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Foreword

The research began several years ago with thesinicdaure of the main
experiment. The development of custom-built ddéfearal mobility analyzers as well
as coating apparatus took several years to propedgrstand and control the ebbs
and flows of the system. Understanding pressuadignts, flow trains, how to cut
stainless steel tubing, etc. took years to propgelya handle on. After the plumbing
and DMAs were built, soot generation was the isdugarning to properly handle the
soot and move the soot took time and was finallgterad. Coating then became the
issue. Several iterations of the coating apparapgeared over the years and finally,
in the summer of 2009, a final design was agreazhupTlhat design is detailed in
Chapter 3. The final step was the analysis portibnis was the key to the puzzle.

As with most situations in life, “you can’t alwaget what you want, but if
you try sometimes, you might find, you get what ymeed” (Rolling Stones et al
1969). Acquiring an analysis instrument was diffic but in the fall of 2007
collaboration with Dr. Joseph Hodges and Dr. K@&iliis at the National Institute of
Standards and Technology, Gaithersburg, MD was ldegd. Drs. Hodges and
Gillis had built a first principles photoacoustipestrometer and wanted to expand
their work with gases to aerosols. This was aguoerbpportunity for our expertise
with aerosols to mesh with their expertise with tolcoustics. With the help of Dr.
Daniel Havey, the PAS system was expanded and abmiistics was found to be the

perfect complement to the aerosols productionwtzat developed over several years.
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Chapter 1: Introduction

1.1 Global Climate Change

1.1.1 Overview

The Earth’s energy flow is a balance of shortwsekar energy impinging on
the Earth’s surface and consequential longwavelised energy leaving the Earth’'s
surface. This balance has its natural ebbs anssfland is influenced by many
factors such as cloud coverage, land types and muactivity. Under normal
conditions equilibrium exists between the energgnd the energy out. This balance
affects and controls weather and climate. But wtiere is a perturbation, this
equilibrium is shifted. Since the industrial revdbn, human progress has been the
largest perturbation to this energy baldnce

The energy flow is typically estimated at two Iboas, the top of the
atmosphere (TOA) and at the Earth’s surface. Tleimates are based on satellite
measurements as well as ground-based measurensdritee TOA, the measurement
of incoming shortwave radiation is based on the @wmh®f energy incident on the
TOA less the reflected shortwave energy (by clodds,example). In order to
maintain the total equilibrium, the incoming shaatx@ solar energy is balanced by
the surface-atmosphere reradiated longwave energiie solid Earth acts as a
blackbody radiator where the energy absorbed mdrated as long wave (thermal)
energy. A blackbody radiator is a mass that radiatenaximum amount of energy
per wavelength () at a given temperature. This characteristiangependent of the

make-up of the emitter. This energy output is rcfion of , absolute temperature



and surface area of the emitter. The counter baldn this blackbody emission is
that a blackbody also absorbs all energy that iggsmon it. The solid Earth can be
approximated as a classic blackbody radiator.

The energy that is reradiated by the Earth is thapped by the atmospheric
blanket surrounding the Earth. The atmosphere pased predominantly of N O,
and a myriad of other gases (e.g. £@r, CH;, H,0, G; etc.) traps much of the
longwave radiation that the Earth re-emits. Thaasphere’s ability to trap Earth’s
emitted energy creates an energy forcing. Tharfgris defined as the difference in
the flux of energy at the TOA with and without tgeeenhouse components. The
greenhouse components are comprised of gases amdegathat interact with the
incoming and outgoing radiation. The greenhousapmments have a tendency to
trap longwave radiation emitted by the Earth anaktec or transmit the incoming
solar radiation. This forcing, however, requiriesttthere be a net zero energy flow at
the TOA and at the Earth’s surface. This trappaeergy allows life to continue as
understood. A cartoon of this balance is seeniin E1, Trenberthet al® have
condensed the Earth’s energy flow system into &isacset of paths, incoming and
outgoing.

Of notable importance in Fig. 1.1 is the net abedrknergy by the Earth.
That net absorbed energy is 0.9 Wi/anpositive value indicating the Earth is slowly
warming. More energy is trapped in the atmosphiese is released. Whether this
net increase over the last many years is due &iwaal cycle or anthropogenic causes

is not the issue explored in this work. What iplexed is how the forcing described



is affected by certain atmospheric components, lwvh&ve increased in the last 150
years. An example of this increase can be seEigirl.2.

1.1.2 Atmospheric Forcing

Forcing, both positive (warming) and negative (cog)l are the instruments
driving climate change. When the balance betwédenihcoming and outgoing
energy is shifted, a climate effect may be observEais effect can be episodic, such
as a volcanic eruption’s impact on the aerosol ewnin the atmosphere, which
typically has a negative forcing on the atmosplenee most of the aerosols are
injected into the stratosphere where both the &lsgprand scattering aerosols
prevent the incoming solar energy from enteringttbposphere. This is considered
a temporary affect since the eruption time is éras well as the amount of aerosol
and gases emitted. In the case of anthropogenigsgms of gases and aerosols, the
effect is not so temporal because the emissiongmgeing and the majority of the
emissions has been in existence since the industkialution and is kept within the
troposphere.

The most common example of climate forcing is tb&tCO, and the
“Greenhouse Effect”. When discussing the greendafect, most typically, CO
comes to mind. What anthropogenic {f@es is thicken the blanket at the TOA.
Carbon dioxide has the benefit of absorbing longvaadiation and keeps this
thermal energy close to the Earth’s surface. Toendide to carbon dioxide’s
characteristic absorption spectrum is that if taacmCQ is present, then too much
thermal energy is absorbed and a net increaseim#an temperature occurs. While
this is just one greenhouse constituent, it prasehe clearest argument that

anthropogenic emissions do indeed contribute tbajlalimate change.  Fig. 1.3



shows modeled results by Hansen et al 2005 focalse where the atmospheric £O
concentration ([Cg)) is doubled over a period of 120 years and tHecefof that
doubling is noted for both the mean global tempgeathange (T °C) based on the
initial [CO] in 1880, and the impact on the net radiative ifaycdue to CQ. In all
cases, both the positive forcing (warming effeatd anean global temperature
increase, and it is well known that the atmosph€@ has increased since the late
1800's™®

Greenhouse aerosols, much like greenhouse gasestlr climate forcing in
the atmosphere. Because atmospheric aerosolessaibiquitous than greenhouse
gases, less is known about them because manyrafdhe unique to their source and
are often temporal. Moreover, the chemistry of #efosols is so dynamic and
complicated that mere observations and identibcatare difficult. Atmospheric
aerosols have both natural and anthropogenic seurke mentioned earlier, volcanic
aerosol is a natural, but typically short-lived etvand NaCl based aerosols are also
natural and occur from sea spray. Anthropogeniosmds have many different
sources, including industry, biomass burning amskifofuel use. The impact that
atmospheric aerosols have on the climate and we&hender great scrutiny as of
late. Many studies have taken place and are undgrto attempt to quantify the
impact of both scattering and absorbing aeraSof§:'® 2> 2! This is a vast problem
that requires many components in order to cladify issues at hand. The work
presented within attempts to contribute a smaltgief quantified knowledge to the

global climate change pie, so-to-speak.



1.2 Interaction of Light with Gases and Particles

The interplay between light and matter is the funeiatal phenomenon occurring
in the research presented within this dissertatibhis subject matter has a very long
and broad history and will be discussed for thetesys specific to this work.
Regardless of the matter in question, when liglmégdent upon matter that contains
both positive and negative charges, the electeid fiound inside the matter is set in
motion, oscillatory motion, to be precise. Thigitiation corresponds to the electric
field from the incident light. The electric chasgm the matter are accelerated and
consequently radiate electromagnetic radiatiorllidigections. This electromagnetic
radiation or second stage radiation is the enehgy ts scattered or absorbed by
matter as shown in Fig. 1.5. If the incident egargreradiated without conversion,
then the energy has been scattered. If the engrgginsformed in some way, then
some or all of that energy has been absorbed aneradiated in a different form,

such as thermal energy.

1.2.1 Atmospheric Gases

As mentioned earlier, life as we know it exists daese of the energy flow from
the sun to the Earth and back into space. It ishmwever, as simple as that. How
this energy, in the form of light, interacts witbtb the atmosphere and its content is
critical in the manifestation of hospitable conaiits for life. Atmospheric gases act to
both protect us from and contain the energy froendtin. With respect to how these
gases protect, one merely needs to discuss thedager. This extremely thin layer
of ozone in the stratosphere is effective at absgrland preventing shortwave

radiation (approximately 300 nm and less) from héag the surface of the Earth.



