated neutral density filters were placed in the beam
to check the linearity of the system response. Later, a statistical analysis of the
recorded data was made to determine responsivity and noise levels of the whole
system. The system noise equivalent irradiance was found to be 0.1 uW/cm2 and for

large signal levels the relative uncertainty was 5%.

The flux incident on the particle was determined by placing a 25-um-diameter pinhole
aperture at the location of the particle and measuring the power in front of and behind
it. Moving the aperture sideways and measuring the resulting power as a function of
position showed that the beam profile was approximately Gaussian. Assuming it was
exactly Gaussian yielded a derived 1/e2 diameter of 150um and a flux of 5 uW/um?2 at

the beam center.

The differential scattering cross section do/dQ in the direction of the detector is
defined by

do  _ (scattered flux on detector) (detector area normal to flux)
da (incident flux) (solid angle subtended by detector)
122
= —2%_  (um2/sr)
Iy cos2g )
where 1 = measured scattered flux ( pW/cmz)
0 = scattering angle
z = distance from particle to detector plane
= 7.2cm
flux incident on particle

p—
Q
non

5 uW/um?2
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Figures 7 through 42 plot the measured differential scattering cross sections for both -“‘
channels and each of the six particles. In addition, three cross-section measurements

were made for each particle in order to evaluate the reproducibility of the measure-

ments. Reproducibility was of special concern for nonspherical particles, where o
particle rotation could result in grossly changing cross sections. Visual examination of dhiel
the results show that the cross sections were reproducible, indicating a stable
orientation. Each plot contains the measurements from 1012 detectors; the results
from the 12 detectors closest to the beam in each channel were eliminated because of
noise contamination from the readout synchronizatiori pulse. The differential scatter-
ing cross section is plotted in units of square microns per steradian and the scattering
angle is in degrees. Note that some cross-section plots are slightly negative, due to
the fact that background measured with no particle in the beam was subtracted from
the scattering signal. With little or no signal, the differences in intrinsic noise
samples caused negative values to appear. These data will be analyzed in the

following section.

. ® V. DATA ANALYSIS ,
The first attempt to interpret the data was to fit the curves from the spherical ~:
particles with Mie theory. If the particles were true spheres, there would be no cross ;:_;:::j:'
polarization induced by the scattering, and Channel A would measure the perpendicu- " e

lar-polarized scattering and Channel B the parallel-polarized scattering. A numerical
minimization routine was used to fit the data by varying an overall multiplication
factor, the particle diameter, and the real index of refraction in the Mie theory, with
the Mie cross sections calculated by the program DBM!E.Z Due to computer time
limitations, it was necessary to fit a subset of the data rather than the whole set. The
data were reduced by selecting every 16th data point, giving a total sample of 64
points in each channel rather than 1012, The errors were calculated for each point
using the parameters given in Section IV and the fit was performed bv minimizing chi-
square. It should be emphasized that Channels A and B were fit simultaneously with
only one overall normalization parameter. The model that was fit to the data was:

do
<2 - Ak2[s 0|2 ~
ana IS1 (R, N, 0)]

do - 2 Sl
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. where A = overall normalization (fitting parameter)
R = particle radius (fitting parameter)
N = real index of refraction (fitting parameter)
k = 2a/, A = wavelength of illumination
0 = scattering angle
S1 = Mie scattering amplitude for perpendicular component

S2 = Mie scattering amplitude for parallel component

The subsets of the data that were fit, along with the associated errors and resulting
fits, are shown in Figures 43 through 48. The mismatch between the data and
theoretical curve, as well as the numerical value of chi-square, indicates that the data
are not fit by the Mie theory. This could be due to the fact that the samples are not

perfect spheres. Examination of the particle photographs offers some corroboration of

this hypothesis, with an internal flaw being seen in Particle 1 and noncircular images
being measured for Particles 2 and 3. We shall, however, continue referring to these

particles as spherical even though they are only approximately so. -

ﬁ ‘; . The next attempt to obtain particle size data by fitting the differential scattering
cross section was based on a simple diffraction model. If the particle is assumed to be
a planar disc or ellipse blocking the beam radiation, then by Babinet's Principle3 the
diffraction caused by the particle is the same as for a complementary aperture. We
h can then use the basic Airy diffraction formula for a circular or elliptical aperture® as
a starting point for our model. In addition to the diffraction effect, a smooth
background that did not increase with scattering angle was added. The model was then
given by

do A (23 1(x)

