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From microbiology to astrophysics, the scientific community hag Embraced
elastic light scattering from small particles as a diagndsol. Elastic light scattering
has an extremely large scattering cross-section, allowingirigle particle interrogation.
This is critical in applications where trace amounts of suggsticles are to be detected
in a diverse background of natural aerosols. By angularly-resolfiagelastically
scattered light, features can be detected in these paitatnsre sensitive to a particle’s

morphology (shape, size, internal structure, and composition).

An apparatus to collect LA TAOS (Large-Angle Two-dimensionalgélar
Optical Scattering) patterns from single partidlesitu and in real-time was designed
and constructed. The setup utilizes a cross-beam triggenmsistainimize the effects of
the aberration coma stemming from the main collection optic,lisatlal mirror. LA
TAQOS patterns of ambient aerosols were collected and analyzgatodmately 15% of
the ambient aerosol had a sphere-like shape. The refractive ohdeese spheres was
estimated by curve-fitting to Lorenz-Mie theory. In addition, glend features prevalent
in the LA TAOS pattern were analyzed. Metrics gener&taich these were used to get
partial discrimination between clusters Bhcillus subtilits spores (a simulant for
anthrax) and aerosol particles found in the ambient atmosphere. A xpezingental

setup for collecting simultaneously LA TAOS patterns at two Vesgths in the mid-



infrared was also implemented. With this setup, the relatremgth of single-particle

absorption could be discerned at the two illuminating wavelengths.
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Diagnostic tools to characterize small partiglesitu and in real-time are needed
in a wide range of fields from microbiology to astrophysics. tMesently, following the
anthrax scare of 2001, there has been a demand for a bio/cheraidatewalarm
(analogous to a smoke alarm) that would constantly monitor heavilygiedwreas and
give early warning of an attackCurrent early-warning systems are based on laser-
induced fluorescence (LIF) in which an aerosol particle istekan the ultraviolet
(typically 266 nm or 355 nm) and the fluorescent spectrum of the aésodetected.
This technique is sensitive to the molecular composition of the admgurticular the

relative ratios of four primary fluorophors: tyrosine, tryptophan, NADH, and ribofjavi

In in-the-field equipmenteg(g the BAWS system), the LIF technique is primarily
used as a biological particle counter. If the device senseglders increase in the
number of biological particles, it triggers an alarm. Howeverh susystem leads to
numerous false alarms that undermine the utility of the devicepattcular, diesel
exhaust is a known interferent for the LIF technique. Because @idsalist is common
both in urban areas, and on the battlefield, this may constitute &csighiimitation of
LIF based detection systems. As a result, the scientific aontynis currently seeking

other early-warning techniques which may improve upon the LIF technique.

Designing an early-warning system presents two primary estgds.  First,
biological agents can come in a variety of forms such as kactémises, or nonliving
toxins produced by microbes. These forms must be distinguished fropiethera of

other airborne particles (dust, pollens, soot aggregates, paper and beeddnd animal



dander) that are benign. Thus the early-warning system needs ta lagk level of

specificity in order to be useful.

Second, even extremely dilute concentrations of biological agentsecdaadly.
The average healthy individual breathes in six liters of eiraute and each liter of air is
composed of approximately 1®enign particles. Certain biological agents will lead to
death if as few as ten organisms are inhal@therefore, to prevent a person from
becoming ill when passing through a contaminated area, a detectar memd to pick
out the existence of a few biological agents in a large baakgrof benign particles. As

a result, an effective early-warning system will need to have a high lesehsitivity.

Elastic light scattering from small particles has plogential to meet both of these
requirements. As an initial matter, elastic light scatgehas an extremely large scattering
cross-section. This large scattering cross-section allomwsirigle particle interrogation,
which in turn allows for the detection of trace amounts of suspeiitipar Elastic light
scattering thus fulfills the need for system sensitivity thasts in designing an effective

early-warning system.

Elastic light scattering also shows promise as having a bigh bf specificity to
discriminate between different types of particles. As othehaas have shown, elastic
light scattering can be used in a variety of circumstancedetect the presence of
particular substancés. By angularly-resolving scattered light from a single pkertic
features can be detected that are sensitive to a partiobefghology (shape, size, internal
structure, composition, etc.). These features may, hypothetically, allow a system to

identify with particularity what particle is being interrogated.



In this work, | show that the island like features prominent ingaterns of
angularly-resolved elastic light scattering can be used taalbadiscriminate between
powder disperseBacillus subtilisspores (a simulant for anthrax) and the particles found
in the ambient environment. However, my findings also show that tlugfisipe with
which Bacillus subtiliscan be distinguished is not high enough to warrant a stand-alone
system. The question remains whether elastic light scajtetam be used as a
complimentary technique to LIF to greatly reduce the rate Isé{positives in existing
biological agent detection systems. In particular, further inqusryneeded into the
guestion of whether the interferents of elastic light scatieand LIF are different (in
which case combining the techniques might allow one to greatlymazi@ithe number of

false positives).

In addition to considering the suitability of elastic light sm@g as a means of
detecting biological agents, this work also addresses elagticskcattering’s suitability
for detecting chemical agents. An approach to identifying ateragents is to measure
their absorption spectra in the mid-infrared. The profile of thpsetsa will depend
upon the molecular vibrational modes of the aerosol particle, whids l&a strong
absorption bands in the mid-infrared wavelength range. Therefpegtiele’s absorption
spectrum could be used to discriminate between particles based upomategular
composition. However, measuring the absorption of an aerosol even iaglea s
wavelength is a difficult task. In particular, given the shpath-lengths of a micron
sized particle, the scattering cross-section can overwhelab8@ption cross-section of
a particle. Thus, one can not simply measure the amount of lighgeshed from an

incident beam, even to get a rough estimate of the absorption of the particle.



However, embedded in the angularly-resolved elastic light scegtgattern is
information about the particle’s absorption at the incident wavelengthnoxel
experimental setup for collecting elastic scattering pattasinaultaneously at two
wavelengths was designed and implemented. By choosing the two inc@ezlengths
to be on and off an absorption band of a suspect particle, it was foundnthatan
discriminate between aerosols based upon their absorption spectrunmtedimsque
could be expanded to allow collection of single-particle absorptiostrep@®ver a

multitude of wavelengths.

The utility of angularly-resolved elastic light scatteriigginvestigated over the
span of six chapters. In Chapter 2, the theoretical frameworkédothesis is reviewed.
First, the coordinate system utilized throughout the thesis iemezt Then the aerosol
features that may effect the angular intensity distributioslatically scattered light are
discussed. The final two sections of Chapter 2 review Lorenztihvdiery and the T-
matrix method, techniques used to analyze the experimental dafaeCBaliscusses the
previous work that has been done in the field of elastic light scaiteemphasizing
design breakthroughs, as well as the particle features that e successfully

extracted using elastic scattering from single particles.

The experimental apparatus and engineering concerns of the sefuesaeted
in Chapter 4. Of particular note are subsections: 4.1.2, which disdhsskes TAOS
(Large-Angle Two-dimensional Angular Optical Scattering) tegh@j 4.1.3, where the
aberrations in the optical train are estimated; and Section 4.2h \whesents the cross-
beam trigger system, a critical development that greatly esdalserration effects in the

optical train. Finally in Chapter 5, the results of this work pmresented. The first



section of Chapter 5 focuses on extracting absorption information $hoghe aerosol
particles. The experiments forming the basis for this sectiere yperformed at both
visible and mid-infrared wavelengths. The second section andlyx&AOS patterns
captured from both laboratory-generated and ambient particles.n@hgsia investigates
the island features found in these patterns as well as the pyssibéextracting the real

part of the refractive index from spherical particles.



The long list of methods and techniques to calculate light scajtedm particles
(Lorenz-Mie theory, T-matrix method, finite-element method, fidiféerence time-
domain method, point-matching method, Rayleigh approximation, Rayleigh-Gans
approximation, geometrical optics approximation, discrete dipole appatirim to name
a few) hints at difficulty of this calculatich. Therefore, Section 2.2 discusses the
possible sources for light scattering and why scatteringrpattevhich hold so much
information, are so difficult to interpret. In addition, Section 2.1 mesi¢he coordinate
system used throughout this work. The final two sections revieenkzeie theory and

the T-matrix method, both of which are used to analyze the experimental data.

The spherical coordinate system used throughout this thesis is smdvigure
2-1. The direction of any scattered ray can be defined by tglesarthe polar angle
and the azimuthal angle. The angle between the scattered ray and the z-axjs is
Whereas the angle between the projection of the scattered mathent-y plane and the

x-axis is the anglé.
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Y/ 0<6<180

0<¢ <360

Laser

Figure 2-1: Spherical coordinate system for scattering event.

The data collected using this coordinate system is typicailyepl as a polar plot
as shown in Figure 2-2, whegeextends radially from the center ahds plotted as the
polar anglé. Note that the center of the plotted scattering data is amheaysq = 180°
instead ofg = O°, since the experimental arrangement collects the backwardpteene
of scattered light as shown later. In addition, the minimum \@igedetected will vary
from 9C°. For example, in the Section 5.2.3 and 5.2.4, the minimum angle detected is
approximately 7% The scattering pattern shown here was generated using LMdrenz-
theory. The particle was arin diameter sphere with refractive index 1.334 illuminated

by an incident beam wavelength of 532 nm.

' Note the possible confusion here of callfnthe polar angle. This is only true in terms aftphg the
data. For the scattering evehtis the azimuthal angle amngds the polar angle. To avoid confusiomvill
only be regarded as the azimuthal angle for theofebis Thesis.
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Figure 2-2: Example polar plot of scattering data.

At the molecular level, light scattering from a particke de thought of as the
excitation and emission of a collection of dipoles (this is theslfasthe discrete dipole
approximation). A remarkable result is that when an infinitec&atof closely spaced
(relative to the wavelength of the incident beam) dipoles larainated by a plane wave,
only light scattered directly forward will add constructively,paedicted by the Ewald-
Oseen extinction theorefTherefore, to have a nonzero contribution of light at any other
angle requires the medium to be optically inhomogeneous. Thus thesofiscattering

from particle are found wherever there are fluctuations in ¢fraative index that are

comparable with the wavelength) (of light.

Figure 2-3 examines an aggregate particle at differemnifi@ation levels to
depict what particle characteristics will play a role in gbattering pattern. At the lowest
magnification, the particle’s shape and size (with resjdc) &re obvious factors. As the
magnification is increased, the geometry of the cluster or pgenmore to the point, the

fractal dimension of the aggregate effects the scatteringrpdtt The next prominent



features are the primary particle’s size and structureshwimicludes it shape as will as
internal features (e.g. inclusions). Finally, the value of thastve index, relative to the

medium (air), will effect the scattering pattern.

Figure 2-3: Particle features at different magnificatidmet effect light
scattering.

Thus the scattering patterns are information rich, but extyeemtangled. It is a
difficult task to extract one piece of information without knowihg tontribution due to
the other features. To see this at a more physical levdigttiescattering from a two-

sphere aggregate will briefly be investigated at different levels obzippation.

Assuming that you know the scattering matrix for the primarjighe, the effect
of adding additional primary particles, to first order, will jusé an additional
interference pattern in the far-field that will modulate thegle particle interference
pattern. This is depicted in Figure 2-4 for the case of tworephdn Figure 2-4(a) the
orientation of the two spheres is depicted and in Figure 2-d¢b3dattering pattern for a

single sphere is shown; see Figure 2-2 for the coordinate sysfEne plot in Figure



2-4(c) is calculated from the interference of two point souraeh &cated at the center
of the two spheres. Finally the image shown in Figure 2-4(gheiscattering pattern in
(b) modulated by the interference pattern in (c). Experiments Bhaoen that this

approximation is fairly accurate for the case gienNote that the single particle
scattering pattern is still identifiable, although it is nowskeal beneath the multiple

particle interference pattern.

Figure 2-4: Approximate scattering profile for a two-sphaggregate
particle.

Mathematically, this approximation can be depicted by first gasisidering a

single particle where the irradiance in the far-fieljlié

I, =|E.(q.7)| (2-1)

then if we have N particles, the irradiance in the far-fig{li§

N

= [E@nf (2-2)

k

For the far field, the scattering profile from each individualttecer is the same, accept

for an overall phase factogj(due to differences in the particle positions. Therefore,

N

Iy = |Ek(q!f)|2
21

k
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N

= ] |Es(q’f), equ dk(qlf))|2

k=

N

=[E@N"  lexptd(@.N)f

k

N

=1s"  lexplaa.n) - (2-3)

k

Therefore the total scattering intensityis the product of two parts: (1) the scattering
intensity of a primary particlels, and (2) the interference term where each primary

particle is treated as a point source.

To improve upon this approximation, the effects of shaddwamgl multiple-
scattering have to be incorporated into the solution. Assuming the scattexirix for
each primary particle is known, the T-matrix method is abt®topute scattering matrix
for the aggregate if the particles are not in direct contadhis is rarely true in practice,
however, Holleret al. have shown that for the case of a cluster of 13 closelyepack
spheres, the theory appears to support experimental findings etres gtipulation is
ignored®™®  The possible error in taking this approach stems from theadti@m
phenomena that occur if particles are in contact, which will chtreecattering matrix

for a single particle.

For complex aggregate structures such as a cluster of biolsgmads, the direct
problem of calculating the scattering matrix becomes asing difficult to the point that

no exact solution exists even if the particle is well charaatd. Therefore, the inverse

' The incident beam can be partially blocked by heoparticle in the foreground before it illuminatée
particle of interest.
" Light scattered from one particle can then acrasicident beam for scattering off of other pédetic
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problem of fully characterizing a particle based upon the angukeshlved elastically
scattered light is equally, if not more, difficult. In thexni®vo sections, cases where one

can calculate the exact solution are presented.

Using Maxwell’'s equations and the appropriate boundary conditions, the
scattering of a monochromatic plane-wave incident on a homogenouspisaphere of
radiusa can be solved exactly. This solution is commonly referred tooeenz-Mie
theory, although who precisely is the author of this theory is disp@ette this present
work heavily relies upon Lorenz-Mie theory to support experimemdirfgs as well as
the basis function for a curve-fitting routine, a brief summadrthe theory is in order.

This outline of the theory follows the analysis in the Bohren and Huffman text.