Light in that wavelength range is harmful to thertan condition as well as many
ecosystems. Carbon dioxide, on the other hangsHedep longwave radiation near
the surface of the Earth to keep conditions a cawafite 300 K on average. But what
exactly happens when a photon finds a gas molecw&at connection is made?

To treat this material to the level appropriate tbe work presented, the
molecules discussed can be considered simple h&nosgcillators with a single
inherent oscillation frequency. The molecule isigidered to consist of electrons
bound by a much heavier nucleus. The connectitwdsn the electrons and the
nuclei is like a spring with a spring constant tisatelated to the inherent oscillation
frequency. When this electron-nucleus system isrooted by a wavelength of light
of some angular frequency, the electron undergdesraonic oscillation in response
to the oscillating electric field from the lightBecause the nucleus is much more
massive, it does not move and acts as a rigid floaske spring between itself and the
electron to compress and expand. The displaceafi¢hé positively charged nucleus
to the negatively charged electron creates a dip@e rather a dipole is induced.
This oscillating dipole emits electromagnetic réidia. This is the basis for light
scattering with a molecule. The issues exploredCimapter 4 delve into the
interaction of light with CQ In this case, a line profile at a given tempawand
pressure is measured in order to compare with yhedhis line profile is a result of
having a fine tuned light source of discrete engvgyich resonates with the molecule
in question. This is resonance scattering. Tkealref having a driving frequency
very close to the resonance frequency is a linélgroTypically a Lorentz profile is

observed which when integrated over all opticatjdkencies is related to the cross-



section of the molecule. A Lorentz profile accauribr the presence of other
molecules leading to pressure broadening. Presbtwadening is due to the
collisions of molecules with other molecules ane &xchange of energy between the
molecules. Broadening due to the velocity and nadsthe molecules is Doppler
broadening and it can account for the directiowimch the molecules are travelling
when they encounter the incident light. In ordematzount for Doppler broadening
and pressure broadening (Lorentz profile), a Voigtfile is used. A Voigt profile
accounts for both pressure and Doppler broadeningThese profiles are the
theoretically predicted outcome of the gases toclwlihe experimental results are
compared and an example can be seen in Fig. 1.6.

These line profiles are of great interest and irtgpare, because when combined
with the concentration of the molecule in questi@scribes the spectral dependence
of how these gases will interact with light, i.@whmuch will these gases scatter or
absorb light, therefore, how much impact they Wéle in the atmosphere in terms of

global climate change.

1.2.2 Atmospheric Particles
Like gases interact with solar radiation, so dotipi@s in the atmosphere.
There is a complexity to atmospheric particles, é&osv, because they are more
difficult to pinpoint in terms of sources, concextibns and chemistry. Having
knowledge of how a specific particle interacts witttoming light is critical in
understanding the Earth’s energy flux. Like £&fankets the top of the atmosphere
and maintains the reradiated thermal energy neastinface of the Earth, particles

can both scatter and absorb the light. Dependmghe color and location of the



particles, they can influence climate forcing battgatively (as in (NH450O,) and
positively (as in soot).

While the process of how light interacts with pads is the same at the
molecular level as for gases, the difference is Hmvcharacteristic interaction of the
light with the patrticles is defined. Typically, tiae profile exists for particles, what
is discussed is the absorption or scattering csesfion. This cross-section is a
parameter that determines how much of the lightimgipg on the particle interacts
with said patrticle.

Mie theory is applied to describe the interactidright with small particles,
paralleling the use of line profiles to describelecalar absorption discussed in the
previous section. Mie theory described the intynsf the interaction of light with
particles at specific indices of refraction and elangths. Mie theory is an exact
solution to the theories put forth by Lorentz andxwell in the early 1900’s for the
interaction of an electromagnetic wave with a sphdt requires the assumption that
the particle in question is spherical and the indéxefraction of that particle is
known. This solution can be applied to any comioamaof radius and wavelength
and requires the sum of an infinite series of expars of the electromagnetic field
equations, which will not be shown in this dissiota but can be found in Bohren
and Huffman’s text,Absorption and Scatter of Light by Small Particl2sThe
interplay between light and spherical particlesksown, but for non-spherical
particles, is not as well known. For the purposésthis work, a first order
approximation is taken where all particles are w®red spherical or a spherical

surrogate is used when discussing Mie solutiong. $diutions were calculated using



a computer code found in Bohren’s 8xtAppendix A and compiled into LabView
software.

What both the line profile for gases and Mie thefanyparticles allow is the
determination of the cross-section of the speciBsis cross-section when combined
with the number concentration is an absolute measdrhow an ensemble of
particles or molecules of gas interact with thadeant light. That is the focus of the

research presented herein.
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Figure 1.1: Taken directly from Trenberth et al>. A summary of the Earth’s
energy budget showing a net positive forcing indidang global warming.
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Figure 1.2: A 150 year trend in greenhouse gaseS@,, CH4, N,O and Montreal
Protocol trace gases (MPTGSs)) showing a clear incase since the Industrial
Revolution. Adapted from Hansen and Sat8.
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Figure 1.3: Modeled effects of doubling the atmospgric [CO,] based on an
initial concentration of 291 ppm in 1880 on the faring (A) and on the predicted
equilibrium global temperature (B) which is based a the predicted temperature

change over the 120 year time span given the initiatarting condition of the

[CO,). Adapted from Hansen et al’
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Figure 1.4: Mechanisms of light interaction with paticles explored in this work.
Based on work of Seinfeld and Pandi$.

13



{) ) ﬁ '-' i B pm T %R it et . SR BN SeB B b e s HGES I S svtoe it st et Lt ""?’""‘“1""'!’”"‘3
= Boppler profile

o5k Doppler pr .

i )

- 1

g Voigt profile -

5l Voigt prof

= L i
w - Lorentz profile -
E 0.3 sl L -
i‘é i
2k 4

;?-' -. ]

0. t E_' ‘. -

i \\_“_ '§
U.DC’L‘* i e P, U o e r'i
-6 2 4 G

(v 1)/ A1
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Chapter 2: Experimental Motivation

2.1 Greenhouse Gases

Greenhouse gases (GHGs) have a direct impact aclithate and in the case
of CO,, has been linked to global temperature incre&se¢hile many studies are
underway, the magnitude of the problem is overwiegnand much more work is
required. Inexpensive and sensitive instrumentsasgled that can be used to study
greenhouse gases quickly and accurately.

The predominant GHG is GO (outside of watgrwhich has been vastly
studied, but quantifying CQand tracking changes in G@ccurately, inexpensively
and quickly is still an issue that demands furthigention. Ideally, a system that can
examine different greenhouse contributors, suclGess as well as greenhouse
aerosols would allow simpler and more availablebglcsite measurements. Many
different GHGs as well as greenhouse aerosols (abs®rption characteristics,
readily measured with several different techniqueb the case of this work,
photoacoustic spectroscopy is employed on bothsgasd aerosols. The accuracy

and precision of these measurements will be detail¢his dissertation.

2.2 Greenhouse Aerosols

Global climate models need refined forcing values $oot to properly
estimate the change in the atmosphere due to audpeoic emissions. Because of
the variability in the values of the forcing of $an the atmosphere, experimental
measurements of the enhancement of the soot almsorioss-sectionGy,) are

needed? Values for the forcing impact of soot range anywehieom 0.27 Wrif to
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0.54 Wn#2?® With an average forcing of 0.41 + 0.2 Wmthere lies a huge
uncertainty in its actual impact. One of the diffties in obtaining quantitative
optical properties of soot is the variability in mbology, composition, and
conditioning of the soot. Since soot cannot béngeff by a unique chemical formula
(like e.qg. silica) it is necessarily ill defined asmaterial, and varies from source to
source’® Understanding the optical properties of soot bezpm daunting task when
done in situ because of the myriad of variablesthe atmosphere such as
meteorology, sampling platform, history, age of aarcel and sourc®. Any
guantitative assessment of the optical propertfesoot and the impact of coatings
requires a measure of laboratory control that essabhe to eliminate or corral the
number of variables inherent. Another factor thamdbars many optical soot
measurements is the traditional use of filter-basedsurements such as particle soot
absorption photometers and aethaloméet&t&While filter based measurements are
robust, and involve a simple applications of Be&ais, there are many drawbacks to
those methods. These include (1) an artificiallyghhabsorption reading if light is
scattered off the particles on the filter and (B)htl rescattering off suspended
particles within the filter may result in multipdbsorption events, again resulting in
an artificially high absorption resuft.Ideally one would like to make the optical
characterization in a dilute aerosol state so thatical depth interferences and
particle size effects be accounted for. Severaligs have measured the absorption
properties of soot™*® A typical approach is an indirect determinatiomotigh a

difference in scattering and extinction. This nedt approach may provide
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reasonable values for the absorption propertigsa loirect method can yield accurate
results with a lower uncertainty than an indireethod.