2
de . A(EL ) + B exp (-Co) (n

where A,B,C,D 20 are the fitting parameters

.va--vv.- ,r.vvr- r—
Lt Lty . T e

0 = scattering angle i
i J1(x) = Bessel function of the first kind of order 1 s
_nDsing ‘:'.:jf‘
. =7 ot
o D = particle diameter (fitting parameter) -
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This model was fit independently to the full 1012 cross-section values in each of the
channels for all six particles. Reasonable fits were achieved for the spherical
particles, with chi-squares per degree of freedom ranging from 2.3 to 9.6, but not for
the nonspheres, where the chi-squares were an order of magnitude larger. The best
fitting curves for the spheres are shown in Figures 49 through 54 and the derived semi-
axis dimensions tabulated in Table II. Note that the fitting results support the
hypothesis that Particle 3 is in fact nearly spherical and that the elongated
photographic image is due to particle motion. This is for two reasons: adequate fits
were not achieved for known nonspherical particles and the ratio of the independently

derived semi-axes is very close to unity. However, there is approximately a factor of
two difference between the photographically- and model-determined semi-axes for all

three particles. This difference could be due to either photographic image enlarge-

ment as a result of flare and poor resolution, or the model may give a biased result.
? Further theoretical work is necessary to understand the consequences of this diffrac- -
tion model, which treats the scattering from a three-dimensional object as if it were

for a two~dimensional one.

Table I
Particle Dimensions Derived From Fitting

[ SRTYSY

af bp
Particle (um) (um) bg/aF T
3.9 4.2 1.08 s
2 3.2 3.4 1.06 e
3.1 3.3 1.06

In addition to model fitting, the data were analyzed by plotting some phenomenolog-
ical quantities derived from the data as a function of particle size and visually
searching for trends. The first quantities defined were the total observed cross
sections oa and op in each channel:
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] 1011
- o= ¥ dao__ sin 6; (8;,] - 6} (12
' i=1 90BAj

1011
’ op = Y do__ sin 6; (85,1 - 6;) (13)

i=1 dQpi -

O’T = GA + O’B (U#)

The channel cross sections oa and op are plotted as a function of the particle's
equivalent radius in Figure 55 and the total cross section as a function of radius in
Figure 56. Particles with an equivalent radius less than 9 um are spherical and those
with a larger radius nonspherical. Figure 55 shows that the channel cross sections are
different for only two of the three nonspherical particles. Particle 5, which has the .
most extreme aspect ratio, has the largest difference in channel cross section.
Particle 6, with the intermediate aspect ratio, has the second largest difference. For
Particle 4, which has the aspect ratio closest to 1.0, the channel cross sections are
- indistinguishable. There is not a clear connection, however, between the total
" o observed cross section and equivalent radius, as illustrated in Figure 56. In this plot, t
the largest cross section is for a particle in the center of the radius range and the :
smallest is for the second largest particle. To test whether the total cross section
versus equivalent radius was obscuring a relationship between cross section and size
because of averaging over two orthogonal channels, the individual channel cross )
section versus the photographically-determined ellipse semi-axis in that direction is
plotted in Figures 57 and 58. Again, there is no clear trend between size and cross
section.

Given the large number of measurements of scattering cross section versus angle, a
statistical analysis of this data might be used to obtain information about the particle.
We know, for example, that the scattering pattern for a sphere is a set of light and
dark rings on a screen perpendicular to the incident beam. This suggests that if we L}
were to correlate the differential cross sections in Channels A and B, then spherical '_
particles would exhibit a high degree of correlation. The concept of correlation can be :'-;‘r\f -
visualized through the device of a scatter plot. In this plot a point (xj, y;) in a :

[nad RN
e

Cartesian coordinate system is created from the differential scattering cross section
in each channel at a particular scattering angle @, i.e.,
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do o
- xj = ——— (6} i
dea o
do e
= 22 (05) (15) L
ST T o
The points (xj, y;) are then plotted for all 8; in figures 59 through 76, with one plot for ° C
each data set. If the points are highly correlated they will cluster along a line of ;A'_-I"
positive slope. If they are anti-correlated, they will cluster along a line with negative )
slope. Uncorrelated points will cluster along a line parallel to one of the axes or will .
be randomly distributed throughout the space. Visually, the plots for the spherical o
particles show a high degree of correlation, as expected, whereas the plots for
nonspheres are less correlated. The correlation is quantified in a statistical measure
' known as the correlation coefficient p, defined as L
| 6
[ _ - - 2 o2\-1/2 R
i p = <x-3%(y-P><lx-2><ly - §)2>) (16) L
1 SRR
which has the property S <
X i
»