From Maxwell's equations, a time-harmonic electromagnetid f({&,H) in a

linear, isotropic, homogenous medium must satisfy the vector wave equation
N’E +k’E =0,
N?H +k?H =0 (2-4)

where k is the wave vector and bdih and H are divergence-free. If we now define a
scalar functionY that is a solution to the scalar wave equationca construct two
vector functions(M,N) by taking appropriate vector derivatives of thalac function

Y that both satisfy the vector wave equation as wslIMaxwell’'s equations. This

greatly simplifies the problem where only the scalave equation,

K3y +k3 =0 (2-5)
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has to be solved with the given boundary conditions

Spherical polar coordinatésg,f) can be used to generate a set of complete

solutions that match the symmetry of the boundanddions. A separation of variables

leads to even and odd solutions:

= cosmf P,"(cosqg)z, (kr),

yevenm,n
yodd,m,n =sinmf an (Cosq)zn(kr) (2-6)

where P"(cosg) is the associated Legendre functions of the kirstl and z is any of

the three spherical Bessel functions,, (2", and ¥ kind). These scalar functions are

known as the (scalar) spherical harmonics and thesvector functions generated by

them are the vector spherical harmonidd,, N), which are generated by

M evenm,n = N ’ (ry evenm,n) ’ M odd,m,n = N ’ (ry odd,m,n) ’

N, Mevenmn N, Moddmn
N = eIt andN = oddmn (2-7)
k

evenm,n odd,m,n k

The incident x-polarized plane wave can be expandctor spherical harmonics to take

the form

Y aoo2n+l

E =E, i" M -iN® ),
i 0 o n(n +1) ( odd,,n evenl,n)
-k_ ¥ ., 2n+1l .
H =— " (MO +IND ), 2-8
i WmEO . n(n +1) ( odd1,n evenl,n) ( )

where the superscript (1) is appended to vectoersgdl harmonics for which the radial

dependence of the generating function is specliedpherical Bessel functions of the
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first kind, w is the frequency of the monochromatic incident eyaand m is the

permeability.

We may also expand the scattered electromagnettsf(E,,H. ) and the field

inside the spherd,,H, )n vector spherical harmonics. Of course, thedfemust

satisfy the boundary condition between the sphedelae surrounding medium:
(E, +E,-E) & =(H,+H_+H,)" & =0. (2-9)

This in conjugation with both the orthogonalitytbe vector harmonics and the form of
the expansion of the incident field dictate tha twoefficients in the expansions vanish
for all mt 1 for the scattered field and the field inside #pdere. Using the physical

knowledge that the scattered wave must be an aggaiave, the expansion of the

scattered field is

¥

Es = En (ian N o - bn M ézzj,],n) )

evenl,n
n=1

¥

= ib,NG, +aM O, (2-10)
. |

evenln
n=1

H

where the superscript (3) now stands for the vespirerical harmonics where radial
dependence of the generating function is specligdpherical Bessel functions of the
third kind, Hankel functions. Using a similar apacb for the field inside the sphere and
taking into account the finiteness at the origimich requires us to use the spherical
Bessel function of the first kind, we arrive atamlogous solution with the coefficients

(Cn, dh).
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If we apply these equations to the boundary comultiEq. (2.10) after some
algebraic manipulation, we arrive at a set of ftoear equations in the expansion
coefficients. Solving this set of linear equatiarsd making use of the Riccati-Bessel

functions
Y(ry=ri.r)  x(r)=rhd(r), (2-11)
wherer = kr, we find that the scattering coefficients nieywritten as

_mY (MR YE(X) - Y, (%) Y S(my
oY (M) X/x) - X, ()Y Kmy)

o = Ya (M) Y00 - mY, (9 Y g(my
YL (MY XA(X) - mx, (X)Y {mX)

(2-12)

where x =

rn, . . . : . n
@ is the size parametarjs the radius| is the wavelength, anch=—
nO

is the relative refractive index. The code useddiculate these coefficients and compute
the angular intensity of the scattered light isfrthe textLight Scattering by Particles:

Computational Methodsy P.W. Barber and S.C. Hif.

Unfortunately, the separation of variables techaithat was successfully applied
to the scattering of spheres may only be extendedfew additional simple cases, such
as a radially inhomogeneous sph€ran infinite elliptical cylinder? and core-mantle
spheroids.”*®'°Exact solutions from a larger field of nonspheripatticles have been

calculated using the T-matrix method, initiallyrmduced by Watermait:** We utilize
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the T-matrix method to calculate the scatterindgoatfrom a pill-shaped particle, which

approximates the shape of a BG spore.

The T-matrix technique is based upon Huygens iacs well as the linearity
of the Maxwell equations and the constitutive relasi If the scattered wave and the
incident wave are expanded in spherical wave haicapwhere the coefficients of the
latter area,, andb, (see 2-12) and the coefficients of the formerlabeled gandd,, then

a transition matrix relates them

(2-13)

ol ol
1
— |

ol ol

from linearity considerations. However, the detima of (2.13) requires the external
field to lie outside of a circumscribing sphere.sThmitation is of little importance for
single scatterers but is of great concern whenut#iog the scattering matrix for
aggregates, particularly when the wavelength ofiricalent beam is on the order of or
less than the primary particle’s dimensions. Thusalculate the scattering matrix for a
cluster of oblong primary particles, the circumbBurg sphere for each particle must not
overlap thereby requiring the cluster structureh&we large gaps (on the order of the
particles themselves) of air between some of thécpes. In addition, Eq. (2-13) is of
little use without knowing the T-matrix. The extewndboundary condition method
(ECBM) is the usual path to obtain the desired mairhe formulas that come out of the
EBCM calculation are greatly simplified if the pat# is rotationally symmetric and thus
a majority of the numerical results computed witlBBG pertain to bodies of
revolution? The calculations in this Thesis using the T-matniethod were performed

by Dr. Jean-Claude Auger.
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In the first section, the past and present appseatwsed to detect multi-angle
elastic light scattering from single particles dm@efly reviewed. The emphasis is on
when a major improvement in instrument design aecyrrather than a complete survey
of all the different variations of instruments thare published. This is followed up with
a short discussion of what parameters have beecessitlly extracted (e.g. shape,

refractive index) using these devices.

# $ %

In the late 1940s and early 1950s, Frank T. Gulgddthe development of optical
particle sizeré®® In this device, a fine stream of aerosol partitteserse an intense
beam of light. After a photomultiplier tube detetite flashes of light due to scattering,
the resulting electrical pulses are sorted basexh upe pulse height, which loosely

correlates to particle size.

Realizing that there was more information in res@vthe scattered light over
different angles, in 1961 Gucker designed and cocistd a device to detect multi-angle
light scattering which utilizes electro-dynamic itetion and a single photo multiplier
tube (PMT) on a motor-driven rotation st&§é> With an angular resolution of 5,2
light scattered in a fixed scattering plane ovepalar angle ) range from 40to 110.

A little under ten years later, Phillip J. Wyatdlea design team that constructed an
instrument (theDifferential II) which had the same basic design, but improved the
components€.g. a laser source and solid state electronics) anectbel the scattered

light over a larger angle range from°1® 170 with a 2 angular resolutio”® This
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device could extract information about the particlmorphology with some success
mainly limited to the optical properties of homogas spheres or coated spheresg).(

certain bacterial sporeS$).

Recognizing the limited utility for instruments leds upon electro-dynamic
levitation due to extremely low thru-put capab#gj Gucker set out to develop another
instrument, one that could detect angularly-resblseattering light from aerosols in a
laminar flow. The result was an extremely clevesign?® The key element is a narrow
strip of mirror in the form of a prolate ellipsoa$ shown in Figure 3-1. The light beam,
which enters and exits through holes in the min®iscattered by an aerosol in flow at
the focal point of the mirror. The light scatteiadhe plane of the mirror is reflected by
the mirror as a circle of light converging to treesnd focal point of the ellipsoid where
the photomultiplier tube is positioned. This comieg circle of scattered light is
intercepted by a rapidly rotating disc fitted wdah aperture so that the photomultiplier
tube records a time varying signal which corresgaioda ~360 sweep of the scattering
pattern for each cycle of the spinning disc. Tl was improved upon by Bartholdi
et al. by intercepting the circle of light with a circulphotodiode array made up of 32

elements allowing for higher data collection rétes.
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Figure 3-1: Ellipsoidal mirror used by Guckatral. to detect almost 180
of scattered light at two fixed azimuthal angles ansingle photo
multiplier (PM) tube.

The DAWN-A developed by Wyatet al in the late eighties could detect
angularly-resolved light elastically scattered frparticles in a flowing gas stream over
different azimuthal angles Y as well as different polar angleg.t® The geometry of the
set-up is quite simple. Fiber bundles coupled totgi#iodes are placed at sixteen
scattering angles over the surface of a sphericainber. The peak current from each
PMT is then recorded every time a particle flowstiyh the laser beam at the focal

volume.

In the early nineties, Kayet al. designed a system that utilized an ellipsoidal
mirror similar to Gucker’s design, although theelasvas now directed down the major
axis of the ellipsoid. In this design, light origimg from a scattering event at the first
focal point of the ellipsoid, reflects off the elioidal mirror and propagates through an

iris located at the second focal point. After the,ia collimating lens directs the light
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onto an ICCD detector, thus the light falling ore tdetector is a two-dimensional
transform of the three-dimensional spatial intgnsdistribution falling onto the
ellipsoidal reflectof! This design collected scattered light over theapahgular range
30° to 14T and azimuthal angle range€ @ 360 with a 385x288 pixel detector.
However, a major limitation of this design is theegations associated with collecting
such a large numerical aperture which preventedcttiected light scattering patterns
from being quantitatively compared with theory. eTHesign was then simplified by
Kayeet al.so that only the forward scattering pattern wasaed within a cone of ~30
by using a high f-number lens so that these misalgnt effects could be lessened. In
addition, the ICCD detector was replaced by a piiotke array chip, similar to the

Bartholdiet al. design'**

# % " &

Solving the inverse scattering problem of backing a particle’s morphology
given the angularly-scattering pattern is an exélgndifficult problem except for the
simplest case: the non-absorbing homogenous isotemhere. For this case, matching
theory (Lorenz-Mie theory) to experimental findinggjuires only two parameters to be
varied: the refractive index and the radius, wheréa non-spherical particles the

particle’s orientation also needs to be searched. ov

Looking through the literature for scattering bghere, there have been some
remarkable experimental results. Using a electmadyically levitator and a tunable

laser, and utilizing the rich optical resonancecsjeimplicit in Lorenz-Mie theory

"It should be noted that the utilization of a lessa collection optic for single particle light &esing to
angularly resolve both polar and azimuthal angisalong history. For example, see the work digne
A. Ashkin and J.M. Dziedzic in the late seventiad aarly eighties.
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solutions, the radius and the refractive indexmék spheres (~1 um) have been backed

out with relative errors of '80°3233

However, for laminar flow systems, such
accuracies have not been realized. The “flow-thindlgystem designed by Gucker (see
Figure 3-1) was capable of measuring the refradgtidex to within 0.7% and the radius
to within 0.5%>* If the laser’s wavelength is close to resonatiue accuracies could be

greatly approved upon. In addition to homogenopiseres, experiments have been

performed to back out the refractive index fromtedaspheres with less succés¥

For non-spherical particles, although exact congpariwith theory is difficult,
general features can be used to discriminate betvdgferent particle shapes. For
example, Kaye et al. set out to design an APC @kitb Particle Classifier) that could
identify basic particle shapes in an attempt toecteharmful asbestos and mineral
fibers3®* If a fiber is illuminated along the broad-sideen the scattering is similar to
the diffraction from a single slit. Detecting thght scattering pattern over the full range
of azimuthal anglesf (= 0°-360°) from a fiber, two intensity peaks should standl that
will be in the scattering plane normal to the magois of the fiber. Using a set-up
described in the previous section in series witraged neural network, Kayet al. are
able to process f(articles a second within a sample volume of lib/with fairly high
discrimination ability between fiber and other amis. The DAWN-A (Wyatt
Technology Corp.) was used in a study to deterrtiiedraction of spherical particles in
the ambient aerosofé® Sampling ambient particles in the 0.2 — BB size range, it

was determined that <10% of the particles were spirerical.

In addition to probing the overall shape of thetipka, efforts have also been

made to extract information about particle interstalicture. Holleet al. used a camera
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lens to collect Two-Dimensional Angular Optical 8edng (TAOS) patterns from
clusters ofBacillus subtilusvar niger (BG) spores and found that island structures were
observable in the spatial scattering patterns hatithe number of islands increased per
unit solid angle with an increase in cluster dieen& The work performed for this

thesis, to some extent, follows from Holler’'s résul
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Several different experimental configurations wewsed to detect elastic
scattering patterns. Each setup could be reductmitgrimary subsystems: (1) the light
collection scheme to guide the scattered rays trgodetector; (2) a trigger system to
determine when a particle was in the scatteringumwel, (3) aerosol sampling or
generation equipment; and (4) a laser source abk ageh detector with appropriate
wavelength responsitivity. Each subsystem is dsedisseparately here whereas the
results of combining the subsystems are reservedht® next chapter. The first two
subsystems go to the heart of the experiments lamsl particular attention is paid to

them.

The first light collection scheme utilizes a lemsthe Abbé sine condition to
collect the elastically scattered light. Hollet al. called this technique TAOS (Two-
dimensional Angular Optical Scattering) to distirghu it from the multitude of
instruments that collected either light scattei@@ single angle or over a range of polar
angles ) for a fixed azimuthal angld ). The second technique is similar in design to
the instrument of Kayet al. where an ellipsoidal mirror is used to collechtigver a far
larger solid angle (greater tharp Xteradians) than TAOS. The advantages and

disadvantage of each approach are discussed.

Figure 4-1(a) shows the coordinate system usedigihrout this work (see also

Section 2.1). A simple diagram of the TAOS setauphown in Figure 4-1(b), where the

23



lens is placed a focal length away from the illuatéd aerosol particle as prescribed by
the Abbé sine conditioh. The rays scattering off of the particle enterldres at an angle
g with respect to the optic axis of the lens and rgmeparallel with a displacemeht

given by
h= fsing (4-1)

wheref is the focal length of the lens. A detector iageld at the back focal plane of the
lens so that it is detecting the far-field imagettof scattered ligif With the ability to
buy off-the-shelf camera lenses that are well abeck for aberrations and have a
adequate depth of field, the detected TAOS pattambe unwrapped so that each pixel
is correlated to an exact scattering anglé)( However, this system collects a limited
solid angle of the scattered light. For exampleey a very fast/1 lens, the collected

solid angle is

360° 26.5°
sin(@)dgdf =0.66 steradians. 4-2)

0 O

Thus onIy%3 = 5.2% of the total solid angle is collected.
Y
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Figure 4-1: (a) Spherical polar coordinates systesad to define the
direction of a scattered ray. (b) Experimental gettilized for TAOS
measurements.