Soot emissions are highly controlled in the Unig&dtes and Europe, but in
the developing world, primarily India and East Asimderstanding soot’s impact is
of utmost priority, as Fig. 2.1 demonstrates tlsistHe major sourcE: *’ Due to
meteorological transport, the emissions of soot@her aerosols are not confined to
local boundaries and make them a large-scale problendia’s soot emissions, for
example, not only impact India, but areas downwasdwell*” *®In general, air
pollution does not follow borders; therefore, itingperative that more work be done
to understand soot’s global impact. With thes@dassin mind, the motivation for

studying the soot-aerosol system is clear.
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2.3 Figures
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Figure 2.1: Estimated emissions oblack carbon (soot) over the previous 12

years from Novakov et af*’
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Chapter 3: Experimental Methods

Chapter 3 in this dissertation is intended to pievihe reader with an
understanding of all the major equipment and teques used in this research. Each
major piece of instrumentation is detailed in ordergive both theoretical and
practical information. In some cases where arrunsgnt was minimally employed
only a brief description was given. In all casds purpose and intent of the

instrument is clearly stated.

3.1 Particle Generation

The experimental methods used in this work haversévfundamental and
key aspects that will be detailed in this sectionn all the work presented,
nanoparticles ranging from 20 to 1000 nm where geed (in the case of the soot) or
prepared and aerosolized (in the case of the seicR&L spheres and gold). Several
methods were used in order to generate and préparganoparticles but in all cases,
the nanoparticles were transported in essentiafysame manner. In this chapter, the
details of the generation and preparation proctss,transport process and the

analysis process will be described in detail.

3.1.1 Diffusion Flame

Laminar diffusion flames have been studied for mgegrs. The practicality
of the diffusion flame lies in its simplicity as Was its controllability. The diffusion
flame employed in this work comprised a centrahpaty for the fuel (ethylene in the

case of this work) and an outer pathway for theliaer (particle free air). This co-
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annular design allows for a steady and controléedihar flame as shown in Fig. 3.1
and 3.2. The configuration enables the operatibma stable flame, and thus a
consistent soot source over many hours of contisuperation. In the case of this
work, the diffusion flame used is based on whataw known as a “Santoro Style”
diffusion flame, named after Professor Robert ht@a of the Pennsylvania State
University. Santoro’s work in the early 1980’s led the development and
establishment of this burner style for simple aafé soot productior?

Several factors have been identified in the foromadf and growth of the soot
produced by diffusion flames. Initially, a kinedlly controlled chemical reaction
within the flame leads to the formation of precusstor the soot particles. Secondly,
a primary particle inception stage where the boddblocks of the soot are initially
formed, usually of similar size and shape. Thirdhere is a period of time where
particles grow via surface growth or coagulatiod aarbonization takes place while
the hydrogen content is greatly reduced. Finalyimiting step where the ultimate
size of the soot particle leaving the flame is duteed via agglomeration or even
halted by oxidative attack?

In the burner set-up, a glass sheath is usedrtowswd the flame in order to
maintain laminar flow. This sheath is split in tvand the smaller portion is
positioned under the sampling probe where the sochptured and moved. The
taller portion rests atop this sampling probe awlelr sheath portion and is used to
direct the wash of oxidizer up and away from tlaene. The actual burner consists of
a brass housing approximately 10 cm in diameterrgvlaeceramic mesh screen is

placed. The one cm diameter brass tube usededotdire fuel through the center of
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the burner is suspended within this ceramic mestesc The ceramic mesh screen is
used in order to promote laminar flow for the oxeti around the flame. Typical
flow rates for both the fuel and oxidizer differ bgveral orders of magnitude. In this
experiment, the fuel was typically run at 50 to 80m while the air surrounding the
flame was run at 30-50 Ipm. Changing the fuel fi@te controls the flame height.
The resulting flame was anywhere from one to 4 grhaight. This burner system
was successfully used for several years in ordgeterate a steady stream of soot

particles ranging in size from30 nm to one micrometer.

3.1.2 Atomization

Nanoparticles can be put into the aerosol phaseebgral approaches. As
described above, soot can be generated and capiioed stream of gas in order to
transport it. The laminar diffusion flame burnengetes and aerosolizes the soot all
in one. However, when one wants to aerosolizetiagigarticles, e.g., polystyrene
latex spheres (PSL), sucrose or colloidal gold (Petla, Inc.) a different method is
required. In the work presented herein, a TSI M3@&6 Constant Output Atomizer
(COA) was utilized. The COA, which is detailedrig. 3.3 has one keen advantage
over other atomizers that as the solution is adimesb in order to generate the
nanoparticles, the concentration of the solutioresdmot increase, subsequently
increasing the particle size (most applicable ®ghcrose solution). The COA was
developed by Professor Benjamin Y. H. Liu and ohhi® graduate students, K. W.
Lee on the University of Minnesota. The origin@& used a syringe pump in order

to provide a constant feed rate for the solutiomdpeaerosolized. In the work
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presented here, a syringe pump was not used, BuUtCtbA was run in non-

recirculation mode so that the non-aerosolizedtswiudoes not return to the original
solution which would concentrate the solution, thucreasing the particle size.
Typically, a one to ten percent solution of sucrosele-ionized water was used in
order to generate sucrose patrticles.

The COA was also employed in order to aerosoli@& Bpheres for several
purposes. The PSL are originally in highly concatetd solution, but this solution
requires dilution in order to aerosolize it. Tyglg, several drops (5 to 10) of the
PSL solution are diluted in 100 ml of de-ionizedtevaand then placed in the COA.
The COA produces a steady stream of PSL which wad in order of calibrate the

DMAs as well as to test several theories in the RAS

3.1.3 Electrospray

Electrospray (ES) aerosol generation has wide egiins and uses in many
fields, but within the constraints of this work, svased in order to aerosolize both
PSL and gold colloids. The history of electrosppgcess has its roots in mass
spectrometry and can be followed back to the wérkemrf* and Dole*? Essentially,
a solution with the analyte of desire is passedugin a capillary with a pressure
gradient and a potential. The solution passestir@n electric field that generates a
mist of highly charged particles. Upon exiting ttegillary at atmospheric pressure,
the analyte is nearly desolvated, thus generatidgaaged population of macro-ions,
or charged analyte particles, which in this work labeled, aerosolized nanopatrticles.
Figure 3.4 details the basic arrangement of thetrelgpray system. Upon exiting the

electrospray, the charged particles are directedhrids the appropriate instruments
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for analysis and characterization. While the etesgiray process has a very long
history, it is only described briefly within thigxt to explain its purpose in the

experiments where it was used.

3.2 Particle Transport

The particles generated must be efficiently coldcand transported to the

analytical instruments.

3.2.1 Soot Transport

Placed directly above the flame tip is a samplingbp. The sampling probe
consists of a stainless steel tube approximatetyamn in diameter. A one mm hole
was drilled into the wall of the tube and the tubéeld orthogonally to the flame. A
carrier gas (particle free air in this case) iedied through the sampling probe in
order to carry the soot particles in the desiredation. Particle free air is delivered
at 5 Ipm orthogonally to the flame. An ejector pushpynstream of the sampling
probe creates a low-pressure region in the dineadiothe soot flow. In turn, this
low-pressure region @ 10 cm HO) creates a pressure difference at the flame tip,
which draws the flame into a one mm hole in thedarg probe at the flame-probe
interface. The soot is carried to a 5 | accumafathamber where the fresh soot is
allowed to agglomerate for approximately one minuteorder to increase the
diameter at the peak of the size distribution ai a® stabilize the concentration.
From that point the soot flows through an ejectomp to the classification system
for a total flow rate of 30 Ipm after the ejectarnmp. After the ejector pump, the

particles are driven out of the tubing into thedi@tory exhaust hood. Prior to
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exiting into the hood, a “T” junction was built arder to siphon off the soot particles
into the analysis system. The analysis system dsetpof either one or two DMAS,

the PASm and a CPC or electrometer was run in gyoaessure mode. Essentially, a
pump at the end of the flow train (housed in theCGR the electrometer) pulled the
particles through the analysis tools. Figure 3.& sehematic of a typical single DMA

experimental set-up.