For the discrete case, such as our data, we have

v a-aaasrtrvrere v

poen 2-
N N
<(x-§)2>=%, ) xiz--l-(z x1> ‘
li=1 N\i=1 / .
- 2 ;
k 2 1 N N W '\
i y-97>=g|.2 yf-l(z n) )
Y =1 N\iz1 "/ _ »
5 1
r: FN N N IR
: <x-%(y-y>= lN '21 Xiyi - lN(z xi><2 yi> (18) T
1= = = -
i v
Figure 77 shows the correlation coefficient as a function of the particle's equivalent o
ﬁ radius. The correlation is near its upper limit for the spherical particles and is
. significantly less for the nonspherical particles. Therefore, the correlation coefficient
of the differential scattering cross sections appears to be an indicator of the spherical . o
L or nonspherical shape of the particle.
\
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VI. SUMMARY AND CONCLUSIONS

Results from the work reported here can be divided into two classes: experimental S

i measurements and analysis of those measurements. From the differential scattering R

i cross-section data, it appears that reproducible, high-resolution measurements can be ;:"--j
made with the apparatus we have constructed. With relatively simple optical

modification, this device can measure the differential cross sections from -30 to +30

deg in the two orthogonal directions. The use of a computer in the system to store the

data means that relatively large, statistically significant sample runs can be contem-
plated. The microscope system for determining particle size and orientation should be
improved to obtain better measurements of these quantities to be used in analysis,

however.

Much more work remains to be done in the area of interpreting the experimental

results. The cross sections plotted in Figures 7 through 42 exhibit a wealth of regular

bkt

structure. However, only the data from nearly spherical particles could be fit to
obtain a size estimate, and even in this case the diffraction model results do not yet
yield an absolute size. The cross sections integrated over our observation angles could
not be clearly related to particle size. The only reliable interpretative tool we found

in this study was the correlation coefficient between the differential scattering cross

. ;e

e .
T . 1 T

PEP VU P

sections in the two channels that separated spherical and nonspherical particles. This

"

quantity contained no information, however, on particle size. o

In conclusion, we have measured the differential scattering cross section of individual
aerosol particles in two orthogonal directions. Although these data show visible
differences as a function of particle shape and size, no reliable computational method
was found to determine particle size. Further theoretical work is necessary to

interpret the scattering data to obtain size information. 4
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Figure 3.
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Particle 4

Particle 4

Figure 4, Photograph of b
Particles 4, 5, and 6
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Particle 4, Sample 2
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PSP M)

' WEPUPRP I WS )

[ IR DR IASP I T

PRV SR




P R —— < g R W TN —— R — T

[P P G WP

L}
Ao

P .'-4
‘0 , ’
35 |
- 4
30 1 |
es ‘ :
1
]
20 . i!
R
dofdfd 3

1S+t

10 -
| N
S } .

-5 N
20 :
ANGLE Tt

19

Figure 29. Differential Scattering Cross Section, Channel A, 5}5};
Particle 4, Sample 3 N

-42-

..........

- . N -
TR AT S S TR R R A A S L PRSI, S S e T e
ok e ad " ool e T N SRR S W R WA T S g SRR WY Wt Y. SN ) nadl ol B B A . LIRS SN S Y TRy PP S WX S S ‘a‘a® ‘a sl




[ Shen ks i Mhien et Satee 2 — B e M St S it Sin vt hdie San Ml Sbes. S Jnte s San Jhuin Jven i Jhea e cunnt, St dban Syen Sane e 7 —~— T VY T

l S

£

35

4

do/d)

i (o 15 , T

Py
[
[
'

PYT YR S O )

- -
i [ 4

ANGLE

PN ST SaTaa

- .
Ky «
1

v -]
-

A Figure 30. Differential Scattering Cross Section, Channel
: Particle 4, Sample 3

43

e . - PR R T R . PR - P . . - . -
R T AR S SR S MR PSRt S S e R . B A Y N L N

. .
e e T e e T T e T T T e e e et e L e et e e e e e e A L e e T e e e A



s

e

65

L

sS

l

45

do/d}

mi
-
®

3

as

-y
—
—~—
aa

Ad Aok adcke . b

[

. et et et
e, AT .

Tat Tt Tt L Tn e T e N

> Lil3 Figure 31.

15 20
ANGLE

‘ . [
"‘ »

)
s _a

Differential Scattering Cross Section. Channel A, S

1
Particle 5, Sample 1 ;31

44-

'
g .
.
o ‘e faa_ ek

R e et e et et e e
- o PR . -

3
2
X
y
',.z
»
.
%
i‘

¢

r .
r

P

|
r

Y

Y

r

h's

. A A A e I
o saCat's Colat o a anial s oo




W R R T e T T R T T T T e W T e T ET e .y vy v R R W TR e

g DRSS S

450

400 }

3501

300 u \
2590 “ l
do/df) ‘
200

150

1001

se

{4
ANGLE

Figure 32. Differential Scattering Cross Section, Channel B,

Particle 5, Sample 1

.........................................
..................................