The key element in the LA TAOS technique is thelgim ellipsoidal mirror
(Opti-Forms Inc., Model E64-3) that collects over2eradians of scattered light, almost
a factor of ten improvement over TAOS. Howevee, titade-off for this large collection
angle is that the system has an extremely smathdepfield. It is well known that
ellipsoidal reflectors are aberration-free when gmg between the two focal points.
However for off-axis imaging the reflector suffesgverely from coma, which is a
variation of magnification with aperture. This wadlistort the LA TAOS image leading to
a mislabeling of the scattering anglg,f) associated with each pixel. A further

discussion of this topic in more detail occursratethe chapter (Subsection 4.1.2.1).

A simple diagram of the LA TAOS setup is shown igufe 4-2. Ideally, the
scattering event occurs at the first focal pointtteé ellipsoid. The scattered rays that
reflect off of the ellipsoidal mirror are focusddaugh an iris that is located at the second
focal point. The rays from this ‘virtual’ particlecated at the iris are then detected by an

ICCD or CCD. The mapping of these scattered reys the three-dimensional space of
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the scattering volume to the two-dimensional detegiane is nonlinear. However,
taking into account the geometry of the systemreyexel of the detector can be
matched with a unique scattering anglea(df). Note the direction of the laser beam
can be reversed by replacing the beam block witigte angle prism or small steering
mirror and placing the laser source off to the sifiehe setup. Then, the forward
hemisphere of scattered light can be collected ahown in a later chapter, see Figure

5-8.

Figure 4-2: Experimental setup utilized for LA TA@&asurements.

Unlike the TAOS setup, in the LA TAOS design thisraeo lens used to detect the
far-field intensity pattern. Rather, by placing tthetector at a sufficient distance behind
the spatial filter (a distancs®, the Fraunhofer approximation can be invoked Hred

detector is considered to be in the far-field. Fn@unhofer approximation is

* 2
25K 2D , (4-3)

wherek is the wavevector and is the particle’s diametéf.If the particle’s diameter is
10 microns (diameter = Tomm) and it is illuminated from a frequency doubled

Nd:YAG (k = 11810 mril) the detector needs to be greater than 0.6 mmdehie
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spatial filter, which is satisfied for the LA TAGSperiments. Figure 4-3 shows a picture
of the ellipsoidal mirror used in the setup anddasompanied by an illustration noting the

dimensions of the mirror.

Figure 4-3: Ellipsoidal mirror used to capture tRe TAOS patterns.

This design is not new to the field of aerosol ®8ad Indeed, in the early
seventies, Frank Gucker designed an extremely rcieggrument around an ellipsoidal
mirror (see Section 3.1). Paul Kaye and Edwin tHiesd a setup very similar to the one
shown in Figure 4-2' However, the work performed for this Thesis hamaple of key
improvements. A cross-beam trigger system (to Iseudised in the next section) was
utilized to minimize the aberration due to the psbidal reflector. This drastically
reduced the error in properly labeling each pixéhva scattering anglegy andf. In
addition, the cross-beam trigger system triggerbiyjla-power pulsed laser source, rather
than using a CW source as has been previously dohes. greatly increased the number
of photons detected as well as minimized the mtatind translation of the particle

during the scattering event giving a crisper image.
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As will be discussed in the next chapter, the limgitelement for most of the data
analysis was the ellipsoidal reflector. Particlest twere not perfectly centered to within a
couple of microns of the focal point lead to vigildlistorted images. In addition, the
fabricated ellipsoidal mirror may deviate from tipegometric shape. This can either be a
gross deviation leading to a distorted image drghtsfluctuation around the ideal shape,
which would blur the image. Any distortion in thmage will lead to a mislabeling of the
scattering angleq( f) associated with each pixel. In what follows, thefstortions are
guantified by allowing the sources of error mengidrabove to propagate through the

system.

In this analysis, we consider three possible sauofesrror, as shown in Figure
4-4. First, the particle could be slightly misakghalong the mirror's major axis. This
longitudinal error is labeleB,, and has units of microns. Second, the particlddcbe
slightly misaligned normal to the mirror's majorieXThis lateral error is labeldd;; and
also will have units of microns. Finally, the nairrsurface could be distorted from the
ideal geometric shape leading to angular deviatibthe reflected ray from the ideal
path. The angular deviation of surface slope ofrtiveor is labeledye,, Which has units

of arc minutes. This will result in a deviation2ise, in the reflected scattered ray.
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Figure 4-4: Depiction of experimental errors legdio a distorted LA
TAOQOS pattern. Dotted line represents ideal geomstrape of the mirror.

The overall translation associated witg, and Dy is less important than their
effect on the reflected angle. To a first approxiorg this effect is proportional to the
curvature of the ellipsoid. A section of the dlypd that has a higher degree of curvature
would lead to a greater deviation in the angle hef teflected rays if the particle is
slightly shifted. Therefore, all three errorB\f, Da, and Dge,) lead to an angular
deviation with respect to the ray's ideal path rapecular reflection occurs at the
mirror’s surface. This is compounded by the distatie ray travels before it reaches the
detector plane. The longer the distance to thectwtelane, the farther the ray will

propagate off course due to these angular devition

The effects of these aberrations on labeling tla¢teigng angles can be estimated
by analyzing the geometry of the setup. The cr@ss¥btriggering system, discussed in
the next section, will only trigger the laser sauitparticles are within 12.5 microns of
the focal volume. Thus, for a worse case scenavi,can setD,, and Dy to 12.5
microns. In addition, we need to account fdy, by taking into account how the
ellipsoidal reflectors are fabricated using thecgtforming process. First a master of the

ellipsoid is machined where the master geometry mot deviate from the specified
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theoretical geometry by more tha2 arc minutes of surface slope. Next, a metal,
typically nickel, is electrodeposited over the neasthis process introduces anottk80

arc seconds of error resulting in a mirror witBg, of 2.5 arc minutes.

Using Mathematica® a relationship between the @hi8cattering angle, the
sources of deviatiorD(,, Diar, andDgey), and the ray’s intersect point on the detectos wa
derived. This result is then used to determine hatvaccuracy the detector’s pixels could
be labeled with a polar scattering anglgs A plot of these accuracies over the polar
angular range of 90and 178 are shown in Figure 4-5. The dotted black curpeasents
the quadrature sum of each error component, aresg@vrough estimate of the overall
accuracy of the labeling technique. As is quitalent in the plot, the error increases with
polar angle, therefore the mislabeling of angled wot a simple linear shift. This
decrease in accuracy with increasing polar angleorsbined effect from the mirror
having a higher degree of curvature at these aragldsthe longer distance between the

point of reflection and the detector plane.

' Although the two sources of error are uncorrelated thus should be added in quadrature, the
manufacturer’s specifications were somewhat vagne thus the worst case scenario was assumed.
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Labeling Accuracy vs Polar Angle
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Figure 4-5: Accuracy of labeled angle as a functénnitial scattering
angle.

In addition, an exact ray-trace program was writterMatlab® to account for
skew rays as well as to get a two-dimensional metsge of what these aberrations look
like in the detected image. The program tracesptité of a discrete number of rays
starting from the particle’s origin. Distortion the shape of the ellipsoidal mirrddy,)
is ignored. For the following three figures, tlays were uniformly spaced in both their
azimuthal anglel¥f = 15°) and their polar angleDg = 15°). The output of the program
for a perfectly aligned particle is shown in Figdré. The first image on the top row is a
spot diagram of the rays in the iris plane. As expe for a perfectly aligned particle, all
the rays focus to a single point. The next plothi right is of the rays’ location in the
detector plane. Note how the rays are compresstd respect to the polar anglg)(
which is also depicted in the next plot over to tight. In the lower half of the figure is a

plot of the rays’ path over a single scatteringipla

31



Figure 4-6: Exact ray-trace of ellipsoidal reflecfor a particle perfectly
aligned at the focal point.

Next, Figure 4-7 depicts the distortions in thetgrat if the particle is shifted out
of focus by 200 microns normal to the ellipsoid’sjar axis Da). The red rays in the
spot diagram at the iris and the ray intersechatdetector are the rays that would not
have passed through the iris (diameter 2 mm) ldcatethe second focal point of the
ellipsoid. Thus, in the detected pattern, thosasurepresent by the red rays would just
be black since no light would reach those pixelsteNthat in the actually system, the
particle should never be as far out of focus as ra@@fdons, that number was chosen so
that the distortion is easily visible to the eykhe cross-beam trigger system should limit
the misalignment shift to ~12.5 microns, in whidhthe rays will make it through the

iris, but the detected pattern will still be digeat (see Figure 4-5).
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Figure 4-7: Exact ray-trace of ellipsoidal reflector a particle misaligned
by 200 microns parallel to the ellipsoid’s minoisax

Next, Figure 4-8 illustrates the error due to méetimisalignment down the
ellipsoid’s major axis @on). As expected the distortions are radially symrmatr the
detector plane (no error in the azimuthal angje however the polar angles are
reasonably shifted from their perfectly alignediposs. It is interesting to point out that
with this misalignment the relationship betweergp@ingle ¢) and the ray intersect point
at the detector has become slightly more linears Thevident by looking at the plot

labeled ‘Theta vs. Ray Intersect’ in Figure 4-8 &nglire 4-6.
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Figure 4-8: Exact ray-trace of ellipsoidal reflector a particle misaligned
by 200 microns down the ellipsoid’s major axis.

Thus, from this analysis, it is quite evident tiklating the scattering event the
particle has to be well localized so that the detkpattern is not severely distorted. To
accomplish this task, a cross-beam trigger systemcorporated into the system, which
can limit the particle’s misalignment to 12.5 mieso The system is described in the next

section.

The large collection angle of the LA TAOS systermes at a price: an extremely
short depth of field. Other researchers have asedllipsoidal mirror to collect elastic

scatter from a single particle without having treetigles well localized. In the device
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designed by Guckest al.,the aerosol particles where confined to an aw+fstream with

a diameter of 1 mm. The data collected with thteasy could be post-filtered by looking
for symmetry over the two azimuthal angles colldcfe = 9C¢ and 270) since only
spheres were being investigaf€dn the system designed by Kage al. the aerosol
particles where confined to an 800 micron air-flstkeam. In their studies, only gross
features in the scattering pattern where beingyaed| so moderate distortions were not

a concerr?

For this Thesis work, the instrument was developed that the collected
scattering patterns of both spherical and nonsgdleparticles could be compared with
theory. With that in mind, the distortion that acg for an airflow confined to a 400
microns diameter would be too large (see Subsecfidn3). The solution was to
incorporate an optical trigger into the instrumirat would only trigger the incident laser
beam if the particle was sulfficiently close to firet focal point of the ellipsoid. This
technique was first used by Pan Y.bt al. for the detection of single-particle

fluorescence with a Schwartzchild objective lensicl has a short depth of field.

The cross-beam trigger system is shown in Figuge @nly particles that flow
through the intersection two orthogonal continuazs/e (CW) laser beams result in a
trigger signal. The two CW diode lasers (Micro éaSystems) emit light at 635 nm
with a power of 25 mW and 685 nm with a power ofrdd/. The spot sizes of the two
lasers are 25 um and 13 um respectively. The lagersocused slightly above the first
focal point of the ellipsoid to account for the aelin the pulsed laser source. PMTs
(Hamamatsu) detect the scattered light as the cpartraverses the two beams. A

bandpass filter is placed in front of each PMT Isat it is only detecting the scattered
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light from a single diode beam. The outputs frdre PMTs are feed into amplifiers
(EG&G Ortec 570 — not shown), then into a singlerotel analyzer (EG&G Ortec 850 —
not shown), and finally combined with a logic ANtg (EG&G Ortec CO4020). The
output of the AND gate then triggers both the pailseser source as well as the detector
to capture the LA TAOS pattern. The single-chararallyzer is set to only pass pulses
with a peak voltage within a certain window. Themde used to set a rough minimum

size of the aerosol particles to be examined.

Figure 4-9: Design of the cross-beam trigger systenly when a patrticle
is traversing the focal volume of the mirror doesdatter light from both
diode beams and trigger the pulsed laser source.

Before leaving this section, it should be noted th@me experiments did not
warrant a cross-beam trigger system. In particudien using the MicroDrop Generator
(see Subsection 4.3.4), the droplets are well ipedlsince they exit the nozzle as a fine

stream. In addition, the droplets arrive at theafamlume at a set frequency and thus the
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lasers are not needed for timing either. In sutlhatibn, the cross-beam trigger system

was not used.

* +

There are numerous instruments for particle samg@imd generation, each with
its advantages and limitations. Thus, for this kyatdifferent particle generators and
sampling techniques were used depending upon wperiement was being conducted.

In this section, these different instruments amtimégues are reviewed.
# $ %

To sample outdoor aerosols from the natural backgipa sampling scheme
developed by Dr. Ronald G. Pinnick at the U.S. AmRBsearch Labs was utiliz&dA
sketch of the system is shown in Figure 4-10. Ssugermicrometer-sized particles have
a low concentration in the ambient atmospherertaaliimpactor (a Dycor model XMX)
was used to draw in air off the roof at a rate @ L/min. The virtual impactor then
concentrates particles within a size range of »-mkrons into an exit air flow of 0.83
L/min. The particle-enriched air is then drawntigadly through a nozzle into an airtight
aluminum box (dimensions 18 in18 in” 18 in). The nozzle is positioned just above
(~1.5 cm) the scattering focal volume. Just beltw $scattering focal volume is an
eduction tube is being driven by a constant-volid@ motor-driven piston pump (KNF

Neuberger, model UNO5) that aspirates the box.
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Figure 4-10: Sampling of ambient aerosol particlesng a virtual
impactor for LA TAOS experiment. Inset shows howrtigles with
enough inertia are concentrated with respect tadneer volume of air.

A difficulty in reliably sampling aerosol with thisystem is caused by the virtual
impactor pump (used to aspirate the impactor) aedotston pump (used to aspirate the
nozzle). These pumps cause pressure fluctuatiodsnan-laminar flow through the
focusing nozzle, which in turn cause particle theges to be unstable. To achieve
laminar-flow of the aerosol through the nozzle latreely large ballast tank (55 gallon
drum with packing foam inserts) was installed betvéhe virtual impactor concentrator
and the concentrator pump to attenuate the predisitaations. In addition a two-liter
air ballast with suitable foam inserts was insthlleetween the air-tight box and the
piston pump. These ballasts reduce pressure flihssat the nozzle resulting in straight

and uniform patrticle trajectories through the samnmlume.