3.2.2 PSL, Gold and Sucrose Transport

Constant output atomizers and ES both produceipegitessure flows, so the
method required to transport the particles to tleisired destination are slightly
different from that of the soot. The soot was gatezl in a neutral pressure mode
and then carried into an over-pressure mode; howeke PSL, the gold and the
sucrose particles exit their respective aersobpasiystems at a higher pressure than
ambient (initially an over-pressure mode). BecahseeDMA-CPC system was run in
under-pressure mode (as described earlier), aimgitessure flow train cannot be
sent directly to the analysis system or a presbuiiel-up could occur. In order to
capture the particles of interest, the particlesewdirected out of their respective
aerosolization system into a HEPA (High Efficieriegrticulate Absorption) filter at
ambient pressure. Prior to the HEPA filter, a ‘jlhction was made in order to
create a port to which the flow train could be cected for the analysis system. The
particle flow out of the aerosolization systemthis case, was at higher pressure than
the particle flow to the analysis system. By cartimg the under-pressure system to
the “T” junction, the nanopatrticles can be siphoaedy from the main particle train

and directed to the analysis system.
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3.2.3 Experimental Considerations

Several considerations are required when assemtiingnfrastructure of an
experimental system such as the one used in thity.sEor example, materials that
are electrically conductive are necessary in otdemot have the charged particles
stick to the walls. Stainless steel was the maltexrfi choice for the tubing, but in
areas where more flexibility was needed, then Tygoronductive silicone tubing
(TSI Model #3001789) was used. Also, proper vatith is critical when generating
nanoparticles. The soot used in these experinveassgenerated inside the exhaust
hood and any instrument that exhausted particles dugcted to exhaust into the

hood.

3.3 Particle Classification and Metering

In order to characterize the size and number ofighles used in all the
experiments reported, several instruments were@magl To characterize the size of
the nanopatrticles, a differential mobility analyZBfMA) was employed. To count
the particles a condensation particle counter (GR&3) used and the electrometer was
employed when the charges on the particles needee tounted. The details of each
of these three instruments will be expanded uporthia section. Information
regarding uncertainties and operating conditiond be specifically found in the

results section with regard to the specific seestilts that those conditions refer to.
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3.3.1 Differential Mobility Analysis

Differential mobility analysis is an application @iectrical classification
methods. DMAs have been in use for several decangs roots can be traced back
to Knutson and Whitb§® A DMA separates particles based on the particle’s
electrical mobility. A balance between the dragcés on the particle is balanced
with the electrical field the particle encountettowaing specific sized particles to
pass through the DMA.

A DMA is comprised of central rod surrounded by @lldw, concentric
cylinder. A voltage (zero to 1x1/) is applied to the central rod thus creating an
electrical field between the central rod and thdl wfathe cylinder. There is an inlet
for the aerosols and an exit slit at the bottonthef cylinder. There is also an inlet
and an exit for the sheath flow. Figures 3.6 antidepict the basic design of the
DMA columns used. The sheath flow is the flow afreer gas along the long axis of
the DMA. This sheath flow is laminar and typicalim order of magnitude larger
than the aerosol flow. There is a fundamental ggdhat governs the mobility of
the particles4,) passing through a DMA To arrive at th&,, a basic derivation is in
order.

Newton’s laws of motion govern the behavior of baotlacroparticles and
nanoparticles. In the case of nanoparticles, dheviing derivation demonstrates the
origins of the electrical mobility equation thatvgons the behavior of a nanopatrticle

in a DMA.
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Newton’s second law states that the sum of theefoon a particle is equal to
the change in the velocity of the particle withpest to time and the mass of the

particle;
— 3.1)

wherem is the mass of the patrticle;- is the change in velocity with respect to time

andFp is the net force acting on the particle. In thelA) the particle feels two

forces,Fp (the drag force) anBg (electrical field force);

— 3.2)
The drag force on the particle can be describecraccurately by the Stokes’s drag;
(3.3)
where the drag forcd=() is proportional to the viscosity of the fluid)(@nd the
velocity of the particle\{). The force opposing tH&, in the DMA is theFg, the
electrical field force:

(3.4)
wheren, the number and elementary units of charges opdhele,e, the charge of
an electron (1.6XI® C) andE is the electric field. In a DMA, whes- is zero, Eq.
3.1 becomes;

(3.5)
Solving forV, which can now be rewritten &g, the electrical velocity, the equation

becomes;

— (3.6)
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It is convenient to express this equation in teofnthe electrical mobilityZ,, where

the particle’s electrical velocity in dafield of unit strength becomes;
—_— (3.7)

This Z, applies to particles much larger than the meangeth and with a Reynolds
number much less than one. However, when thecfmaiti question is less than one
micrometer, the effect of the gas on the partitléha surface-fluid interface cannot
be ignored. In order to account for this fluideeff on particles that approach the
mean free path £), the Cunningham Slip Correction fact@cj must be included.

TheCcis proportional to the, inversely proportional to thek

- (3.8)

The slip correction factor is now applied to theottical mobility and the result is the

final form of the electrical mobility of a particla a DMA.

- (3.9)

The mathematical basis for the operation of the Didikes on the probability
that a particle entering the DMA will follow a samline created by the sheath flow
and exit the DMA with a specifig,. ~ This probability is described by the transfer

function ( ):
$ %)+~ /0 125.25°%12; 2 ,5678 9:; 212, 2 _57>7%3.10)

where four flow rates; polydispersed aerosol floaterin €,), monodispersed
aerosol flow rate out), sheath flow rate ingf,) and the sheath flow rate oag) are
input with regard to the electrical mobilityy) and the electrical flux function ().

This equation is executable for a specific set perating conditions that are
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controlled by the aerosol flow rates and of theatihdlow rates, three out of the four

must be experimentally controlled in order satisky following relationship:
at0c=0s+ Om (3.11)

This linear relationship establishes that the stith@in-flows needs to equal the sum

of the out-flows. The result of Eq. (3.10) canseen in Fig. 3.8. Further derivations

for the can be found in Knutson and Whit}.

Understanding the relationship between the fouwdlon a DMA and how
they relate to the probability that a particle walinerge with a given electrical
mobility is necessary for an accurate size and digigibution measurement. . The
DMA can be used to select monomobility particlesubing a static voltage or can be
used to measure a particle distribution by scanttiegroltage. All of this reduces to
a particle “window”. Since the typical operatingnditions used were with the

aerosol flows in and out, equal, and the sheathinoh out a equal, the resolution is
defined as the ratio of the aerosol flow to theaﬂnélom%@(.
#

A practical understanding of the conditions govegna DMA has now been
detailed as well as a conceptual understandinghait Wwappens inside a DMA. For
further detail with regard to the derivations oé tprinciples described, please see

Knutson and Whitby** 4°

3.3.2 Mobility Diameters, What Do They Really Mean?

In theory, a sphere travelling through a DMA wiéiave as described in the
previous section. The drag force will oppose thecteacal force. In the free

molecular regime where the particle diameter ismaroaller than the mean free path
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(66.5 nm for air at STP), the drag force is propodl to the square of the particle
diameter or to the projected area. As noted in&E8). theFp is proportional to the
diameter of the particlelg);

A (3)12

When the Cunningham slip correctiddf is taken into account, Eq. 3.12 becomes;

A =2 13)

C

In the limit of where the particles are much smallean the mean free path)), as
they are in the free molecular regime, @eis proportional to the mean free path and
inversely proportional to the diameter of the detias seen in Eq. 3.8, therefore, Eq.

3.13 becomes;

A A Dg (3.14)

where the~p is now proportional to thdpz, or the projected area.

For non-spherical particles, the mobility diamegeoften used to characterize
the particle diameter. This is the diameter oplese that has the same mobility as
the non-spherical particle. The mobility is congzufrom the balance between the
electrical force and the drag force. However, beeathe particle is non-spherical,
the other properties of the agglomerate will notheesame as for a sphere.

For agglomerates with primary particles much smatlean the , the
majority of the primary particles that comprise #gglomerate are exposed to the gas
molecules; therefore, the drag force is proportiomahe number of primary particles
when the fractal dimension is less than 2. In sadase the projected area of the

agglomerate is proportional to the number of prynaarticles.
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3.3.3 Condensation Particle Counter

Once particles exit the DMA they must be countddally with a detector that
is independent of particle size. There are seviesttuments capable of counting
charged particles and two of those methods willdescribed in this section. A
condensation particle counter (CPC TSI MODEL 3023A) an electrometer (TSI
MODEL 3068A) were used in this research.