....................................

- 4
® 4
q
4

ST AT
-
®
®
A
-
1
-

. ey

<

Ce
ST d
. -




- A o IRV e 3 -
MR AP WA L g LR I A SR AN AR AR g " v T " jﬁ,ﬁ‘ﬁﬂ

- 4
- ’

S
h 180 - — )

11e1-- ‘ "

l 100 ’ ]

90

-
e ]
i 70 ' |
i dord I ]
ce | L 2

50 ' ‘ -

40

304 1 {

20

10

ANGLE

Figure 33. Differential Scattering Cross Section, Channel A,
Particle 5, Sample 2

.........................................
....................................




S —— Y v ey

YT —-w v w o~ -

¥ T VY eemw TV T Y v~ v - T ¥ T

——y

oYY v T v

i

T OYEETTTY T ¥ Y RTE RN T ¥ OV T RTL TV amYT T = Y T r———

T, VR W o

LA At

cco [-— 1

SOOV— -

450

s00]—

350

)
w4
do/d(}

a2se

cee

o f A
. VA

Figure 34, Differential Scattering Cross Section, Channel B,
Particle 5, Sample 2



4
-
o

4

10\"(-—- [

8@ -

70 th

60

do/d(}
5ot — 1L -TL ‘ l

30 ]

20

10

29
ANGLE

Figure 35. Differential Scattering Cross Section, Channel A,
Particle 5, Sample 3

-“8-
.................... . T R N T S D T Y T TUAY Y .
-------- T e et T e L et BT et e T T T e T T T e e T e e e T e T T e e e N T e e T s s s e
''''''' AR A A AR SR AT PR TR SV ST VLTSRN I Rl T T AT I U ST
2" a’ @2’ a" s a®a*as a° A - . ‘a *a Py - o NP R Y RS e Cl




e S Bt Bk s Shuiih S Bhus Jhesty M i i S A Arte s el R TT——_— — o~ n o " s . -

' .
La s a o M

850 — — e T st S N

S0Q - —1— —_— -

450 }

400 |-— it +—

350 ! v'
Joe -

dofd(}
25@ ' - 4

S

ot —
"
f—
-
¢
4 4~ a

20
ANGLE

Figure 36. Differential Scattering Cross Section, Channel B,
Particle 5, Sample 3

-49-

................................................................................................
..................................................................................




A i B am mm e wiv Y vTe——v e W T -~ MR A P S AT A A Sae S I SR SN SN S S e Ace AR N S A T e Sre Jr S R b s |
s
R

S

'
g
d Al
s
.
E ) ‘
|
‘ .
. ~ IS
.
] hat
. « T T .
N N 4.'4
RN
X R
) C ety
- )
] R
R

) 480 1 e e - S

8 400 { ——}- — I — ]
3se _
Jee — 4 R AL
2504 -- } H )
et |
200 : 1L ,
150+~ r { y
100 \} s
LT
/ ) o oy
10 15 20 2s
ANGLE “

Figure 37. Differential Scattering Cross Section, Channel A, .
Particle 6, Sample 1 e

B A S R MR RPN S T e e T Tt e e e
A . - CR ] . " o . R . - - . - Pl Rl LI o .-' ..~ R '.- "-"- “t et e B T - . .
. T S ST A SRR L Sy WL TR I S T S St T W U o S P S S AL SRR




Tor. —— e Ral i i M s e P L —— A e 0 Se tea ey a aean g e o |

-y

320 ——t —t- -

280 +—-- = ——

240 {-—-4—H1 R} 1+ —+ -

200}~ +

dofd |- F TR
160

1201—

"___g“
-

N
- e

J :
ff v \wﬁ% -

10 15 2o es
ANGLE

Figure 39. Differential Scattering Cross Section, Channel A,
Particle 6, Sample 2




B Al e A ol IR dRR e SN —— Sadiive et Bt et Sgh Dot e STEARIMGE S 4 T - w P e Sconn Saeiins Sete e ~Ries JasteSmitetuates - o —— -

o

o .