Using the IJAG system (described in Subsectior8B).&he sampling efficiency of
an air-flow containing dried tryptophan particleghawarious diameters was determined.

For particles with a diameter of 4 to bén, the cross-beam trigger system of the LA
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TAOS box was detecting approximately 1L/min of adgsair. Assuming the efficiency
of the virtual concentrator for this size range3@%, the cross-trigger beam are only
detecting about 0.4% of the aerosols entering @ RAOS box. This result is equivalent

to having an aerosol flow diameter of 46én and a defined trigger volume with a

diameter of 25mim, which correlates well with the experimental petu

&

A crude approach was used to sample a diesel en@giseng a large plastic leaf
bag (~0.2 cubic meters) emissions from a Humveewund-load were collected from the
tailpipe. After filling the bag, the samples wepgckly transported to the laboratory (the
commute took about three minutes) and then sloelgased into the inlet hose of the
experimental chamber. The Humvee was running paraimately 5 minutes before

samples were collected.

"% ( ) ‘()

The Ink-Jet Aerosol Generator (IJAG) is used toegete dry aggregates from a
suspension of primary particles and wéfefThe particle/water solution is loaded into an
ink-jet cartridge (Hewlett Packard 51612A “BlanK)ethat is then mounted on the top of
a drying column. By applying short current pulseghe ink-jet cartridge’s 12 nozzles,
droplets with a diameter of approximately 50 um geaerated. The number of primary
particles within the water droplet follows Poissaetatistics, and depends on the
concentration of the slurry within the cartridgBy varying the initial concentration of

primary particles in the suspension, aggregatespalrticular size can be generated.
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After being ejected from the ink jet cartridge, tir@plets are often accompanied
by small satellite droplets. These secondary dte@ee removed with a winnow flow
while the large primary droplet is entrained witlain airflow that carries it through the
drying column. The drying column is heated to ~IDSo that as the wet droplets with
inclusions traverse the column, the water evapsré&aving aggregate primary particles.
However, these aggregates are not necessarily-phadeed structures. Indeed, looking
at the particles with a scanning electron microsc(@EM) they can appear as having a

hollow core (see Figure 4-11(c)).

A conversation with Dr. Eric Dufresne of Yale’s Mmmical Engineering
Department shed some light on this efféctlnitially, as the droplets flow through the
drying column, they shrink isotropically, as shoinrFigure 4-11. As water continues to
evaporate, crystallization takes place and smg#italized particles form throughout the
volume. A shell of these crystallized particlesibego accrue at the air/water interface
as particles pile up due to the receding boundafhis is due to the fact that the
evaporation rate is much faster than the diffusaira. The process continues until a thick
shell is formed, after which further drying resuttsthe shell either becoming deformed
or cracked. Some examples of these shells are showigure 4-11(c). The ammonium
sulfate represents a cracked shell. The sodiunridelowhich was expected to have a
cubic-like structure, looks more similar to an glawhere small cubes form a spherical

surface. Finally the tobacco patrticles look to bekbed spheres with noticeable dimples.
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Figure 4-11: Shell formation in drying dropletsaniiloidal suspensions.

* & )

The MicroDrop Generator (MicroDrop GmbH) can geteidroplets on demand.
The diameter of the droplets can range from 30-i0€ons depending upon system
components and viscosity of the liquid. The draplgénerated for a given system are
quite repeatable, although the system needed toarbat a set frequency (~500 Hz) to
achieve this stability. The generator can aerosolize liquid that haviseosity between
0.5 mPas and 20 mPa& (e.9.H,O @ 20C has a viscosity of 1 mPs). To reach higher
viscosities, an alternate design of the systemrparating a heater can aerosolize liquids

up to 10,000 mPa.

' Although no formal study was conducted, lookinghet repeatability of the scattering pattern, the
variation in droplet diameter appeared to be lean & micron.

41



The critical component of this instrument is a tabyiezo actuator that squeezes
on a glass capillary, shown in Figure 4-12. Whiéng the capillary tube as a reservoir,
activating the piezoelectric transducer for a sldoitation (~50 microseconds) results in
the emission of a droplet out of a nozzle locateth@ end of the capillary tube. It is the

diameter of the orifice at this nozzle that rougthétermines the droplet diameter.

Figure 4-12: Inner-workings of the MicroDrop gerterahead [image
from the website of MicroDrop GmbH].

The Royco Aerosol Generator (model 256) is a wepelision generator that
utilizes an atomizer. Air-blast atomizers use coesped air (15 to 50 psig) to draw bulk
liquid from a reservoir as a result of Bernouléffect, as shown in Figure 4-12. The
high-velocity air-flow breaks up the liquid intonaist and carries it to the top of the air
chamber where it exits out a gooseneck tube. Térianof larger particles causes them
to impact on the wall and drain back to the ligrtedervoir. The airflow then carries the

droplets through multiple drying chambers filledtiwtirculating dry nitrogen gas. The
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outlet hose is therefore composed of dry particleese composition is determined by
the initial composition of the droplets. This ia axcellent way to generate single
polystyrene latex spheres or single bacterial spsirgce the initial droplet sizes are quite
small and therefore minimizes the amount of prester® or surfactant from the original

solution that coats the particle of interest.

Figure 4-13: Drawing of a DeVilbiss Model 40 Glassbulizer. [Image
from Hinds,Aerosol Technolog{1999)]

The Bergund-Liu vibrating orifice aerosol generat/OAG) is another
piezoelectric-based droplet generdftt’ The head of the VOAG consists of a 25 micron
diameter orifice in a 3/8” nickel-copper or stasdesteel disc, which is placed in the

center of a stainless steel cup with a hole ircéster. A ceramic piezoelectric ring is

43



epoxied to the flange of the cup. A liquid resarv® connected to the VOAG head via a
0.5 Millipore filter and teflon tubing. The reseiv is pressurized at ~17.5 psi by a
nitrogen cylinder and generates a liquid columthadiquid is forced through the orifice.
The piezoelectric ring is driven with a 5 volt sivave at a frequency of ~50 kHz using a
synthesized function/sweep generator (HP 3324Ahe Vibration of the piezo electric
ring within a certain frequency range causes machbperturbation in the liquid column
exiting the orifice to form stable spherical drdpleThe shape of these droplets initially
oscillates between prolate and oblate, but thesmllai®ns damp out at ~2 cm

downstream.

/0 1 &

The Collision Powder Disperser (CPD) is a conve@adision nebulizer where
the main reservoir is filled with a dry powder ieatl of a liquid. A diagram of the
Collision nebulizer is shown in Figure 4-14. The function is similar to an atomizer
except the particle laden jets are aimed normahéoside wall of the jar or a baffle.
Impaction of the air/particle mixture against th&lesvall/baffle leads to further
atomization as well as a greater reduction in lagggticles. To improve upon the
powder generation process, the jets were pulseghdroff to introduce more turbulence

inside the jar. The resulting cloud of particleliawn from the top of the jar.
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Figure 4-14: A sketch of the Collision nebulizesrfr May, “The Collision
Nebulizer: Description Performance, and Applicati(i®73).

The LA TAOS pattern generated from a scatteringhed®es not only depend
upon the morphology of the aerosol particle, bsbalepend on the wavelength of the
incident beam. Indeed, particle features much lem#ian the laser wavelength would
not effect the LA TAOS pattern. Changing the wamgtla of the illuminating laser is
equivalent to scaling the aerosol particle, siias the ratio of the laser’'s wavelength to

the size of the particle’s features that dictagedbattering pattern.

Beyond a relative scale factor, changing the wangtle of the illuminating laser
can also vary in the complex refractive indeX N( Shifts in the refractive index are
most evident when the laser wavelength is tunednmhoff an absorption band resulting

in large changes in the imaginary part of the wtiva index. Strong absorption bands
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stemming from molecular vibrational modes can heébin the mid-infrared (mid-IR).
To explore the possibility of extracting informati@about particle absorption using light

scattering, a series of experiments were conduottee mid-IR wavelength range.

Therefore two different wavelength ranges wereizatl for this work. A
majority of the experiments were done in the visiat 532 nm, particularly during the
development phase of the LA TAOS system as wdlbiasxperiments relating to particle
structure. For single particle absorption expentagthe initial set of experiments was
performed in the visible to iron-out the mecharw€she LA TAOS setup. Then a series
of experiments were conducted in the mid-IR (&4, 3.9nmm, and 5.1nm) where strong
absorption bands exist stemming from molecularatibnal modes. The subsections

below describe the detector and laser sourcesfasedch wavelength range.

23 4

For LA TAOS patterns captured at visible wavelesgttwo different diode
pumped laser (Spectra Physics model X-30 and YHPR~&0e used depending upon the
experiment location. Both are fiber coupled, dipdenped, Nd:YAG laser systems
which are then frequency doubled using a nonlieegstal (lithium triborate) to generate
light at 532 nm. A critical feature of these lasertheir ability to be triggered on-demand
with a delay of only ~1 microsecond and a jitted6fnanoseconds. This is critical since
the particles can arrive at the focal volume of ¢sketup at random intervals. The main
difference between the two laser systems is thdsepwidths. The X-30 has a nominal

30 nsec pulse-width where as the YHP-70 has a &0 pslse-width. This has minimal

' The mid-IR wavelength range is roughly from 2.Emis to 25 microns.

46



effect on the scattering patterns since on these scales the particle appears frozen in

position.

Three different detectors, two Intensified-CCDsGD) and one CCD, were used
through-out the experiments. A full-frame trandfack-thinned CCD with a format-size
of 1044 256 (Hamamatsu Corp., HC230-1008) was used foaliserption experiments
in the visible (see Subsection 5.1.1). A 5322 format size ICCD (Princeton
Instruments, Model LCI-4) was used for initial LAADS experiments (see Subsection
5.2.1) and a 1024.024 ICCD (Andor Technology, Model DH734-25F-03)swesed for

the rest of the experiments.

23 4

Sources in the mid-IR are not locally available,tsese experiments required
scheduling bench time with prototype systems atAtmay Research Laboratory (ARL)
as well as at the Massachusetts Institute for Ta@ogy’s Lincoln Labs (MIT-LL). The
ARL laser was liquid nitrogen cooled type-ll InNAsllBSb interband cascade laser
operating in CW mode. It generates light at a warvgth of 3.4Irm with optical powers
approaching 40 milliwatt®*° The MIT-LL lasers were optically pumped GaSb-lhse
semiconductor lasers with type-Il InAs/InGaSb quamtvell gain regions emitting at 3.9
mm and 5.1nm with a peak power of ~0.4 watts and pulse dumatib100ns>>°? The
mid-IR detector for all the experiments was an II1820x256 focal-plane-array (Santa
Barbara Focal Plane) and was run at a frame rat8.a8 Hz with an integration window

of 217 ps.
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This chapter is divided into two sections. Thetfisection discusses the use of
elastic scattering to measure single particle gdtigor. Experiments were first conducted
in the visible and then later in the mid-infrare@he second section concentrates on
extracting particle morphology from LA TAOS pattsrniIn particular, simple metrics

were extracted from the LA TAOS patterns to clasdifferent aerosols.

Infrared (IR) absorption spectra can be thoughafa fingerprint for chemical
agents. Thus, by measuring the IR spectra fromsakrparticles, one can classify
different types of aerosols and discriminate betwdwse that pose a health threat and
those that are harmless constituents of the amlaienosphere. However, measuring
absorption at the single particle level is a tryitagk. Typically, one measures the
extinction of an incident beam to determine theoghtson in aerosols. However, the
scattering cross-section can be equal to if ngelathan the absorption cross-section,

thus it is difficult to differentiate between thea when making this measurement.

Of course, the scattering and absorption from glsiparticle are not mutually
exclusive events, but are linked. In particulavsaption will effect the angularly-
resolved scattering pattern through the imaginampmonent of the complex refractive
index. Therefore, two series of experiments wenedacted to explore whether single
particle absorption information could be extracten TAOS and LA TAOS patterns.
The first set of experiments was conducted in tisdle and showed promising results.

The second set of experiments used an incident lasthe mid-IR, where stronger
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absorption bands, stemming from molecular vibratjoexist. In particular, an
experiment was conducted that captures two LA TA®@8erns simultaneously at two
different wavelengths. By comparing the patteors® can decipher if one of the laser

wavelengths is on a strong absorption band.

+ . 23 4

The first set of experiments was performed with skeond harmonic from an
Nd:YAG laser (532 nm) laser source. Numerical $anons were run based on Lorenz-
Mie theory to project the effect of increasing apsion (k, imaginary part of the
refractive index) on the scattering pattern, aswshim Figure 5-1. The sphere’s radius for
this calculation is 56.22m and the real part of the refractive index wastset.36,
wherek in the inset is the imaginary part of the refraetindex. These values were
chosen to match the parameters of a future expetinide slice of data is from the
scattering plane perpendicular to the polarizatbérthe incident beam. By increasing
absorption, one would expect the overall intensftthe scattering pattern to be reduced,;
however there is also a change in the profile efdbattering curves. For instance, the
peak-to-valley ratio increases with increasing ébsorption, although this relationship
does not always hold true. Since the profile o #tattering curves changes with
absorption, ideally a curve-fitting algorithm coudé used to determine the strength of

the absorption for a specific curve even if theohltte intensities are unknown.
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Figure 5-1: Lorenz-Mie theory prediction of thefeet of increasing
particle absorption on the TAOS pattern.

An experiment was conducted in hopes of reprodutiiegnumerical simulation
results. The LA TAOS setup was utilized with a b#ildkined CCD as the detector. The
CCD was positioned to detect the scattering angldrom 135 to 155. The pixels
spanning the azimuthal anglg) (were binned over to reduce noise. Using the VOAG
droplet generator, a stream of ethanol dropletedepth Rhodamine 6G was introduced
to the setup. Three different solutions were aredywith Rhodamine concentrations 0.0
g/L, 0.1872 g/L, and 0.75 g/L to matdh values of 0.0000, 0.0004, and 0.0016
respectively. The frequency generator used toeditie VOAG was downsampled to a
rate of 100 Hz to trigger the Nd:YAG laser (70 ndsp width). This meant that the
droplets were being illuminated every 10 msec dng tonly a single scattering event
would occur during the intergration time of theat#br (10 msec). Since the droplet
diameter would vary from solution to solution, eaiution had to be independently
measured by collecting a large quantity of solutbmer an extended time and then, by
knowing the generation rate of the droplets, thepl#it diameters could be projected.