The CPC has a long history dating back to 1888 experiments conducted
by John Aitker*® A CPC grows particles that are too small to bécafly detected by
heterogeneously condensing super saturated butandhe particles. Once the
particles have grown to several micrometers, thay loe counted by single particle
light scattering A schematic of the TSI 3025A canftund in Fig. 3.9.

The CPC in the experiments reported herein wasethe of the line” for all
the particles. As mentioned earlier, the DMA sgstgas run under-pressure. This
under-pressure is a result of placing the CPC dyrét line with the aerosol exit of
the DMA column. The CPC draws particles with altbmi vacuum pump, therefore,
since the CPC is placed directly in line with th1®, the pull of the vacuum in the
CPC pulls through the DMA. Specifically, the CPdllp the aerosol flow because
the sheath flows (in and out) are controlled sepfra The three flows that require
control as established in Eq. 3.11 have now beentifted. The aerosol out flow is
controlled by the CPC, the sheath in flow is coliebby a flow meter and the sheath
out flow is controlled by a vacuum pump. The fouitow, the aerosol in flow, is

automatically controlled in order to satisfy thedar relationship in Eq. 3.11.
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3.3.4 Electrometer

A second method used for counting particles wasekattrometer. An
electrometer actually counts a stream of ions eggea Faraday cup. A Faraday cup
is simply a cup designed to catch idhdhe ions are actually charged particles in the
case of this work. Essentially, the total currght impinging on a filter within the
Faraday cup is measured and can be convertedhiataumber of charged patrticles

(N) entering the electrometer with the following tedaship;

F G 2 (3.15)
where the elementary charge on an elect®)ntle number of charges per particle
(ny) and the volumetric flow rategd) are defined.  Theis measured and thg is
assumed to be equal to one. Therefbres the remaining variable that can easily be
calculated. Figure 3.10 details the principal comgnts of the TSI Model 3068
electrometer.

One drawback to the electrometer is encounterednwhaltiply charged
particles enter the flow stream. If the elementdrgrge on the particles is unknown,
then the number of particles is also unknown. THhectrometer has specific
capabilities that were exploited in order to caliler the DMAs used in these
experiments by running known singly charged paticlas well as to determine the
number of singly and doubly charged particles ime@ases. A second drawback to
the electrometer is a 1000 times less sensitivigguiring much higher particle
concentrations for accurate particle counting. e Tetails of how the electrometer

was used are found in Chapter 5.
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3.4 Particle Analysis

Because most of the work was motivated from a dlabanate change
perspective and the desire to understand how nectanponents of the atmosphere
and associated particles interact with light, ahodtfor determining the way the
particles and gases interact with light in the aph®re was needed. The initial
impetus for the work outlined is the use of a photwstic spectrometer (PASm) to

directly measure the absorption characteristidb®imaterials in question.

3.4.1 Photoacoustic Spectroscopy: History and Theor

Photoacoustic spectroscopy has a long hitaapd is a well-established
analytical tool® ™ %% *%Photoacoustic spectroscopy involves photon abisorly a
gas or particle and subsequent energy transfehdamial energy. The absorbed
energy induces excitation in the vibrational, rotaél and/or electronic states of the
molecules which it interacts with. After excitatiothese states relax back to the
ground state via radiative and non-radiative patswaPhotos given off in radiative
processes are not detected by photoacoustics. dieadiative pathways, however,
are facilitated by molecular collisions, which iEde energy from the excited state to
the ground state via vibrational, rotational anelcebnic degrees of freedom to the
translational degrees of freedom in the groundestidtereby increasing the system
temperature. This temperature increase is tramesfefrom the absorber to a
surrounding medium (in this case air). The inceessthe local gas temperature
causes the gas to expand and the resultant deststyge is detected as a pressure

(i.e. sound) wave, which is detected by a microghoihe power of the method
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resides in the fact that the amplitude of the sowade is directly proportional to the
amount of energy absorbed by the analyte, thugptedds on the absorption cross-
section and incident intensity. As a result thethod has been used as a very
sensitive tool to measure the absorption crossesedC.,9) of both gases and
particles. For example photoacoustic spectros¢@s/found applications for field
measurement in atmospheric scienée?® % *! The well-tuned photoacoustic
spectrometer (PASm) used in these experimentsa la@section limit on the order of
3x10° cm* for gases (specifically, £7* and 15x10 cm* for soot? In terms of gas
and particle minimum detectible concentrationsséhealues would be approximately
3 ppm for Q@ and 1000 particles/cimfor 100 nm soot particles used in these
experiments. However, the minimum detectible catregion is analyte specific
while the absorption coefficient is proportional dnalyte absorption cross-section
and concentration. Using the absorption coefficias the detection limit

demonstrates the minimum energy loss in the catlithdetectible by the detector.

3.4.2 Photoacoustic Spectrometer Details

The PAS system used in all of the work reportecinewas custom built at
the National Institute of Standards and TechnolddyST) Gaithersburg, MD
campus. The system was built by fellow collabast&sillis, Hodges and Havey.
The system hardware comprised of an acoustic ceittwis a 100 mm x 6 mm
cylindrical duct (length x diameter) positionedweén two 50 mm (I) x 30 mm (d)
cylindrical chambers, machined from brass, an edecimicrophone (Knowles,
MD6052USZ-1) with a sensitivity of 11.75 mV/Pa &40 Hz and 11.3 mV/Pa at

1275 Hz, a 405 nm continuous-wave laser (Power fi@olyies 405 nm 250 mW)
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intensity modulated at a modulation frequentyod 1.6 kHz with a function
generator (Stanford Research Systems DS345) tchnaatesonance frequency in the
acoustic cell and a calibrated power meter (Newpd8D-SL-OD3) to measure the
transmitted beam powét.Figures 3.11- 3.13 show the resonator cell detaild
system configuration.

One of the most important advantages of the PASer other absorption
measuring techniques is that the measurement ductedin situ, and because of the
high sensitivity of the system, relatively low centrations (on the order of 1per
cm’®) of particles are required limiting the chancet gray aerosol-aerosol interactions
can take place. The volumetric flow rate into theonator is approximately 4x10
mS/s; the particles pass along the analysis chamhkrarssample volume of 3 cina
residence time of approximately 0.7 s and then eds the particles pass through the
analysis chamber they absorb energy from the |l&sdghe aerosol experiments, the
laser current is directly modulated to match trsonator frequency while in the gas
experiments the laser is externally modulated aitracousto-optic modulator. This
photon energy is then converted to thermal endrgyugh collisional energy transfer
mechanisms and the resulting pressure wave créegtdte increased gas temperature
is detected by the microphone. The microphoneasigsn then sent to a lock-in
amplifier where both the in-phase, x, and out-cgd) y, components are recorded.
Output signals from the lock-in amplifier are regyly sampled by a data acquisition
card (National Instruments PCI-6281, 16-bit, 500aiiples/s). An analyte free

background signal is taken at the beginning and @neéach experiment, which
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comprises all gases in the analyte flow as wellag noise. The governing equation

for this PAS system is as follows:

|
J kLm

H

(3.16)

Here, a is the absorption coefficient in hhmeasured in the ceR is the measured
PAS signal of analyte less background (i.e. gamtefest or soot particles less the
measured noise due to flow and carrier gas in éise of the particles) in voltgy is

the beam power of the 405 nm laser at the centdreoPAS cell in watts andy is
the photo-acoustic system constant previously deted in units of%. The
photo-acoustic system constant is defined as faliow

MM M
(0 = (3.17)

where the cell constant Gy and is geometry dependent, the microphone seibgitiv

bn, and the relaxation response function, (which lies between 0 and 1).

The relaxation response function demands furthgrlagation for clarity.
Non-radiative relaxation occurs through severalndeds where each channel is a
multi-step cascade of events. In most casesjrtieefor the excited states to relax to
the translational degrees of freedom is very simocomparison to the acoustic cycle.
In some cases, however, a bottleneck in the casgadients increases the relaxation
time. If the relaxation time is longer than theastic period, the efficiency of the
acoustic wave generation is reduced. This relaxatspoOnse function is typically
assumed to be unity for systems where there ipid ralaxation process (as in the

aerosols).
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The time scales of the absorption and relaxatiocgsses are also of interest.
While the time scale of the absorption of a phdigrithe particle and the subsequent
relaxation of the excited particle are not knowraatky, but the absorption can be
approximated by solving for the Einsteh coefficient in a stimulated emission
calculation. While the exact time for an absonptavent to take place cannot be
calculated, the ratio of the time scale for absorpto the acoustic time scale can be
approximated by employing the measured absorptiomssesection (1), the
wavelength of the laser)( the index of refractiorfn) (assumed to be 1 for this
approximation) and an approximation for the spédiree shape functiong(Vv))

(which is the inverse of the laser bandwidth).