.|

240 - —1 —+}

2001 —

F 160 +—-+ - e

do/dS} T

’ 120 = -A— ] - RIS
L L T
[ YT / = f .111
3 e
V A g
s . l ]
10 15 20 25 -
ANGLE . _
’

Figure 38, Differential Scattering Cross Section, Channel B,
Particle 6, Sample 1

-52-

. - B T . o . T T . N T TG T U S

LI ML PR AR A L T U T S TN S S IR N
RS SR S R PUIR S T B N e TR AR L P T SR T SR ST N S P AL S S S A NN S R IS
T e T T A e et e T AT s et A et L At at e st At ntat et Tatatatataatatlata Al ataTatadat




| 2801~ - - : — -

240 +—-

—_—

200 t-—-

160

dod  ope 1

,
'
)
¢

120 ¢~ : \

) !

e

ANGLE

Figure 40. Differential Scattering Cross Section, Channel B,
Particle 6, Sample 2

...........
.................................................
........................................................................
.............................................

PPN




o0 -+

—

260

-

186 —

do/df} I

e

140

{ 100+

Y

€@ J

20 1T¥

Py

b Figure 41.

15
ANGLE

20

as

Differential Scattering Cross Section, Channel A,

Particle 6, Sample 3

- P |

J VO WP S

."l"ll

N S

—d

L.
. P
PR SN DAL Y SR




| it A IR Sl S DA AE e - —— —— w—— -

- |
.
{
«

|

i

)

)

‘ 240 R
* L

|

b

220 1 'g".]

i 200 ' -;'.;j

, 180 .
: J
, | |
i 160

-
v 140 l' ® 1
: do7d() \

120

‘7 ¢ ) 100 'ﬂ;;;;

- |
§ Lo TUR )
) ARRVILY

2¢
ANGLE

W ———

- o e e
A

Figure 42, Differential Scattering Cross Section, Channel B, S
Particle 6, Sample 3 jEjiTw




== = e LR S N S Ao v SUen S Sien Sen Jven Aeah Soun dnen doen vy

|
I
+

100

E 90

Iooo

i
' {

CROSS SECTION
-1 STANDARD DEVIATION | -
+1 STANDARD DEVIATION )
FIT

(<]

70 )

dofdQ /”

[« Xsd

1

)]
-

[
_ad
;-—"""1

e

40

Serex
)

306

Qo

aabpo

®

201

10§,

D 0 .

10 15 20 2s

ANGLE
)
d ]
Figure 43, Mie Theory Fit, Channel A, Particle 1, Sample 1

g (subset of Fig. 7)
D
l -56~ g
R I B R N S S A SO R SRS P B St

NN

PIMRS A LR e Mae vt - S Jhens v Mhon Joae St See Stem a-en e g > T o |
- —
.

‘

‘

‘

.

.

- ~
i

N

bR

"
-~
.
LA

- 4

A e e e el

LA ettt e




o )
®
o
o]
T d
130 ] ®
| ] 1
! :
P o L ]
110 o
O  CROSS SECTION :
0 0. -1 STANDARD DEVIATION | @ ]
® {  +1 STANDARD DEVIATION
— FIT
90 g
v ; |
. 3
; o
70 —
o ° ! i ]
(V] { m ‘
da/dQ 58 p + 1
[v]
o fa X &
V] (RN ——
(.. [ o Al [
- [V V]
A 0 A
4 g\
CAY
Je
/ Ji
(_\\ P L
59 | g N & T
\ .
101 — ® .
! \1 — d .
| :
| -A‘
1 s |
-19 + \ ~ ‘ .
10 15 20 s o
ANGLE * 3
N \"
9.» 1
| ]

Figure 44, Mie Theory Fit, Channel B, Particle 1, Sample 1 SRR
(subset of Fig. 8) SO




— Mt Ae Bt Al e ped e I ~— T T TN T T g ~ >~ T Ty

-

L1}
-
0

.................

:
o]
'
]
]
- d
]
40 i ‘_ d
oo { ! 4
35+ .
o0 O  CROSS SECTION |
v O -1 STANDARD DEVIATION
301 o +1 STANDARD DEVIATION
B o |
S
006
25 +—1°
0
o o
20 0
/ -
da/dQ 1/ o o
15 2 vd %cb N
/7 o
N | ok
od
A |\
o} L~
10 12\ \ e AN
o 4 ovo
E-NE=-2BANE
5 J ‘ a A \ 0
ST RELY | T
oo 00,0 X %ooq.oo g
0 ] o0 o \./ qu ‘
qpmm uyl ©
O o
1o T 20 2s .
ANGLE S
Figure 45, Mie Theory Fit, Channel A, Particle 2, Sample 1 . :
(subset of Fig. 13)
-58- s