The error in the process is approximately 0.5 nmsro
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Figure 5-2 compares our experimental results whotetical predictions. The
peaks are well aligned and the curves are a fgohyd fit for the two lower absorption
cases. The highest absorption case suffers frgnalsio noise issues and thus the valleys
in particular appear to be offset from theoretjmaddiction. A similar data set was later
collected using an identical setup and processedldnyo Surbek. Surbek found thiat
could be determined to within 0.0001 using an lsgsiares curve matching algoritfit.
These results suggested that future experimerttseimid-IR could successfully extract

single particle absorption from droplets.

Figure 5-2: Angularly-resolved scattering intengay different absorption
strengths. Solid lines are the experimental resuttereas dotted lines are
based on Lorenz-Mie theory.

Figure 5-3 gives a physical interpretation of whgreasing the absorption of a
droplet leads to a larger peak-to-valley ratio. shewn in the figurek can be converted

to an absorption coefficiert which represents how quickly a ray is extinguisirethe
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droplet. For example, usirgyone can calculate the path length for the intgnsitdrop
by €' (~37%). Foik = 0.0004, this path length would be 1@, thus rays that traveled
this distance within the droplet would be signifidtg absorbed. On a larger scale,
increasing absorption reduces the number of rags ititerfere in the far field. By
reducing the number of components that play airokbe far field interference pattern,

the pattern becomes simpler with a larger peakattey ratio.

Figure 5-3: The effect of increasing absorption rags reflected and
refracted through a droplet.

+ 23 4

Critical to running experiments in the mid-IR wasding an appropriate laser
source. Such lasers existed only as prototypesptical tables located in a few labs
across the country. In particular, there has beaecent surge in research effort to
develop quantum cascade laser sources that coeldtepat room temperature. These
lasers would be very compact, approximately the efza standard laser pointer, ideal for

a component in a stand-alone light scattering coroiaeproduct. However, currently
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the lasers are still quite temperamental and requooling at liquid nitrogen
temperatures. This necessitated the experimeritgh $& be transported to a lab where a

prototype mid-IR lasers could be found.

The initial set of experiments was conducted inat@ration with Dr. Richard L.
Tober at the US Army Research Laboratory. The TA@8p was employed, rather than
the LA TAOS setup, since it is simpler in desigrd dherefore easier to transport and
construct. After a level of comfort was reachedkimy the mid-IR lasers, a second set
of experiments was conducted using the LA TAOS (setd’hese experiments were
performed in collaboration with Anish Goyal and Ties Jeys at the MIT Lincoln
Laboratory using two incident mid-IR lasers. Thiasathe first time that simultaneous
angularly-resolved elastic scattering patternsvatwavelengths have been captutéd.

HHEHS W&’ ("

For the first set of TAOS experiments conductedh&t US Army Research
Laboratory, a MicroDrop generator generated drgplahging in diameter 54 um to 57
pum composed of three different solutions: distileater (HO), deuterium oxide (ED),
and a 50%-50% mixture of @ and DO. See Subsection 4.1.1 for a discussion of the
experimental configuration. The laser source wasyme-1l InAs/GalnSb interband
cascade laser operating in CW mode to generatedigh wavelength of 3.4dm with
optical powers approaching 40 milliwatts. The emissfrom the facet of the
semiconductor cavity was quite divergent, requirgag f/1 CaFk, bi-convex lens to
collimate the emitted light. In addition, df8.75 ZnSe bi-convex lens focused the

collimated light onto the droplet to increase signéensity. Anf/2 Cak plano-convex
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lens collimated the scattered light onto the detgctocal plane array. The lens’ optic

axis was ay] = 35° andf =270 while the laser beam was polarized along the g-axi

The angular range of collected light spannefl 28m q = 23.5 to q = 46.5.
However, because of severe spherical aberratidheirouter limits of the angular range
the practical collection range was°26 42. These effects were mitigated by performing
an exact ray-trace on the system calculated ina¥d@tl The detector, an InSb 320x256
focal-plane-array (Santa Barbara Focal Plane),rwasat a frame rate of 63.13 Hz with
an integration window of 217 us so that only a krggattering event would be detected

in each frame.

A TAOS pattern for each type of solution is showrrigure 5-4 (a-c). The effects
of spherical aberration can be noted by the ineréasntensity around the perimeter of
the TAOS pattern. There is also read-out noiserttatifests itself in the TAOS patterns
as horizontal lines. In addition, since the lasetensity fluctuated throughout the
experiment, the absolute intensity between TAOSepa cannot be compared. A
vertically binned (45 pixels) horizontal slice frazach type of TAOS pattern is plotted in

Figure 5-4(d-f) together with analytical data based_orenz-Mie theory.

The droplet diameters to calculate the Lorenz-Meoty curves were estimated
by measuring an accumulated volume of droplets rg¢ee at the chosen frequency over
a fixed time; complex refractive index values weagen from the literatur®. To
calculate the complex refractive index of theO-D,O mixture, a linear average was
taken of the KO and DO refractive index. There is up to & fhaccuracy in the
procedure used to measure the scattering anglesthik angle range was slightly shifted

(<1°) from the measured values to fit the data to thedhe experimental data shows a
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good match with numerical data based upon Lorerz-tleory although the residual
effects of spherical aberration can be seen atettges of the plotted angular range.
Because of the spherical aberrations in the TAO&ws and the inaccuracies in the
scattering angles and droplet diameters, the datanet sufficiently accurate for us to
determine particle’s absorptivity by comparing theerimental angular scattering with

theory.

Figure 5-4: (a)-(c) Detected TAOS patterns fromptets composed of
D,0O, a 50%-50% mixture of # and BO, and HO. (d)-(f) Horizontal
slices of the collected TAOS patterns compared Wwilenz-Mie theory
calculations.

HHEH#S$) W&  (

The scheme to collect LA TAOS images at two wavgtles simultaneously is
shown in Figure 5-5. The two laser sources werdcalpt pumped GaSb-based
semiconductor lasers with type-Il InAs/InGaSb quamtvell gain regions emitting at 3.9
mm and 5.1mm with a peak power of ~0.4 watts and pulse dunatb 100ns. Both

wavelengths are relatively transparent feOHbut O has relatively high absorption at
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3.9 mm while being transparent at 5mn. For DO, the imaginary component of the
refractive index K) is 0.260 at 3.9/ in contrast to 0.002 at 5rim. Beam shaping
optics (spherical and cylindrical lenses) as wsllaa F/3.75 CaHocusing lens were
utilized to achieve a desired spot size of i x 500 nm where the major axis is
perpendicular to the propagation direction of theptet. The polarizations of both laser
beams were perpendicular to the propagation dineadf the droplets. An ellipsoidal
mirror collected the backward hemisphere of scadtdight (C f 36C, 9C¢ (¢
163) and focused it through a spatial filter locatédh& ellipsoid’s second focal point.
To reduce aberrations effects, an F/1 ZnSe asplarsc collimated the scattered light,
after which the two wavelengths were separatedavidichroic mirror. Finally, a bi-

convex F/1 Caflens coupled the scattered light onto the InSbdets.

Figure 5-5: Experimental setup for collecting sitankous LA TAOS
patterns at two wavelengths in the mid-IR.

Droplets from three different mixtures of,®&-D,O were analyzed: 100%-0%,
75%-25%, and 50%-50%. The experimentally collectieda, as well as numerical
simulations based on Lorenz-Mie theory, are showrkigure 5-6. There are several

experimental artifacts embedded in the TAOS pattéetause of: (1) the shadow of the
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droplet generator nozzle protruding into the edigal mirror; (2) the shadow of the
beam block mount; and (3) the diffraction of tHaminating laser beam around the beam
block. Note that the patterns were processed tmbar inqg by taking into account the

optical arrangement of the system.

The TAOS patterns shown in Figure 5-6 were colgkdi®m single droplets
illuminated simultaneously by the two collinear 3® and 5.1nm laser beams. Each
column from left to right indicates a different®D,O droplet composition, as labeled.
TAOS patterns (row 1) collected at 3.8m show the effects of increasing the
concentration of BD that leads to an increase in absorption. Theferpa qualitatively
match the numerical simulations based on Lorenz-fideory (row 1), although there
appears to be some discrepancy for the 75%-25%(casgarison between (b) and (e))
believed to be due to oversimplification in estimgtthe absorption by taking a linear
interpolation of known absorption values for nedtids and ignoring effects of
isotopes® TAOS patterns (row l11) are collected simultandgia 5.1mm from the same
single droplets. These patterns also agree witdigirens from Lorenz-Mie theory in
which there was a slight increase in scatteringnsity of the central regiom & 135)
with increasing concentrations of,@. For the numerical simulations, the droplet
diameter was estimated to be BB and the refractive index was gathered from the
literature> By comparing the data in row | with row I, it islear that one could
distinguish between droplets of purgHand droplets that contain a considerable amount

of D,O by comparing the angular scattering patterns.
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Figure 5-6: (Row I) TAOS pattern &t= 3.9 mm detected from a single
droplet (diameter ~ 56m) composed of (a) 4D, (b) 75%-25% KHO-D,0,
and (c) 50%-50% pD-D,O. (Row IlI) Corresponding numerical
simulations of row | based upon Lorenz-Mie thecoffgow Ill) TAOS
pattern collected simultaneously at $ah from the same single droplets
as row |. (Row IV) Corresponding numerical simwas of row IIl based
upon Lorenz-Mie theory.

With the same experimental setup as above (seed-t6), LA TAOS patterns
were collected from &m aggregate particles and solid particles genesatcthe JAG,
as shown in Figure 5-7. The LA TAOS patterns fréoar particles are shown: L-
Tryptophan (Sigma, lot# 127H0622), Bovine Albumiigma, lot# 123H0800), cluster
of Bacillus subtilis var. niger spores (Dugway Proving Grounds), and a cluster of
polystyrene latex spheres (Duke Scientific, diam&té4mm). The LA TAOS patterns

were examined to determine if there is a noticeabfeerence due to the shift in
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wavelength. However, the low pulse energy of thd-lR lasers (in particular the 5.1
mm source) resulted in a poor signal-to-noise r&iace the scattered energy goes as the
square of the particle radius, then switching frarB®0mm diameter droplet to an @
diameter particle reduces the scattered energyppsoaimately a factor of 40. With such

low energy, it was difficult to determine what effe absorption played on the scattering.

Figure 5-7: LA TAOS patterns of 8m aerosol particles captured
simultaneously at two wavelengths.

Certain features are distinguishable in the TAOfepas, although not associated
with absorption. In particular, the ring-like patts for the solid particles Bovine
Albumin and Tryophan are quite evident. This sutggdsat the particle looked spherical
with respect to the illuminating wavelength andsttibe size of the surface roughness
features or internal structure of the aerosol plariis much less that 3rfim. The same
does not hold true for the aggregate particles a/hiee ring-like features are nowhere
near as pronounced. This stems from the aggregjatetse that introduces refractive

index inhomogeneities that are on the order ofribelent wavelength.
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A main emphasis of this research is to extractntioephology of single aerosol
particles using elastic light scattering. The ®af the preceding section was on
determining single particle absorption from LA TACGEHd TAOS patterns. In this

section, other particle features are charactetsaty the LA TAOS technique.
+ 5 $ % 6 4

In the first series of experiments, the LA TAOS foguration (see Figure 4-2)
was used with a single cw trigger laser perpendrctd the incident beam (pulsed laser
source) axis. With this setup, either the forwiaednisphere or backward hemisphere of
light can be detected depending upon the directfdhe pulsed laser source, as shown in
Figure 5-8. Using the IJAG, single particles ahtsters were generated of polystyrene

latex (PSL) spheres afhcillus subtilisspores.

Figure 5-8: Two different arrangements to colleét TAOS patterns: (A)
collects the backward scattering hemisphere andc{Bgct the forward
scattering hemisphere.
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Figure 5-9 shows the collected backward and forviadl AOS patterns from a
single polystyrene latex (PSL) sphere and two elgst The forward and backward
patterns were not collected simultaneously. Theerewf the forward scattering pictures
representg] = 0° whereas for the backward scattering patternsdbisesponds t@ =
18C°. The outer edge of all the pictures is approxatyag = 9¢°. Just like the images
presented in Subsection 5.1, there are artifacthanpatterns dues to the experimental
setup. These include the black bar on the centegoiioof the images due to the beam
block post as well as the hole in the center ofpghttern and the four sections of a hole
on the perimeter of the LATAOS pattern these are ttuthe holes in the ellipsoidal

reflector.

Figure 5-9: Forward (top row) and backward (bottomw) LA TAOS
patterns collected from single PSL spheres (diamet@988nm), 5mn
cluster of PSL spheres, and arfifi cluster of PSL spheres.
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The LA TAOS patterns from a single PSL sphere (@&m= 0.988im) have the
expected ring structure. For a single spherentimber of minima in the scattering plane
(q = ° to 180) is approximately kR, where k 5p2 and R is the sphere radit/s For a
1 nm sphere illuminated with a 532 nm laser sourcendang off to the nearest integer,
the number of minima is approximately six. Thisutesnatches well with the LA TAOS
images where five minima are apparent and a sixtiinrmam is lost in the backward
hemisphere LA TAOS pattern since it is too closthtocenter of the image and is hidden

behind the noise due to the incident beam diffrgctiround the beam block.

The clusters of PSL spheres deviate greatly fragrsttattering of a single sphere.
Scattering from clusters of PSL spheres has beplored by Holleret al. who collected
TAOS patterns from clusters of 13 PSL sphere witliameter of 1.33m.>**° In this
work, the number of islands or more precisely tamber of peaks and valleys is shown
to increase with the diameter of the cluster. hekward LA TAOS patterns of the 5

mm cluster and 1&m cluster follows trend.