Tellb V g 2 X1U5 (3.18)
The acoustic cycle time scale is the inverse ofrésmnant frequency, which in the
case of the soot study is on the order of 6k5) Based on the approximated
absorption time scale and the acoustic cycle, thsorption of a photon is
approximately 9 orders of magnitude faster tharattaustic cycle.

Subsequently, it is known that for particles in thé&'s to few hundred
nanometer range, the temperature increase in thelpas on the order of a few
Kelvin and rises linearly with laser power. Howegva noticeable temperature
increase due to particle heating by the laser woeddire multi-Watt power levels as
noted in Murphy (2009§ and in these experiments, sub-Watt laser powers we
employed. This heating is essentially instantasesnd the particle temperature is

uniform. The transfer of the heat in the partidbethe surrounding gas is also
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essentially instantaneous. During an acousticegyitle length of the gas thermal
penetration scale is orders of magnitude largern tliae particle diameter
(approximately 65 m for the gas thermal penetration length compared t
approximately 20 nm for a soot primary particle).

The photo-acoustic system constant is calibratesgdan measurements of a
gaseous species having known concentration andlmsocoefficient. Agreement
has recently been demonstrated & between experimental measurements and

modeled acoustic responsel % for measurements of the &band in air!* It was

also shown that the relaxation response functign 0.40 must be incorporated into

an accurate calibration involving the &band. Other studies which aim to exploit
the convenience of calibrating with thleband at ambient conditions implicitly
assumed a relaxation response function of 1 ane,viberefore, subject to large,
systematic errors (Tiaet al>¥). For the work presented within, it is assumed tha

relaxation response function for any studied plagien air is unity and measurements

of a rely on the produc€yby = 18.7% 1 to model the instrumental response.

Thus, measurements of the absorption coefficientafrosols,a (cmt), flowing
through the acoustic cell can be determined froenrttagnitude of the microphone
signal (V) and the laser power (W). For a moreaiked account of the calibration of
the PASm, refer to Gillist al.**

With respect to the soot measurements, the nunflygartcles in the beam at
any one time is approximately 3 % of the concemnadf the particles in the cell at
any time (approximately 1000 particles based oicafparticle concentrations in the

cell), which is the ratio of the beam volume to faenple cell volume. The typically
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low concentrations (foto 10 particles/cr) of particles in the cell minimize the
extinction of the laser through the path lengthiclwhn turn leaves the beam intensity
nearly uniform along the path length, thereforé,tlé particles in the beam are
exposed to the same intensity, making their ortemtaunimportant with respect to
their ability to absorb energy and produce the Bigdal. Furthermore, the optical
depth of the laser in the cell is related to theoaption coefficient measured by the
cell which, in the case of the cell used in theggeements, the minimum detectible
absorption coefficient is approximately 15 ¥16ém™*. The cross-section measured is
related to the probability that a photon is absdrbg a particle. On average, there
may be up to Iphotons absorbed per particle in the cell. Thisiber of absorption
events assures a high probability that absorpti@mts occur and is proportional to
the number of particles in the path length of tek @he more particles in the path of
the laser, the higher the probability an absorp&eant will occur. This is essentially
Beer-Lambert’s law, which is why the absorption ftioent is reported in cm,
because as Beer-Lambert states, the absorptioficoedf is the measure of the light
loss along a specific path length, thus the unigsiminverse length units.. More on
why the whole soot agglomerate contributes to th&ogption signal is detailed in
Chapter 5, but essentially, a particle with a hcdimension of less than 2 (which
these are) are basically transparent, or rathethal primary particles are equally
visible and no shielding takes place, regardleswiehtation.

While scattering off the particles is presengaes not affect the PAS signal
because the microphone does not pick up scattégat] bnly reradiated thermal

energy. The placement of the microphone at theaecesf the cell is critical to
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efficient signal collection as the maximum acougiiessure is in the center of the
sample cell with a node at either end of the cékcause the acoustic wave is a
standing wave, the sum of the signal, which is esgntative of the particles in the
cell is collected at the optimal location in thel aaaking particle location with

respect to the microphone irrelevant, the partiolesely need to be in the beam.

3.4.3 Photoacoustic Spectrometer Data Collection

Collecting an absorption signal with the PASm sysiavolves many steps,
but the most critical steps will be outlined heréhe diode laser current is directly
modulated with a function generator in order fog thtensity modulation to match
the frequency response of the acoustic resonatibe wat affecting the frequency of
the single wavelength laser. The frequerigyis directly proportional to the speed of
sound,Cigear, In the resonator and in the limit of the ideas ¢mwv can be described in

the following manner:

da
vaz N oo am c- (3.19)

The adiabatic indexg, pressurd®, T is temperatureR is the ideal gas constant akid

is the molar mass. In this system, the lowestontgde which efficiently couples to
a modulated laser current has a resonant frequan@mbient air at 296 K of
approximately 1640 HZ! This frequency is dependent upon the compositfoie
gas and analyte in the acoustic resonator. Note ®@w depends on the square root
of the inverse mass, when the mass changes, sotle€&.,. Because of this
dependence, for each analyte studied (the gas lmaysaparticle free air in each

study), the peak resonant frequency was measurddtl@an adjusted for that
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experiment. In order to measure this peak frequesmtarge concentration of analyte
was introduced into the resonator under normalaiey procedures. The frequency
of the laser modulation was then swept from appnaxely 1.5 to 1.7 kHz in 10 Hz
increments, ensuring that the approximate frequemeyntioned earlier would be
captured. The PASm signal was recorded for eactesimonding frequency and
where the signal was strongest, that frequency adpted. This was a simple
solution for fine tuning the modulation frequenciytbe laser because in all cases
with aerosols, the gas medium was the same and gigiit adjustments were
required. In the calibration of the PASm systestudssed in Gilliet al*, it was not
SO easy because the gas itself was the calibratmdard and the frequency was
quite different for the @and CQ calibration. The frequency was swept from 1 kHz
to 6 kHz to find the resonant frequency for those mentioned gasses. One very
important feature that differentiates this PAS eysfrom others is that in the course
of the calibrations procedure, it was determineal ttalibration was not actually
necessary. The model that governs the PAS systatthes the calibrated results to
within 1% for the O2 and within 3% for the CO2 thiarther calibration is
unnecessary. If a system component change wageadga revised constant would
be computed using the modified parameters. Dedéithat calibration can be found
in Gillis et al.**

Upon locating the peak frequency correspondingheanalyte in question,
the 405 nm laser current was modulated with a fancgenerator to match the
resonant frequency in the resonator. This modulaés synchronized with a lock-in

amplifier used in order to collect the appropriaignal from the microphone. The
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time scale of the measurement can be calculated tihhe laser modulation frequency
of 1.6 kHz. The lock-in amplifier has a time cardt which in the case of the soot
measurements was 300 ms, which is averaged overas@coustic cycles. The lock-
in amplifier output is averaged over a range ofkHx - 100 kHz (10 to 1005s),
which oversamples the data. The 10 kHz - 100 kkia @ then averaged for 60 s
,which comprises one measurement. Multiple 60geads are taken for any one
experiment, which is eventually averaged to prodihgefinal PAS signal for that
specific analyte. An example of the raw signal banseen in Fig. (3.14). Figure
3.14 shows the raw PAS data (the red markers atidd) as well as the PAS signal
that has been fit to a complex function that déswithe acoustic resonance in the
cell (blue markers and fit line). The measuremamnésmade at the peak of the blue
line.

Data collection processes involve sampling bothithphaseX) and out-of-
phase y) components of a two channel lock-in amplifieraf8brd Research Systems
SR830) synchronized t&. Background signalsg andyo, are collected in the
absence of the absorbing analyte but with all obfaekground gasses present. In the
case of the soot study, the DMAs in line with th&S were turned off to stop the
passage of the soot particles but the diffusiomélavas kept on in order to generate
any accompanying gasses that might absorb at 40Sunch as N@ The amplitude

of the PAS signalR) for an absorbing species on resonance is obtdioad

f g h#6+5 1.i6i 5] (3.20)
where % and y are the measured background signals and x amel $ha measured

signal with analyte. They are summed in quadradumek the root of the square of the
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sum isR. This now returns us to Eqg. 3.16 aRdis substituted with Eqg. 3.20.
Ultimately providing an , which when coupled with the particle counts frtme
CPC, an absorption cross-section per partiClgy is determined, which in the case

of all the work regarding the soot was the ultingaal.
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3.5 Figures
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Figure 3.1 Schematic of a “Santoro Style” laminar dfusion flame burner used
in all soot experiments.
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Figure 3.2: Photograph of laminar diffusion flame turner.
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Figure 3.3: Schematic of a TSI Model 3076 constaoutput atomizer.
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Figure 3.4: Schematic of a TSI Model 3480 electrosgy.