|
y
i 50 e B
4545
h 0
O CROSS SECTION
, 40 Q -1 STANDARD DEVIATION |
f v O +1 STANDARD DEVIATION
N o — FIT
¢
®lo
o
30 {712
» M
2s Zﬁ
do/d} ®
20
o] o[
g Qo a \0 poClo j
15
& o
o], o 9 O 1 m
o o 4
N / & il Yol | ] o
p )
o o / o \ wcnodn hwioﬁ&ocm;m
| $ = gl o\ | O Penlcm fé{u}rﬁ\
%ol et | [On
., % J.
>
o ' i
4 Bt 15 s ‘
ANGLE
D
D
. Figure 46. Mie Theory Fit, Channel B, Particle 2, Sample 1
g (subset of Fig, 14)
)
‘ -59.
;’. -'._:‘._:-. ;.- ;_- ..- .'- :.- ‘_' - '_*. _'."'. ,-.‘_'.' ".' '.’ '-'_ e e e e e Cee e

Pa e .
a' ata”a L

.1

'
S
-
s
ST
,4>'~- .
el

et
oA et



T

e BUUNLIA SRS o i

- -

)
- E
'
.
g
8o N

°

’ L
= ]
o ; .
70 jul R
[u] ! : R
O  CROSS SECTION )

q O -1 STANDARD DEVIATION )

60 O  +1 STANDARD DEVIATION
uo — AT

o i
so )
- -

do/d)

49

\d “A? 3
X

o\
gA
-0

(<]

(£ c Xl
0
o

2o

)3

00,
0,45

‘ﬁ%\

b o

d
AN

2e
ANGLE

Figure 47. Mie Theory Fit, Channel A,
(subset of Fig. 19)

25

Particle 3, Sample 1

. - - - o - <« I -~ . . oot - .
AP AL AR IR S S Nt LI I MR VO WL

PO S .




T - P, ——p— 3 ~ -

‘I 120 T
v

110490
on
(@] CROSS SECTION
100 @] -1 STANDARD DEVIATION
m O +1 STANDARD DEVIATION
— FIT

| ge.—_?i
4
80
70
do/d{}

se

49

PEARIX

o

30 /,

g
[£]<)
A
€]
nog5d
[

oS3
[Elelcd “85%;
iy
\ |
?o
SEEX

10 S — —

2o
ANGLE

Figure 48. Mie Theory Fit, Channel B, Particle 3, Sample 1
(subset of Fig. 20)

.................................

...................
...........
...........



pr—— T B e A s e A Bee e onn N Shan e ne 2R el Jun gha Sute Ssn bAn e San LA S Sne S A Ahe Shee sien St S duin Shue 2 T ———
4 St . . - . B EN <

3

’

100 + |

110 —T .
RN
;
|
|

DATA
—_—— FIT

T S . )

60 I

S

dofd(}
14

49

a1

. 30 _ —

291

' 1@
: i

ANGLE

IV RV RN

) -
o Figure 49. Diffraction Theory Fit, Channel A, Particle 1, Sample 1 R
(data from Fig. 7) e

-62- '.j. - f

T RIS e e e, '_‘-'_' A ,_~.‘_'. e . a e e P R SRPE DR B S

e, e . T e~ o s D .. A R T IRt T IR SR TS B S S S S S
MR A S G IR, S S PR R PP, SIS, S PR, S TE, SRR I SRR TR % TV Sl AT SO VA S AP LI I AP PRI E VRS VLT TP DR VL




ARG A - — EaEF e S A ST M e ey —— ——— o R —— AN S e A A A R T S TR T Pagn |
i
|

-]
.
1
d
>
]
1
L
,_.,'
-4
- d
T R i ’
[ | L] ! !
110 ‘ . ‘ §
. i
: ! ; i
= ot ‘
DATA | p
—e— FIT [} f
g0 1— — ‘
1 |
3
]
70 - — - {
! 1 _
doidQ \‘ T .
l -.}
501
»
39' ') ?
’
]
-10 . [ ]
10 15 20 2s
ANGLE 3
o
)
’ .
R
- ! «

Figure 50. Diffraction Theory Fit, Channel B, Particle 1, Sample 1 S
(data from Fig. 8) ‘ SN




=
45 . :
! »
49
i
| ;
351
DATA ’ -

-——e_

FIT

31

as .

do7df}
20

15

1@

b

;
o ,‘
e 15 20 25 ’
ANGLE - ;
.
! bl
Figure 51. Diffraction Theory Fit, Channel A, Particle 2, Sample 1 j
(data from Fig. 13) .