In addition, the LA TAOS patterns from a sinddacillus subtilis(BG) spores as
well as a cluster of BG spores were collected,hmsva in Figure 5-10. The scattering
patterns from BG spores are of particular intes#ste BG is a simulant of Anthrax.
Similar to the PSL spheres, there is a trend afe@sing island densities in the patterns
with increasing cluster size. The LA TAOS pattefireen single BG spores have a fair
number of islands that appear randomly distribuiiéds is surprising since BG spores
are pill shaped with a length of +iin and a diameter of ~Orim, one would expect to
see a higher level of symmetry in the pattern eyigen the random orientation of the

spore. It is suspected that upon generating thglesiBG spores with the IJAG some
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preservative or surfactant coated the spore. Tergém a single BG spore, the IJAG
generates a 50m water droplet containing a single spore. Usingdryang column, the
water evaporates resulting in a single spore; hewsasidue in the water will also be left

to coat the spore.

Figure 5-10: Forward (top row) and backward (bottmw) LA TAOS
patterns collected from single BG sporesmb clusters of BG spores, and
10 nm clusters of BG spores.

For the rest of the experiments in this chapter,lim#ed ourselves to a single
experimental geometry. We choose to collect tlekward hemisphere of scattered light
for the following reasons. First, the intensity tbe forward lobe of scattered light is
proportional to B, where D is the particle’s diamef&Thus, the forward intensity can
be several orders of magnitude stronger than ieradlirections. This will increase the
dynamic range demands on the detector, partictilarrange of particle sizes will be

examined. Second, initial experiments conductedHbler et al. show a lower density
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of islands in the backward than in the forward dimn® Detecting a lower density of
islands will reduce the resolution requirementshef detector. Finally, Kaye, Hirst, and
coworkers have a similar system in which they catre¢e on the forward scattet
They follow a long tradition of extracting partickhape by examining the forward
scatter, since the shape of the forward scattdoing is well described by the Fraunhofer
diffraction theory’® Therefore, investigating the features in the bauokl scattering

hemisphere is a road less taken and thus fertlengt.
+ 1 * 1 " 6 1 n

What is the source of the island like featureshimm LA TAOS patterns of Figure
5-9 and Figure 5-10? How do these islands vary \particle type? An experiment
conducted with Mario Surbek attempted to answesehguestions by collecting LA
TAOS patterns on a hodge-podge of aerosols. litiaddsome of the aerosols were
collected on a microscope slide and viewed witlkangsing electron microscope (SEM),
so that the patterns could be correlated with &éigh&ls structure. Finally, some simple
guantitative features were extracted from the padteusing the Image Processing

Toolbox of MATLAB®.

Using the LA TAOS experimental setup, the backwaethisphere of scattered
light was collected. The IJAG system was utilizedyenerate aerosol particles with an
approximate particle or cluster diameter om®. Fourteen different types of particles
were examined: L-tryptophan (Sigma, lot# 127H0623), soot (scraped from tailpipe),
crushed tobacco leaves, bovine albumin (Sigma, 4d##0166), cluster of 0.Bm PSL
spheres (Duke Scientific, lot# 487475), clustefi@mm PSL spheres, cluster of Z1tn

PSL spheres (Duke Scientific, lot# 6600), cigaretsh, kaolin, salt crystals (NacCl),
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Arizona Test Dust, ammonium sulfate, riboflavingi®a, lot# 123H0800), and a cluster

of BG spores.

To display the LA TAOS patterns as well as captheevariability from different
particles of the same subset, three LA TAOS pattefreach particle type were selected.
The first set of LA TAOS patterns of aggregate ipba$ are shown in Figure 5-11. Refer
to Section 2.1 for a discussion of the coordinatgtesn of these patterns. The main
features in these patterns appear to be islandstiketures. From pattern to pattern, the
islands vary in shape, size, density, and oriemtatFor the three PSL sphere cluster
cases, the island density appears to be correlatpdmary particle size. As the size of

the primary particle increases, the island densttseases and island size decreases.

The next set of aerosol particles shown in Figule? Swere selected based upon
their sphere-like shape, as shown in the SEM imag€ke particles are not perfect
spheres; in fact, most of the spheres are dimpledazked. Again the island structures
are quite evident in the patterns, where therelasge variability in the island shapes and
density. For example, the majority of the islandsthe LA TAOS pattern of crushed

tobacco leaves are oblong and oriented along nles bbf constard.

The LATAOS patterns of the remaining particles sinewn in Figure 5-13. The
LA TAOS patterns of two of the particles stand-adot and riboflavin. The pattern of
the soot aerosol does not have the contrast raéio & the other patterns. This suggests
that the soot particle is ‘soft’ in that its bounda are not well defined (e.g. a fractal
aggregate). The riboflavin particle has a rod-skepe which gives rise to a distinctive

TAOQOS pattern with a bright line along two angles afeparated by 180 This scattering

' For a further discussions of why the 1IJAG generatacked or dimpled spheres see subsection 4.3.3.
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pattern can be understood with the diffraction tlie@here a slit give rise to a high

intensity line in the plane perpendicular to thésstirection.
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Figure 5-11: Representative LA TAOS patterns of thackward
hemisphere of scattered light captured from clestéBG spores (row 1)
and PSL spheres (rows 2-4) as well as a typical Skisige of the
generated aerosols.
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Figure 5-12: Representative LA TAOS patterns of thackward
hemisphere of scattered light captured from vargpisere-like aerosols as
well as a typical SEM image of the generated a¢s0so
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Figure 5-13: Representative LA TAOS patterns of thackward
hemisphere of scattered light captured from varaei®sols as well as a
typical SEM image of the generated aerosols.
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To extract quantitative features from the LA TAOSttprns, a program was
written in MATLAB® that could trace-out the islaridprofile and determine each
island’s area, orientation, and eccentricity, a#l @® the total number of islands found
per pattern and the total intensity of the pattéffi. The total intensity of the island gives
a rough estimation of particle size since the sdatj cross-section goes as the square of
the radius:® Of course, this is only a rough approximationatdition it ignores the
effects of absorption which would greatly alter twerelation between scattering-cross
section and particle size. A flow-diagram of howe tklands are found in the pattern is
shown in Figure 5-14. There are a couple of kepsstie this process that should be
elaborated on. First, adjusting the gamma of theuge helps to bring out some of the
low-light level features (step 3). Second, usingradient routine to define the island
perimeter mimics the eye since we notice contrasti¢fine boundaries rather than
absolute light level (step 6). Finally, islandshl be ignored that are too close to a
boundary since diffraction effects of the experitaérsetup could change their shape
(step 9). In addition, the center of the image bardistorted, so this region was also

ignored. Therefore, the mask generated to pagstioalreliable regions extended fram

=100 to 140.
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Figure 5-14: Flow-diagram of program to highlighland features in LA
TAOS patterns.

For each island, three metrics were calculatedsland area, which is the number
of pixels the island times the solid angle seenppegl; 2) island orientation, which is the
angle between the major axis of the island witlpees to lines of constarit (radial
lines); and 3) island eccentricity, which can b&gated from the lengths of the major
and minor axis. These are all outputs from theitnegrops’ function of MATLAB®.

The metrics calculated are averaged over from €ACAMAOS pattern. To average the
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island orientation, the values were weighted byeteentricity value of the island so that
the orientation of a circular island is ignoredabidition, the number of islands found per
pattern and the intensity summed over the defirsadble region are recorded. The output

from this program is summarized in Table 5-1.

Table 5-1: LA TAOS island metrics from a hodge-pedd particles.

Average Pattern Average Island
Orientation
Particle Type ,::::;;23 In-trgrgzlity Nlusrlr;k:%rsof (st;\;%?ans) _ (with respect to Eccentricity

(a.u.) lines of constant)
Cluster of BG Spores 16 45+18 90+12 0.019+0.002 48 5 0.71+0.01
PSL Spheres Cluster (d = Gvéh) 6 59+39 103+22 0.018+.0.005 48 +9 0.73+0.03
PSL Spheres Cluster (d = Infn) 46 44422 113422 0.016+0.003 434 0.71+0.02
PSL Spheres Cluster (d = 2rtn) 34 47+35 123+28 0.015+0.006 46 +4 0.70+0.01
Ammonium Sulfate 8 4722 5549 0.031+0.005 48 6 0.69+0.02
Tobacco Leaves 9 13+13 96+14 0.014+0.001 49 +8 0.72+0.01
Cigarette Ash 12 27+15 58+ 5 0.029+0.005 42 +7 0.72+0.02
Salt Crystals 6 68+11 100£18 0.019+0.004 434 0.70+0.01
Tryptophan 46 15+10 104+12 0.015+0.002 5315 0.71+0.02
Tailpipe Soot 13 6929 35+28 0.043+0.019 43 +15 0.76+£0.03
Kaolin 9 29+16 50+ 8 0.035+0.016 44 +10 0.74+0.03
Bovine Albumin 34 26+11 110+£9 0.015+0.002 48 +5 0.71+0.01
Arizona Test Dust 11 9+1 3348 0.043£0.007 438 +7 0.71+0.02
Riboflavin 26 26+19 46+8 0.021+0.004 3415 0.79+0.02

The tabulated data represents a first attemptattdving the LA TAOS patterns.
Note the small number of patterns analyzed whicukhbe greatly increased to improve
upon statistical analysis. Even with the limitedmber of patterns analyzed, some
interesting trends should be highlighted. Examiniimg number of islands found, there
seem to be a correlation for the PSL clusters batvike primary particle diameter and
the number of islands. However, the standard tiewidas too large to validate this

correlation. A discriminating feature for ribofiavcrystals, which have a rod like shape,
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is the island orientation. Glancing at the LA TA@&tterns (Figure 5-13) the islands
appear to be oriented radially along lines of camist unlike the other patterns for the
other aerosols where the orientation appears tmdre random. The data in Table 5-1
supports this finding where the average islandntat®on is 34, which is 8 less than the

next lowest value.

One of the key questions of this work is whethes oan distinguish a cluster BG
spores (a simulant for Anthrax) from other aerasd&samining the metrics in Table 5-1
for BG clusters from PSL sphere clusters (d mni), which has a similar cluster size and
primary particle size, there does not appear ta istinguishing feature. The number of
islands in the pattern is perhaps the best wayifterentiate the two, but note that the
standard deviation is quite large. Of course, mral world, one is not posed with the
problem of identifying a cluster of BG spores frantluster of PSL spheres, but rather
discriminating between a cluster of BG spores &edaerosols particles commonly found
in the ambient environment. It is this thinkingveesll as a general curiosity about the LA
TAOS patterns of the atmospheric particles thattedhe research effort in the next

section.

+ 1 "1 4 4

To detect the LA TAOS patterns of ambient aerosmlggplica LA TAOS setup
was built at the U.S. Army Research Labs in AdelgiD (Latitude 39° 01’ N,
Longitude 76° 57° W) to utilize the outdoor sampliequipment that Dr. Ronald G.
Pinnick has built into his lab. Further discussafrihis setup can be found in Subsection
4.3.1. The ambient data was collected overnigintisg at 3 pm on Octobef"52004

and ending at 9 am on Octobét, 2004. The temperature ranged from a high 6f(@4
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pm on the B) to a low of 43 (6 am on the *).°* The patterns were collected over an
eighteen hour period. The number of patterns tkddeger hour is displayed in Figure

5-15.

Figure 5-15: Hourly number of LA TAOS patterns a¢tel of ambient
aerosols.

The laser source for this experiment was a Sp&ttgasics X-30 which has a 30
nsec pulse length unlike the 70 nsec pulse widttlhef Y-70 used in the previous
experiments. Both lasers are at a short enough sica¢e that the scattering pattern
should be equivalent. The cross-beam trigger systamused to minimize the aberration
coma in the system. Unlike the previous data wioelg the backward hemisphere of
scattered light was detected, in this experimemtesof the forward hemisphere of light
is also detected. Thus the holes in the ellipdaeaor atq equals 90 are apparent in
the LA TAOS image. The collected angle range igraximatelyq from 75 to 130,
with f ranging from 0 to 360. In addition, the laser polarization was rota4&t from
the previous experiments. Therefore, in the foifmpatterns, the line representing the
light scattered in the plane perpendicular to tbnzation of the incident beam goes

from the southeast corner of the image to the m@sh corner of the image. The patterns
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shown are not corrected for the nonlinear mappih@ dhree-dimensional scattering
space to the two dimensional detector plane. Thasrhages have a slight pincushion

distortion.

The LA TAOS patterns collected were quite diverfe. get a sense of the
variability of the ambient aerosol LA TAOS patterise first 20 patterns capture are
displayed in Figure 5-16. There are several erpantal artifacts embedded in the
TAQOS patterns. The dark circles on the four sideb®image are due to the holes in the
ellipsoidal mirror. The vertical bar at the bottaithe image is the shadow of the beam
block mount. The artifacts seen at the center @fittage are due to both the holes in the
back of the ellipsoidal mirror as well as someystight. These regions are ignored for all

of the image analysis in this chapter.

From previously captured patterns, one expectsrgathgarticles to have ring-
like features (see Figure 5-9). This stems fromebarMie theory where it is shown that

the scattering intensity is
1(.F) = | (@) SIN*(F)  + 1 ,,,(q) cOS'(F), (5-1)

where id ___(q) is the scattering intensity in the plane defingdhe polarization and the

para

propagation wavevector of the incident beam, dnd,(g) is the scattering plane

perpendicular to the incident beam’s polarizatidrherefore, for a fixed, the variation
in intensity along will be a smoothly varying function either monoicadly increasing

or decreasing from ,.(9) to I (). In Figure 5-16, patterns 3 and 10 have ring like

features suggesting a spherical particle shapéerRat4 also has a ring-like structure
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although not as symmetric. It is the determinatadnthis symmetry (or degree of

symmetry, Dsym) that is discussed in the followsodpsection.

Figure 5-16: The first twenty LA TAOS patterns aapd of ambient
aerosols.
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One way to characterize the ambient aerosols isxiaynining the symmetry of
the scattering pattern. This approach has beemnthit a multitude of groups over the
years in one form or another. Guclaral. looked at the mirror symmetry of a one-
dimensional slice of data taken in a fixed scattgmplane to determine if a spherical
particle was well alignetf Kayeet al. used three detectors at the same scattering angle
(q) but at three different azimuthal anglds £ 0°, 120, and 240) to determine if
circularly polarized input light was scattered syatnically. To quantify the asymmetry
of the scattered light, they introduced asymmetry facto(Af), based upon the relative

magnitudes of the three detector signafds determined by

. J(E - ED? +(E - E2)? +(E - E3)?
E

A

" 4081, (5-2)

whereE1l, E2,andE3 and the magnitudes of the outputs of the detettannels 1, 2, and
3, respectively, anE = (E1+E2+E3)/3. The factor 40.81 is a scaling multiplier such
that the absolute range Af is 100. Thus for spherical partidel = E2 = E3 thenAf =

0; and for a long fiber aligned axially with thefenw would giveE1l = E3=0 andE2 =

some size dependent positive value, tAéa 100.