47



Polymobility
Particles
DMA
Aerosol Column

. . ° . Charger

N

Lo — N — -

PC with

Generated Particle Sources

N Data Acquisition
(&]
e —— H
] ( ]
Monomobility
Particles
=1 ™
[ BN >
@
~—

Condensation Particle Counter
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Figure 3.7: Photograph of custom built differentialmobility analyzer using a TSI
Model 3081 long column.
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Figure 3.12: Photograph of the photoacoustic cellaed in these experiments.
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Chapter 4. Standard Photoacoustic SpectrometersiMements
of Greenhouse Gases and Aerosols

4.1 Introduction

There exist numerous analytical techniques for yshgd absorption of
atmospheric species. Detection of greenhouse gastee field typically involves
using spectroscopy, and examples include non-dismerinfrared (NDIRY and
tunable diode laser absorption spectroscopy (TDLAShe current state-of-the-art
incorporates advanced spectroscopic methods sucbrasuous-wave cavity ring-
down spectroscopy (CW-CRD3)or other cavity-enhanced methdtisvhich can
perform with relative combined standard uncertasf < 1%. However, a major
obstacle for utilizing state-of-the-art greenhogas detectors is resource investment.
Commercial CW-CRDS instruments can approach $60f@08 single sensor, which
prohibits deployment on a large scale. Thus, thera need for new robust, yet
simple and less expensive, high-performance awalytinstruments to measure
greenhouse gases in both laboratory and field enmients.

Measuring the absorption of aerosols is complicatethe interplay between
absorption and scattering. One measurement agprbas been to quantify
extinction (absorption + scattering) using cavityngedown spectroscopy, and
scattering via nephelometry, with absorption oladinfrom the difference.
Unfortunately with this approach, the combined utaety in the deduced absorption
can be substantial and the measurement can be csutgje additional bias.
Photoacoustic spectroscopy (PAS) is seeing incdease as an absorption probe for
investigating problems related to atmospheric dimdate chemistry to help mitigate

these complexities. Numerous recent studies hatebkshed PAS as a standard
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aerosol absorption measurement technique to comypdte typical filter-based
methods™® > *°Laboratory and field studies have been done uB&E° on aerosols
which have investigated topics ranging from thee@f§ of particle coatindd; ®
instrument cross-compariséhand a relative humidity dependence on mineral.§ust
These studies all exploit the attribute that PASessitive only to absorption but not
extinction or scattering.

However, while PAS does selectively measure abmorptit does so
indirectly. Photon excitation deposits energy itosystem. That energy then
undergoes several processes: (1) conversion tonaltelegrees of freedom in the
absorbing molecule, (2) transfer to thermal enev@y molecular collisions with
surrounding gases, (3) detection as a pressure maag acoustic sensor. Because of
the complex processes involved, the response fimati photoacoustic spectrometer
specific and requires calibration and/or modelifRelative uncertainty requirements
for PAS calibrations specifically for atmospherieasurements typically range from
2% to 10% depending on the application. Most catibn techniques are focused on
determining the detected amplitude of the pressuwae for a given sample
absorption coefficient, solely considering (3) lre tabove description. Traditionally,
PAS calibrations have been done utilizing gas prassorbing species, NCor
example® ®*1n 2006, Lacket al®° outlined a calibration method using both ozone gas
and nigrosin (India ink), a potential standard aetoto achieve a relative combined
uncertainty at the 1-2% level for a gas sample angb% stated accuracy when
validated for aerosols. To achieve these uncéytd@vels Lacket al®® paired the

PAS technique with additional instrumentation, s$pedly CRDS.  While
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successful, the overall approach requires an isete#evel of technical expertise as
well as substantial resource investment. Also,evtiie aforementioned calibration
procedures are now well-established, their accesa@re ultimately limited by

uncertainties in calibrant optical propertfés.

Only recently, has molecular spectroscopy referenle¢a for typical
atmospheric molecules achieved the < 0.5% unceéytalavels required for
improvement?® ® ®"Realizing this, Tiaret al>* recently presented a convenient and
potentially high-accuracy calibration proceduredshen measurements of absorption
within theb' ;5 X® 4(0,0) band of @ These transitions commonly referred to as
the @ A-band, arise from rotationally resolved magnetjgotk transitions near 765
nm. Unfortunately, a complication not considergdiianet al>*is that for the QA-
band transition energy transfer processes involvegienching the uppelnlS@,+ state
(see (2) and (3) above) can substantially reduee dfficiency with which the
absorbed photon energy is converted to thermabgrar characteristic acoustic time
scales’ Recently, using a photoacoustic spectrometer dpeel at the National
Institute of Standards and Technology (NIST) we destrated that for the LQA-
band, energy transfer processes can suppress thstiacsignal by as much as a
factor of 2.5 because of the multi-step relaxatpocess. Moreover this effect
depends strongly on quencher availability (e.gatreé humidity)* Other groups
have explored and quantified the effects of enérglysfer processes on PAS signals
for small polyatomic molecules including HCN, G¢Hand CQ for many year§®
However, by incorporating energy transfer processas our resonator model we

have reported a calibration procedure having aivela&aombined uncertainty of 1%
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for selected transitions within the ,OA-band'’ This calibration was done
conveniently on a sample of ambient laboratoryhawring a known relative humidity.
Further, the calibration was consistent with andidaéed our resonator model.
Specifically, the model independently predicted tmeasured response (which
included an absolute calibration of the microph@easitivity and optical power
meter) within the combined measurement uncertaifityis means that the instrument
response, containing the setup constant, can lserdid from first principlé$ and
does not necessarily require traditional calibregi@gainst reference samples with
known optical properties?® %

This work presents evidence that a custom-built Bys$em based on a first
principles model can be used in order to make duadine measurements of both
atmospheric gases and particles. The PAS systesetsin order to measure €@
ambient air and show that the PAS system can be tosdetect subtle changes in a
trace gas in amongst a very large background adragases. It is also shown that
PAS is well suited in quantitatively measuring aspicerically relevant aerosols that
require in situ, fast response time and long-tetabibty measurements. Specific

details regarding the PAS system construction hedry are found in Chapter 2 and

are only briefly outlined in this chapter.
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4.2 Experimental Apparatus

Instrument and data collection is outlined in Cla@®, but specific details
regarding the experiments in this chapter will lesatibed herein and can be seen in
Fig. 4.1. To collect data one must first intensitgdulate the continuous-wave laser,
using an acousto-optic modulator (AOM) for exampie, match the frequency
response of the acoustic resonator. This frequéicis complex to preditt but is
directly proportional to the speed of sound in #ystem to be measured. This
frequency can change dramatically depending orgésecomposition in the acoustic
resonator. For example, as shown in Fig. 4.2ume |€Q at 296 K and 101.3 kPa the
modulation frequency shifts to approximately 1275, ldasily predicted from Eqg.
3.16. Shifts infy in turn, affect the amplitude of the photoacoussignal.

Approaches for dealing with this are fourfold:

(1) Maintain constant temperature such that amplitudetdations are a
small contribution to the combined uncertaintytof theasuremetit *°

(2) Measure the acoustic resonance prior to makindP# measuremetit

(3) Actively model the PAS resonator line shape andt shi resonance
frequency based on inputs from precision tempesateasurements to
correct the signal amplitude in real time

(4) Adjust the modulation frequency during the courb@ aneasurement to
remain at the peak of the acoustic resonance dithesing the modeled

frequency shift or incorporating another type atee
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While approaches (1) and (2) are preferred thexecases where incorporating them
to satisfy combined uncertainty requirements idlenhging. We have currently made
no attempt to regulate the temperature of the RASBUmMent. Instead, by applying
approaches (3) and (4) using Eg. 3.16 to calcutatgerature-dependent shiftsfgn
we have observed improvements in measurement fmecaés high as 40% for
temperature fluctuations on the ordeiDdf ~ 1-2 K.