-6l v

e e T e T S e e




AT T AT AT v g T T — s B , Pl e radiralind B e —

vy TmTYTT ey
!
3
I
b,
I

T T Tem— VS W
\
R

S5 —

T vw

4

b
W
3

DATA

do/d}

25 &

15

ANGLE

Figure 52. Diffraction Theory Fit, Channel A, Particle 2, Sample 1
(data from Fig. 14)

..........................................




[— MR AP S SR i b 2o o T T -t T °d T - T ——— ——pp——— —r——y

90 1 s

70 DATA .
—e— FIT

60 1

-

L1

do/df}

a0

10 +

ANGLE -

e
4 . . " -

Figure 53. Diffraction Theory Fit, Channel A, Particle 3, Sample 1
(data from Fig. 19)

.................................................................................
...........................................................




.‘T."T"“

T e

UYL e T T

RS A R )
e,

S Figure 54. Diffraction Theory Fit, Channel B, Particle 3, Sample 1
= (data from Fig. 20)

3

; -67-

E-;:: ').' ...; ............ _‘.:_'. ;L );' e » _-;-Ln:-_:‘;_‘.‘.:-.-;.L';;;-;i.;':.: ~ -

]

hl

100

8o

Y S—

- 4

do7df}

‘o

40

18

2o
ANGLE

A L.

L PR A S ",
atatparus el

YOS RIPLIN




~ M iR - - v o e v - RARIAArI A A . By 20 A PR A A it A R e e Bean ey

P - e I *

12

11

10 4

L

P

CHANNEL CROSS SECTION
o
-&

6.5 9.0 1.6 14,0
RE

'
v

-
’

LI P SV SNSRI S S Y

vl
'

BN
i
o
.

i
»

.

'

t

! .

Y S

R Figure 55. Channel Cross Section Versus Particle Equivalent Radius _;}[

s e -

B
.

. Lo LA

U S R ]




T v - T r—y—-— — - TR _ﬁ_“_,__‘,‘.‘___‘_r_r']

1St o 9

11 —

9 ' :jl

S

1

'L-‘ ? P

B 10—
"
£

ole

°
‘.s 9.0 11.5 14.0 i 1
RE ]

Figure 56. Total Cross Section Versus Particle Equivalent Radius




T

LRC TN

a1

a Semi-Axis

16

-70-

11

Channel A Cross Section Versus

DO

s.s
S.¢
4.5

m A L e L . 2 . .

4.0
3.8
3.0
a.s
a.0
1.5
1.0

.5

.
YR

.

- .
ATy

s & B 8 A ASNG: B w R B % 2 ¥V

-

Y
oy
G . ny
~ L
wn ' ...L
oo| o @ -
3 .
o
=
[V

o et At e
vovmeinn o Sintoelvocssolion s oncs

LI
oo dimondion,

PR S )

et

Ll at ety

L
R )
S Y et




'SEBCYEININ ) P SRRSRSRIN - R

¢<< - e A e el B A B
I A [
, S C
. s
1 o : R I

P e T —

TTITETV T W oy,
B .

18

14

13

10

o_o%

12

111

19
9
8
7
6
S
4
3

1

b Semi-Axis

Channel B Cross Section Versus

Figure 58.

-71-

PP I I S,

W P NI

S e

PR
o« g'n e

. ‘-'_ e el .
LS D
- e e - e

DR R

LI DI PN )

LR I AT,
Tt et % e
[P ]

o e Tge T e Lt

- = e .
LT

RN Iy I W |

.0 .
e e

R




PR
A e s s

e

L
* S
L ®
I
110 + ' .
| ¥ (s e * .
% ; % ,

i 70 — -

ﬁ da/dnB ¥ R
} 4
so b WY

3e R

10 2. X

Figure 59. Scatter Plot, Channel B Versus Channel A, Particle 1, -
Sample 1 NI

72~

LR e e,
e LT e
e e g b s 4t

",
.
]
g
"y
.

»

v
.
:
‘.

o
.
D

LN



‘ - - - . —— — - - - -~ LR U s e Seu g Calagen g
i .
' A

130

T T Y VUV OV .V Y

110+— —

g0 —%

,-fff-fwvrrv-
+
[
"M_*L,lp_
R
pe
"
oy
-
. y e

dofd(2

5@

30 X '

1¢

P S I S

-10
-10 10 30 50 79 90 110 130 »

da/d)

TaET Y TTTUTLTLT TR e 1 Ty YT T T

¥V VYEyY v v vy &0 y-
-

: =
- )

Figure 60. Scatter Plot, Channel B Versus Channel A, Particle 1, =
Sample 2 LS

3 -73- ’ U

- -.- -‘- ‘.. V.
. Te e e e - LR S te S et N AT LT R T O R P P v W TE St W T T
PR TR R T PRERPLIPLINS, RIS NSO S ST ST Sol St P ST IPE I AV S AP PR P IE SA P O DAL SRR R ACR D S DY P DAL TR

] . R e e e e e e T T T T T e e e . et et A ra s . D
P e . LI R S A T T P S R S LIPS SR SRS P AT SL B S S P
L e L A <. D . S S




as

S TN

15

xX

Figure 61.