Dick et al. used a commercially available system, the DAWN-WYyétt
Technology Corp.), to measuresphericity indexSPX) of ambient aerosoi&>® This
guantity is essentially 1.0 minus a normalized d&ad deviation of the pulse heights
measured at eight evenly spaced azimuthal anfleat(a fixed scattering anglej)(

Thus, for a given scattering event, gphericity indexs
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8 1/2
(m - m)?

SPX=1- "t , (5-3)
7°m

wherem is the response of th& detector andm is the mean of the eight detector
values. Sampling ambient particles in the 0.2 -m@8size range, Dick found that <10%

of the particles were non-spherical.

To analyze the symmetry of the LA TAOS patternserghthe incident beam is
linearly polarized rather than circularly polarizede rely on a new gauge. This gauge is

called the Degree of Symmetry and is expressed as

N _ N
Dsym=1 - absI (9.7)-1"(q.7 +180) :

pixel subset 2

(5-4)

whereabsstands for absolute value ah8i (g, is)the normalized single pixel intensity
value at angleq,f). For a spherical particle, two pixels that hélve same scattering
angleq but havef values that are offset by 188hould have the same intensity resulting
in a Dsym value of 1. In addition, if the aerobak a rotation of symmetry axis that is
pointed either parallel or perpendicular to thadeat polarization, the scattering pattern
will also have a 180rotational symmetry, again resulting in a Dsynueabf 1. In Figure
5-17, the normalization process as well as theiratanipulation to determine Dsym is

demonstrated.

78



Figure 5-17: Flow-diagram of program to determirgyid of LA TAOS
patterns.

The Dsym calculated for the first twenty LA TAOSttigans are shown in Figure
5-18. As expected, patterns 3 and 10 have highmDslues. Note that pattern 5 has a
high value also, although this is due to the intgrsaturation of the picture. The pattern
with the lowest Dsym value is number 16 where thpeu right corner of the pattern is
particularly bright. This asymmetric feature leadghe large Dsym value. Not also that
although pattern 14 has rings it does not havegla Bsym factor since the rings are not

symmetric.
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Figure 5-18: Calculated Dsym values for select ambiLA TAOS
patterns.

Dsym was calculated for the entire data set of antlyparticles (5993 patterns).
In addition, using the identical LA TAOS setup liith a Royco aerosol generator (see
Subsection 4.3.5), data sets were also collectsihgfe PSL spheres (39 patterns), single

or small clusters dBacillus subtilisspores (97 patterns), and droplets of dioctyl phtka
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(200 patterns). Finally, LA TAOS patterns of thetmalate matter in diesel exhaust was
collected (288 patterns) and Dsym was calculatecd&ch pattern. In addition to Dsym,
the mean number of photoelectron events per pMEK) was determined for each LA
TAOS pattern. This should roughly correlate to therosol's diameter since the
scattering cross-section goes as the radius squaretbt of Dsym versus MPE is shown
in Figure 5-19 for the different data sets. Only TAOS patterns with a MPE mean of
more than 2 and less than 1000 were included implibte In addition, different datasets
were collected with different gain settings on t&€D detector, however the data was
corrected for these different settings with speation supplied by Andor Technology,

the detector’'s manufacturer.

Figure 5-19: Degree of Symmetry (Dsym) versus treamnumber of
photoelectron events per pixel for various aerosols
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Apparent in the plot is a ceiling at the Dsym vabfe0.9. This ceiling is an
experimental artifact and is due to slight distors in the mirror surface (see Subsection
4.1.3). The Dsym of the Polystrene Latex (PSL) sphare range from 0.85 to 0.87 with
one exception, a data point at Dsym = 0.42 and MPE9. After examining the
scattering pattern of this particle, it is believbdt the particle was either a piece of dust
or residue from the Royco aerosol generator. Iditedh, the MPE narrowly bound
between 9.5 and 15.9 again ignoring the one owlyaint. The confinement of the
Dsym and MPE values to these narrow bounds is texipected since the spheres are

fairly homogenous having a diameter of 1.@33.05mm.

The next particle type to consider is dioctyl phale which are droplets of
various diameters but the same refractive indekx.485. The droplets will be extremely
spherical since the surface area to volume ratiguite large, thus surface tension will
drive the droplets shape rather than gravity. Thame would expect the LA TAOS
patterns to have a high Dsym. This is supportethbyexperimental findings where the
Dsym values are all above 0.75 if some of the Iotensity patterns, where the particles
are most likely dust or residue from the Royco, igreored. Note also the roll-off in
Dsym for higher MPE values. There are two reasonshis effect. First, larger intensity
values correlate to larger spheres that resultAnTIAOS patterns with a higher spatial
frequency of ring structure. Slight distortiontire LA TAOS patterns will cause some of
these rings not to overlap in calculating Dsym.ddel; larger droplets lead to a slightly
larger focal volume since a larger particle caridsther away from the center of focus of
the trigger beams but still scatter enough lighttrigger the system. A larger focal

volume will of course lead to more distortion irethA TAOS image reducing the Dsym
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value. The slight roll-off in Dsym for lower values MPE is due to a reduction of the

signal-to-noise level as the scattering cross-seads reduced.

The particulate matter in diesel exhaust appearsetslightly spherical with a
majority of the Dsym values lying above 0.70 witmaximum value of 0.85. This was
somewhat surprising since it is well known thatsbet in Diesel exhaust is composed of
fractal aggregates made up of tiny ~30 nm carbemas spheroid¥. This topic is

revisited in Subsection 5.2.3.2.

The results from single BG spores and small clastdr BG spores are less
surprising, where the Dsym values are scatteren f0dl5 to 0.83. A single BG spore
can be approximated as having pill-shape. Note ttiea scattering pattern from a pill-
shaped particle can still have a fairly high Dsyrhis is depicted in Figure 5-20 where
an experimentally captured LA TAOS patterns (Dsyf@.68 and 0.80) is compared with
numerical simulations (see Section 2.4) performgdhb Jean-Claude Auger. The large
variability in both the shapes of single BG spaaes their orientations with respect to
the incident beam will lead to various LA TAOS patts, some with more symmetry
than others. In addition, some of the particleghtibe clusters of two or three BG

spores that will most certainly lead to LA TAOStpats with a low Dsym.
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Figure 5-20: Scattering pattern from a single B®rsp (a) estimated
spore dimensions, (b) numerical simulation, (c) ddyl experimental
results.

Finally, the LA TAOS patterns of ambient aerosale distributed over Dsym
values ranging from 0.4 to 0.88. Bulk of the valaee centered around a Dsym value of
0.60, however there appears to be another clugtefiA TAOS patterns in the 0.8 to
0.9 range, which most likely represents sphericatigdes. To see this clustering, a
histogram of the LA TAOS patterns which fall inféifent Dsym ranges is displayed in

Figure 5-21.
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Figure 5-21:. Histogram of concentrations of pagcin different Dsym
ranges for different particle types.

Only patterns with a MPE greater than 5 but less thOO were included in the
histogram. The higher threshold value was selesiaede the LA TAOS patterns of
dioctyl phthalate reached that MPE value and tings grogram can reliably pick-out
spheres up to that value. The lower threshold sedscted for the pattern to have an
adequate signal-to-noise ratio. One can estimateptrticle diameter range of this
intensity span by counting the number of ringshia dioctyl phthalate LA TAOS pattern
at the two intensity extremes and using the esértizt the number of rings in the LA
TAOS patterns the scattering plaime<(° to 180) is approximately kR, where k p2
and R is the sphere radit{s.Using this approach, the diameters of the pasialre in the

0.6 to 5mMm range.
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As expected, all of the PSL spheres fell betwe®symn value of 0.8 and 0.9. A
majority (~ 86%) of the dioctyl phthalate dropleiso fell into this bin, where as all the
droplets had a Dsym value above 0.7. The parteulaatter in diesel exhaust was
concentrated in the 0.7 to 0.8 bin although theeeeva considerable number of particle
with a Dsym in the 0.8 to 0.9 bin. These resuitggest that the particles are quite
sphere-like. The Dsym values of single BG sporeei@rly uniformly spread over the
range from 0.2 to 0.8 with a slight peak in thet0.6.7 bin. Unlike all the other datasets,
the ambient data set appears to have two peaksn ¢ine bin from 0.6 to 0.7 and another
in the bin from 0.8 to 0.9. This implies that gmabient particles can be divided into two
categories, a non-spherical class and a sphetasd.cThe ambient data is plotted with a
much finer bin scale, as shown in Figure 5-22, afxsym value of 0.77 is determined to
be the threshold level. With this division, 84%tbé particles would be classified as

non-spherical and 16% of the particles would besifeed as spherical.

Figure 5-22: Histogram of the Dsym values of ambparticles at a finer
resolution.

The LA TAOS images of the ambient particles wemmetistamped so that
transient effects could be explored. In particuilathere are noticeable difference in the

aerosol morphology due to rush hour traffic. Toedaine if the concentration of
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spherical particles changed over time, the houdwylioer of particles with Dsym values
over 0.77 was counted. A plot of the results &iens in Figure 5-23 where, over the 18

hours of collected data, there does not appeag tmlg sort of trend.

Figure 5-23: Hourly changes in Degree of Symmergyfn) over an 18
hour span.
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Since a number of the ambient particles are spdderiene could extract
information about the refractive index and the wadby comparing these patterns to
Lorenz-Mie theory. This is not a new approach, deample aflow-through system
designed by Gucker (see Figure 3-1) was capablaeafsuring the refractive index of
PSL spheres to within 0.7% and the radius to withif% by comparing the light

scattering in a single scattering plane to Lorerie-teory**

A program was written in Matlab where a radius egfdactive index were varied
and for each casegoodness-of-fibr merit function was calculated. The merit fuoict

was defined as

I exp (Qn) - | theory(Qn) ’

, 5-5
nangles S (qn ) ( )

o
1
Z|~
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where L(dn) is the experimental intensity value angkoh(qn) is the intensity value
based on Lorenz-Mie theory at a angles (g,) is the estimated standard deviation at that
angle, and N is the total number of angles compafedmaller value o€? is therefore a
better fit to the data. Fifty angles equally distited between 8land 128 were selected
for comparison. In addition, a slice of data aldhg perpendicular scattering plane and
the parallel scattering plane were analyzed resplin a total of one hundred angles
compared. The experimental data was binned ovamoapnately 4 pixels to filter out
the higher noise. Note that 1/N factor that isidgfly not found in the merit function.

This factor is to remove the dependence®dn the number of data points examined.

Three factors were accounted for to estinsgtg). The first factor stems from the
detection of the scattered photons which follows$mn statistics. This is approximately
the square-root of the number of incident photofe second component is the shot-
noise from the dark current which again goes asstingare-root of the dark-current
counts. The third source of noise is the fluctuaim intensity due to distortions in the

mirror. This was found to be quite large, approadiety 35% of the scattered intensity.

Scattering curves in the parallel and perpendiadil@ction were generated using
Lorenz-Mie theory for a sphere of radius 0rd2 and refractive index 1.60. These two
curves were analyzed by tloé program; the output is shown in Figure 5-24. Pht (
shows the input curves. Plot (b) is a three-dimemai plot of thec? function over the
radius and refractive index parameters space. Qglet expect a delta function, however
the binning of intensity data mentioned above sime®tthe input data resulting in a

slightly distorted curves. A peak is apparenthe plot, but the parameter values are
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more easily identified if the data is shown as @atcor plot as in (c), which show that the

program successfully found the radius and refraatidex.

Figure 5-24: Output of curve-matching program wattificial input. Plot
(a) is the input curve generated with Lorenz-Miedtty. Plots (b) and (c)
show the log(1??) over refractive index and radius.

The approach above was repeated with some Gaussis@ added to the input
curve to simulate the noisy experimental data. fdwlts are shown in Figure 5-25,
where again the peak occurred at the appropridiagand refractive index value. Note
however that the peak value decreased and broadenaddition, it is apparent in plot
(c) that the radius and the refractive index ard e@related. This does not come as a
surprise since Kerker showed that scattering efficy of a sphere was fairly constant if

the phase shift,
r = 2kR(n-1), (5-6)

remained constant, where k p/R, Ris the sphere radius, ands the refractive inde%.
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Figure 5-25: Same as Figure 5-24 but with addeds&an noise on the
input curve.

When experimental data was processed by fmeogram, errors stemmed from a
lack of knowledge of the exact angles values. Asculised in Subsection 4.1.3, the
inaccuracy in the identifying the angtg can be as large as 2.5 To alleviate this
problem, the program was allowed to search oveh laag shift factor and aj scale
factor. The success of this addition is shownigufe 5-26 where a LA TAOS pattern of
a PSL sphere (n = 1.598, radius = 0.513.025) is analyzed. The best-fit occurred at n
equal to 1.606 and the radius equal to 0.682with aq shift of -2 (shifted to lower
values) and g scale of 0.95 (slightly compressed). Note thatpbak is quite low where
thec? value of approximately 3, which corresponds todag being on averags away

from the best-fit valué®
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Figure 5-26: Output of curve-matching program fopaystyrene latex
sphere (n = 1.598, radius = 0.5270.025). The best-fit occurred at n =
1.606 and radius = 0.52n.

To increase the overall speed of the index-searcgram, the Levenberg-
Marquardt algorithm routine was utiliz88. The Levenberg-Marquardt algorithm is an
efficient search routine for nonlinear least-sgadit#ing since it is both a gradient search
routine as well as an analytical first-order expamanethod. Examining the contour
space of 1 it is apparent that there are local minima thtaug the parameter space.
Thus, for different initial values of the refraaivndex and the radius, the program could
find different best-fit values. To combat this, aultitude of starting point values
distributed evenly over the search space were udente the refractive index starting
values ranged from 1.2 to 1.9 with a spacing ofehd the radius starting values ranged

from 0.3nm to 2nm with a spacing of 0.08m. In addition, the program searched of the

complex part of the refractive indek)(with three starting values, 0.0, 0.05, and 0.1.
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The LA TAOS patterns of polystyrene latex sphereSL(), dioctyl phthalate
droplets (DOP), particulate matter in diesel exhaarsd ambient aerosol were analyzed.
The data was filtered with the criteria shown irb[EBa5-2. The best-fit refractive index
and radius for the different subsets are plotteBigure 5-27. The intersection of the x-
gridlines and y-gridlines represent the set ofahitalues used as the starting point of the

search algorithm.

Table 5-2: Criteria for analyzing the LA TAOS patte of spherical

particles.
Property Lower Limit Upper Limit
Dsym value 0.77 None
c? None 7.5

Mean Photoelectron

. 5 100
Events per Pixel
Radius 0.31mm 1.89mMm
Refractive Index 1.25 1.85

The index of refraction of polystyrene and DOPngwn and thus can be used to
determine the accuracy and the precision of thidyars. The found index of refraction
for the PSL spheres was 1.580.009 whereas the known refractive index of petysie
is 1.598. For this case, all the spheres had thee sadius (0.517m + 0.025 mm)
whereas the measured radius was 0fa®4+ 0.002mm. These results match well with
the precision stated by Marshatlal. who tested Gucker’s instrument (see Figure 3-1) on

PSL sphere¥!
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Figure 5-27: Best-fit using least-squares of rafvacindex and radius for
spherical particles from various data sets.

In addition, further analysis of the PSL data sgticts the limiting factor of this
technique. As shown in Figure 5-28, the radius éR{l the refractive index (n) are
strongly correlated variables. Indeed, for a gigeattering pattern there appears to be a
range of the n and R values that fit well with te¢a and lie along line. As shown in the
plot, this line appears to be well described bypkeg (n-1) R® constant, suggesting that
spheres with similaoptical volumes will have similar scattering patterns osgernall

ranges of n and R. However, further analysis isladeo confirm this finding.
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Figure 5-28: Plot of the best-fit refractive inderd radius values for
thirty-eight polystyrene latex spheres. In additithree lines are plotted
representing three different possible constants.

Although the refractive index of the DOP droplats{1.483) should remain the
constant, the radius of the droplets will vary siticey were generated using the ROYCO
aerosol generator. The LA TAOS patterns of 44 D@ipléts were analyzed resulting in
a mean refractive index of 1.47 with standard devis from the mean of = 0.03,
althoughs appears to vary with radius. Since we wish tothges value to project the
precision that we can measure the refractive irafeambient particles, the radius range
should be limited to mirror that of the ambienttjzde, 0.4mm < R < 0.8m. Over this
range, 32 LA TAOS patterns were analyzed resuiting mean refractive index of 1.46

with s = 0.04.

With this limited level of precision and accuraone can still interpret broad

trends. For example, analyzing 17 ambient aerostdéms, the mean index of refraction
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is 1.49 withs = 0.08 and a single pattern resulted in a refraatidex less than 1.4. On
the other hand, of the 16 patterns analyzed oicuéate matter in diesel exhaust, only
one resulted in a refractive index above 1.4, whiggenean was 1.32 with= 0.05. The
refractive index value of 1.32 for diesel exhagstuspiciously close to that of water (n =
1.33) suggesting perhaps that water vapor is camdgmuring the 4 minute transit time
and the twenty minute release time to form watepkits. On the other hand, the mean

refractive index of the ambient aerosolsssftbm the refractive index of water.

A summary of the values stated through-out thisiceds presented in Table 5-3.
Little discussion has been given to the imaginamgonent of the refractive indek)(
that gives rise to absorption. However, this pat@mwas also searched for using least-
squares analysis. The mean valuekfidound for each particle type was quite low, less
than 0.008. However, the standard deviations atdihese mean values were large

making it difficult to interpret the data.

Table 5-3: Summary of optical properties from spiadraerosols.

Refractive Index
Real Component Imaginary Component
. Patterns
Particle Type Mean Staf‘d?“d Mean Staf‘d?“d
Analyzed Deviation Deviation
Polystyrene Latex | 55 (i 6t 39 | 1507 0.009 0.000 0.000
Spheres

Dioctyl Phthalate 44 out of 200 1.47 0.03 0.002 0.008
(r[e):joucéghpsﬁ‘;g‘ﬂ:;ze 32 out of 200| 1.46 0.04 0.003 0.010

Diesel Exhaust 16 out of 288 1.32 0.05 0.008 0.022
Ambient Aerosols 175832[30f 1.49 0.08 0.005 0.012
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One of the main thrusts of this work is to detemnimhether or not one can
distinguish a cluster oBacillus subtilis(BG) spores from a diverse background of
particles found in the ambient atmosphere. To émd, LA TAOS patterns of 7000
ambient particles and 2000 powder-dispersed (Gamflissenerator) BG clusters were
collected. The experimental setup to collect thggteerns was identical to the one used in
the previous section accept the laser was polaneetically rather than at a 4&angle.
These patterns were handed off to Dr. Judith Ddylaopattern recognition expert, who
plans to apply feature extraction algorithms to pagerns and use the resulting metrics
to train a neural network to discriminate betwedeas LA TAOS pattern of a BG cluster
and the LA TAOS pattern of ambient atmosphericiplag. Thus far, this has proven to
be a formidable task. Dr. Dayhoff has found a srfghture extraction algorithm that that
can identify 60% of the BG cluster, however feedimg algorithm the ambient data leads
to a false-positive rate of 50%. To get a sensthefdifficulty in distinguishing these
patterns, LA TAOS patterns of powder dispersed BGres are shown in Row A of
Figure 5-29 along with patterns collected from ambiparticles, Row B. The LA TAOS
patterns of ambient particle were chosen by eym feocollection of 7000 patterns as

closely resembling the LA TAOS pattern of a BG gpduster.
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Figure 5-29: In Row A are LA TAOS patterns colletfeom clusters of
BG spores. In Row B are LA TAOS patterns collectesin ambient
aerosols that could trigger a false alarm.

To quantify the similarities between the LA TAOSttpans of BG spores and
those of ambient particles, both data sets analyms#dg the island feature program
discussed in Subsection 5.2.2 (see Figure 5-14ke dhe change made to the program
was to adjust the “defined usable region” to actdonthe dark black holes in the image.
Recall the previous patterns were over a smallglearange that stopped short of these
holes. The main gist of this program is to outlihe islands features in the LA TAOS
patterns and calculate some statistics on theirageenumber of islands per pattern as
well as the average island area, orientation, ayuerdricity. The patterns were pre-
filtered based upon their mean photoelectron evpatpixel (MPE) to eliminate lower
intensity patterns with few island features. Idlitidn, as has been discussed previously,
the particle size can lead to major changes inLWAeTAOS patterns. Therefore, to

investigate the possible fluctuations in the islatatistics due to size, the data sets were
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further subdivided according to their MPE value ethshould roughly correlate to size.
The output from the program is shown in Table 5keke the bold lines are the statistics

calculated from particles spanning the largesteasfgMPE values.

Table 5-4: LA TAOS island metrics from powder disgesl BG spores
and ambient atmosphere patrticles.

Average Island
MPE Patterns Average ; ;
Particle Type Number of Orientation
Range Analyzed Islands Area (steradians)  (with respect to Eccentricity
lines of constant)
Cluster of BG Spores 20-25 131 34+ 13 0.027 0.009 42+ 12 0.74+0.04
Cluster of BG Spores 25-30 112 40+ 15 0.024+ 0.009 40 £ 15° 0.75+ 0.04
Cluster of BG Spores 30-35 98 43+ 16 0.022+ 0.007 42 +171° 0.74+ 0.04
Cluster of BG Spores 35-40 50 45+ 14 0.021+ 0.006 40+ 15° 0.75+£0.03
Cluster of BG Spores 20-40 391 39+ 15 0.024+ 0.008 42+ 11° 0.74+0.04
Ambient Particles 20-25 541 37+ 21 0.024+ 0.010 52 +16° 0.77+0.06
Ambient Particles 25-30 295 40+ 21 0.022+ 0.010 50+ 17 0.77+ 0.06
Ambient Particles 30-35 303 44+ 23 0.021+ 0.010 49+ 15° 0.77+0.06
Ambient Particles 35-40 264 50+ 24 0.018t 0.009 48+ 15° 0.77+0.05
Ambient Particles 20-40 1503 42423 0.022+ 0.010 50+ 16° 0.77+0.06

Before comparing the ambient island statistics whibse processed from clusters
of BG spores, note that certain island feature seeoorrelate with MPE, as was found
in Subsection 5.2.2. In particular, the island bemincreased and island area decreased
with increasing MPE value suggesting that largeatiglas lead to LA TAOS patterns
with a higher density of smaller islands. Comparihe BG spore cluster data to the
ambient particle data, no island feature is sepdrby more than a standard deviation.
The best feature to discriminate between the twaigba classes seems to be island
orientation. To determine the extent in which thigtric can discriminate between
ambient particles and clusters of BG sporedjséinction functionwas calculated. As

defined by Sachweét al, the distinction function is
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C,(ANG)

D(ANG) = C,(ANG) + (1- C,(ANG))

(5-7)

where G and G are the cumulative distribution functions as action of ANG and
ANG is the average island orientation angle, (G, and D are shown in Figure 5-30).
To balance the rate of false positives with falsgatives, D is chosen to have a value of
0.5, which corresponds here to ANG = 42 At this threshold level, for particles that fell
into the appropriate MPE range, 64% of the BG elisstvould be identified as such and

36% of the ambient particle would be misidentifeedBG clusters.

Figure 5-30: lllustration of thalistinction functionused to determine
threshold value to discriminate between clustelB®Gfspores and ambient
atmosphere patrticles.
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The LA TAOS system designed and built for this ithesllects elastic scattering
from single particles over a large angle ramgsitu and in real-time. The configuration
of the device utilized a cross-beam trigger systmminimize the effects of the
aberration coma stemming from the main collectiptiop the ellipsoidal mirror. The
defined trigger volumeof (25 mm)® still led to distortions in the LA TAOS patterns,
where angles could be mislabeled by as much &sa2.predicted by an exact ray-trace
analysis. However, this level of distortion is @svimprovement over previous designs
found in the literature where the scattering volunas only limited by the diameter of

the particle-laden airflow through the system.

A series of experiments were run to measure sipgtticle absorption. These
experiments were conducted in both visible wavelemggime (532 nm) and in the mid-
infrared (3-5mm). A novel experimental setup for collecting sitaneous LA TAOS
patterns at two wavelengths was designed and ingrieed. With this setup, the LA
TAOS patterns of droplets composed of a mixturédgd and DO were detected. By
choosing the two incident wavelengths to be on @ffén absorption band of D one
could easily identify droplets composed with atste@5% DBO. This experiment
provides a framework in which single-particle alpgimn spectra could be collected over

a multitude of wavelengths.

One of the main thrusts of this work was to detesmihe viability of the LA
TAOS technique to distinguish harmful aerosolshsas anthrax, from the plethora of

benign aerosols in the ambient atmosphere. Toetmis 21,000 LA TAOS patterns of
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ambient aerosols were collected as well as 2,00@rpa of powder disperse@acillus
subtilis spores, a simulant for anthrax. These patterne vemned over to a pattern
recognition expert, who thus far has produced iokaive results. In addition, a feature
extraction program was written to generate staiston the island-like features
commonly seen in the LA TAOS patterns. No metriaswound that could highly
discriminate between the powder dispersed BG spares the ambient aerosols.
However, the island orientation seemed to be lgoselrelated to the source of the
particle. The average island orientation in the TAOS patterns for powder dispersed
BG spores was found to be°4t 11° with respect to lines of constaht whereas for
ambient aerosols this value was 3016°. Choosing the angle 42.as a threshold level
would correctly identify 64% of the BG patterns sasspicious but incorrectly identify
36% of the patterns generated from ambient pastiatesuspicious. From these results, it
seems unlikely that the LA TAOS technique coulddegeloped into a stand-alone bio-
warfare sensor. However, it could be utilized asomplementary technique to other

sensor technologies.

The Degree of Symmetry (Dsym) metric was presentedthis work to
characterize the LA TAOS patterns of ambient adsoscApproximately 15% of the
ambient aerosol particles generated a LA TAOS paitgth a Dsym value greater than
0.77. These particles are typically spheres, wiaeperfect sphere, with an aberration
free and noise free collection system, would catesko a Dsym value of 1.0. Slices
along the parallel and perpendicular scatteringngdafrom these patterns were fit to
Lorenz-Mie theory using least-squares to define rtieit function and a Levenberg-

Marquardt optimization program to search the radefsactive index parameter space.
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The refractive index values of the patterns analyggpeared to cluster in the range 1.4 to
1.6. Indeed, the mean value was n = 1.49 withradsta deviation around this meansof

=0.08.

The central question of this thesis was whethestieléight scattering can be used
to discriminate between bio/chemical warfare ageatsl the diverse and large
concentration of benign ambient particles. The Itesof this thesis suggest that the
specificity of the LA TAOS technique is not highoeigh to warrant a stand-alone
system. However, it is unlikely that any singleheique will be able to reduce the false-
alarm rate to an acceptable level. Thus, the ne&stipn that needs to be answered is
whether elastic light scattering can be used a®raptmentary technique to laser-
induced fluorescence (LIF), the current technologed for early-warning systems, to
greatly improve the false-positive rate. In paitée, it must be determined what particles
lead to false-positives for each technique. If they distinct subsets, then combining the

techniques should greatly minimize the number Isiefgositives.

In addition to determining what subsets of partigheoduce false-positives in the
LIF and elastic light scattering systems, othewessremain which require further
exploration. For example, in this thesis soméiahianalysis was performed on the
scattering patterns that were experimentally ctéldcHowever, the physics that explains
these scattering patterns was only briefly explordd particular, the patterns were
primarily analyzed in real-space, whereas perhapspakce would reveal more
information. Future experiments should attempsitaplify the problem, perhaps by

looking at small clusters of spherical particles, explore this link. | believe such
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experiments will also shed light on what laser iawgth and angle range are most

suitable for a particular goal.

Finally, a single application was pursued in thie3is, detection of bio/chemical
warfare agents. However, as we scan the horizaheofuture, it is quite conceivable
that other technologies will demand a diagnostat tbat can analyze small particles
situ and in real-time. For example, the analysis diane particulates helps to provide
insight into the atmospheric chemistry that detessithe ultimate fate of pollutants.
Thus as air pollution continues to grow as a camder our society, the demand for
diagnostic tools to analyze the particulate contpmsiwill also grow. In addition, there
is currently a push in the field of nanotechnoldgydevelop airborne ‘nanorobots’.
Undoubtedly, if nanorobots do come into fruitiomerte will be a demand for a
technology to detect these man-made particles arfthps this is where LA TAOS will

find its greatest utility.
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