4] 45 70
 dotdf),

Scatter Plot, Channel B Versus Channel A, Particle 1,
Sample 3

74~

N e e e

e . . L - . ot m . -~ Y. - - . - . -
PR S, I T R T T RN .
. S RS VE U, WILVE S TR S L PR P L P Y L A A I

o
[ ]
8s B -
bt x
. | °
R
q ;
75 4 } +
? %4 % |
X‘ 3 X
65 e .
3 ¢
. $
b« 4
ss L
X 3% z
}‘r : 4
x
- 1 : .
X X %
daldﬂB LE . Y
X £
35
} 3
X

N




LM i ot mam oien oy

VT y—y

T WYY

SRR SR G ST

-

IR Y

. A

-75-

....... 4 2
. . | 3 ‘ . u-. ........
' - - IS (. - - ' - SIS
-
N
o @
—
(8]
b
| SUE N " Y
" o
—_—— b — -
<
—
Q
= — w c
- N s
- =
(& ]
by ™ )
v 13 J 2
» v
2t o -t w b
> h A e
f '”A& -1
. - «
» " «
P o o4 = .N
» [ 1 » . ] nm m
w wn
» L b 2
e [The ol W “ S
LR
e i £ I -
3 | NRATE| - S
—
l..ﬁllf v o %4 » a
) a -
»” - |
[}
- .it » Am.. -
— — s e
o E
(S,
w v
t——-4- w
- .
>
RN QI S,
E— Qv
5
H » o
w wn W W w w W v
w - ™ [3¥] - [

CLE Ll

P

B L

e .

LN

St
L

SR IR e S N L P I
L RE G SR R R

R TP BRI
I A AT O N S N TG )

W -

el b B A

IR NP
MY

D -.. -.' -
AP

ot PRCEACI
Seelmnadela 22 o o

. e

et s S o o

p



T Y T T T T T T Y T T N T——— - - - ———
- m
.
‘1
- Kl
‘. _.l
. N
B ~
[ . i

X

55 X3
b 4

Jx
£ L .
b .
‘ !

sellam v :""

35

da/dﬂa % *»—

25 s

18 7

1 4

da/d) A

Figure 63. Scatter Plot, Channel B Versus Channel A, Particle 2, -

Sampie 2

~76-

35

45

55

-

ST T T e T T T T e VT T T SO e
TS VO T ST R S AT G- S U LAY LI AL W L Y

Y

.
a e _a

, e s
e L e

L, T . A

o LA N

'y




65 : s

55 v

|
p ®
4 4“—-L-1§#: ¥ _
t|s |1
" ,

da7/d(}

a5

o~
Qi
ke

15

adad

-S

datdQ,

K
e
9
T
A

j-

'

.- Figure 64. Scatter Plot, Channel B Versus Channel A, Particle 2,
T Sample 3

.
he

-77- L

<
3
r 1
> 1
]
. e T M M D e T s et T e S,
- L ) St e e T e e e e e e T A A A AR OAC A N S e W e Tt e e T et
J Y 444_.'4'.!‘L-. P PN SRS O W WL WPV PSSl BT SR B SNl Sl S Y KPR PRI, MU P,y L, L . U, N




- T T S T WTe T SN Sl SEME NS s Jav ek esnm _ouns Jent —— L T, T

|

}

!
AT Y W

1

120

»”
”

il
”y
et

1, »
100 e )

T WY
»

[ -
datdQ), "‘;Lx' IR

<A

PPy X,

‘ é. : ".."‘ . .'. 'v-"
A SR

-y . e,

201

e 20 49 60 8o 100 120
do/d -

>
Shdh,
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Figure 66. Scatter Plot, Channel B Versus Channel A, Particle 3,

Sample 2
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Figure 68. Scatter Plot, Channel B Versus Channel A, Particle 4, i -‘
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Figure 70. Scatter Plot, Channel B Versus Channel A, Particle 4, "“4
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Figure 76. Scatter Plot, Channel B Versus Channel A, Particle 6,
Sample 3
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