After locating the acoustic resonance, the lasgrelength must be matched
to a spectral region of optical absorption to prabeanalyte of interest. For aerosol
particles this is generally simple since absorpi®nfor the most part, spectrally
broad. For measurements of greenhouse gasesagberhust be single-mode and
tunable and its frequency should be scanned owgvem optical transition. After
locating this transition, measurements can thendiected by either measuring the
spectral dependence of the PAS signal or by catigatata at fixed wavelength and
modeling the local absorption coefficient. Our adallection process involves
sampling both the in-phase)(and out-of-phasey) components of a two channel
lock-in amplifier synchronized td, as described in Chapter 3. The microphone
sensitivity was obtained by referencing the sigma¢asured from a constant
amplitude sound source to the response of a stdmdésrence microphone and was

characterized as a function of frequency, signainsity, and relative humidity.

4.3 Experiments

Experiments were performed on a few select systenevaluate instrument
performance. Initial measurements were made gpm@aboratory air, 20.95% by

volumé, at 300.0 K and 100.8 kPa. Subsequent measursmesre made on
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samples of humidified COat 298.9 K and 99.88 kPa as well as trace, @O
laboratory air. A tunable single-mode externalityaiode lasers centeredlat 765
nm for @ andl = 1590 nm for C@was used for these experiments. Line intensities,
self- and air-broadening parameters, and Dickeomang parameters of Robichaet
al.’® and Haveyet al®’ for the Q A-band as well as line intensities and broadening
parameters of Totlet al. for CO,"® were exploited due to their well-established
history and character. Galatry profif€svere used to fit the measured PASASband
spectra. Contributions to the measured absorgoefficients from higher-order line
shape effects, such as line mixing, are assumeldetemall relative to the 1%
combined uncertainty in our instrument respdhsad are not incorporated into this
data analysis.

Measurements were also made on soot aerosols havihgity diameters
(dy) of 100, 150 and 200 nm. Details on the expertaleapparatus used to generate
and classify the soot are described in Chaptekr2ethylene fueled laminar diffusion
flame was used to generate soot partitleSoot was then transported to a DMA for
size characterization and classification. Priop&ssing through the DMA, the soot
particles passed through an aerosol neutralizetazong “*Po in order to place a
Boltzman distribution of net +1 charges on the ipms’/* A DMA separates
particles by balancing the drag force and the etadtforce on the particles as
described in Chapter 2. The voltage on the DMA ggisto correspond to constant
100, 150 or 200 nm mobility sized particles. Afggassing through the DMA,
particles were analyzed with the PASm using a 4@5nmultimode diode laser and

then sent to a CPC to measure particle concemrafldfie DMA was calibrated with
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NIST SRM® 1964 (60 nm polystyrene latex spheres) which hasative combined

standard uncertainty in mobility diameter of + 0.5%

4.4 Results

This study aims to evaluate the performance of ¢bhstom built, first
principles NIST PASm for measurements of greenh@ases and atmospherically
relevant aerosol. Performance criteria consisingfrument accuracy, precision,
response time, and detection limit. Success @ @ilsned to the ability to predict the
resonator response over a range of sample compusitiemperature, and pressure
conditions**

The ultimate level to which optical absorption daeénts can be measured is
shown by the Allan deviations in Fig. 43.Gas measurements were conducted by
measuring the absorption signal at line centethef P(9) transition at 13,091.710
cm? in the Q A-band with ~ 3 mW peak-to-peak power. Aerosol mesments
were made on a flowing stream of 100 nm = 1 nm highdiameter soot particles
with ~ 200 mW peak-to-peak power. Both datasetsevgmmerated by measuring
sample absorption for two hours at uniform intesvad 0.1 s. For a 60 s averaging
time, our detection limits, given by the product pbwer and absorption
coefficient aminWep, wWere measured to be 4xfow-cm® for the Q A-band and
2x10° W-em' ! for soot particles. The minimum in the Allan dsion, corresponding
to the optimal short-term averaging time, occurswben 50 s and 100 s for
measurements of the,@-band and between 100 s and 300 s for soot particlée
differences in the Allan deviation plots are makely caused by two factors: (1)

increased random noise generated by a fluctuagngsal source (see Fig. 4.3 inset)
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and (2) the relatively narrow JQabsorption lines compared to the spectrally broad
aerosol absorption signatures. For soot, therlaffect reduces sensitivity to laser
frequency drift and allows for longer averaging ésn These datasets suggest
impressive single-pass detection limits when combinwith lasers having
continuous-wave powers greater than 1 W.

A comparison of detection limits for a selectionlitdrature PAS instruments
is shown in Table 4.1.

Table 4.1. Some literature PAS detection limitscoimparable magnitude are
tabulated. The sensitivity of PAS instruments fmeasuring aerosol particles is
sample limited not instrument limited. Further, gasample performance metrics

should not be used for predicting aerosol sampl@ahilities and vice versa.
aauthors understate their capabilities; see Kostemhal® "Detection limit

calculation assumes a peak-to-peak power of 8 \hwifjuare-wave modulation

and is converted to aslvalue for comparison against the present work and
published values by Arnott et ar*

Gas Detection Limit Aerosol Detection Limit
PAS Reference Year
(W-cm™-Hz*? (W-cm™-Hz*?
a, /3
Pushkarsket al: (2003) 2 2%10 )
f 74
Miklos et al. (2006) 3.3x106 )
Kosterevet al’ (2005) 5.4x10 -
Present Study (2010 3.1x10 1.5x10°
Arnott et al’ (2006) i 2.0x10°
Lacket al”®® (2006) i 3.1x10°
Arnott et al? (1999) - 6.8x10

The sensitivity of this standard spectrometer caepdavorably with respect
to numerous other research groups utilizing PASmmfany different application’s>

40073, ™t is notable that PAS measurements targeted sophmse applications
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typically have lower detection limits than those dmaon aerosols, validating the
complexity and variability of aerosol systems. eBsence, what works for gases does
not necessarily work for aerosols and vice versdndependent operating
considerations are required when transitioning fribb@ gas phase to the aerosol
phase. A critical point, not obvious in the instent precision analysis, is that the
accuracy of this PASm is directly linked to thesfiprinciples model developed by
Gillis, Hodges and Havey with a relative combinettertainty of 196 Apart from
characterization of the laser power and the micoophno instrumental calibration is
required to characterize the PASm system response.

Measurement precision is influenced by a comhbomatf signal-to-noise
ratio, data acquisition rate, and data analysisth Wese considerations in mind, the
manner in which high-precision data is generatedeis/ different for gases and
particles. Additionally, the performance critegar-analyte system is only relevant
within the context of that analyte. Two gases &0d CQ) were used as calibrants.
Initially, measurements of humidified G@20-30% RH) at 298.9 K and 99.88 kPa
were conducted in order to show that high-precismmasurements can be made with
the NIST PASm on other systems than the previousgntioned @ calibrant.
Measurements were made at line center of two tiansj R22e at 6363.726 ¢hand
R20e at 6362.504 cm within the (381) (00°1) global combination band. The
signal-to-noise level, defined as the peak absampdivided by the standard deviation
of the spectrally detuned baseline, wad800:1. Absorption coefficients for two
transitions were measured over 1 hour. The speotrdeled with Voigt profiles

13
|

using the line parameters of Tahal™” and the data was temperature corrected to a
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reference temperature of 296 K to account for ¢émepierature dependence of the line
intensity. Results are shown in Fig. 4.4. For giwen observation, measurement
precision was approximately 0.13% while the relttombined standard uncertainty
in the absolute absorption coefficient was 1.1%.

Additional measurements were made on trace @@mbient laboratory air.
The goal of these experiments was to see if theuim&nt could potentially act as a
point-source greenhouse gas sensor. The 1% eelatimmbined uncertainty of our
calibrated and modeled resonator resptngetentially enables a PAS-based sensor
to compete directly with existing state-of-the-apectroscopic greenhouse gas
detectors. The local absorption coefficient foe ffeak of the (30) (00°1) R22e
transition at ambient conditions is approximatel§xd0’ cni’, assuming a nominal
CO, mole fraction of 385 pprit Using the measured gas detection limi&gf,Wep
= 4x10" W-em™ and diode laser peak-to-peak power of 2 mW a minindetectable
absorption coefficient of 5x10cm™* can be predicted. In regards to these limits, this
particular application pushes the limits of this SNl PASm. A series of
measurements were made at line center, 6363.504aauh detuned from resonance.
The measured COmole fraction was 466 ppm + 32 ppm for 3 sets Of 1
measurements with 60 s averaging windows taken aware week time period. To
validate these results this same transition usieguiency-stabilized cavity ring-down
spectroscopy to measure the mole fraction of €@ air was probed, again averaged
over a one week time period, to be 463 ppm = 15.p@tated uncertainties are
relative combined standard values for both measemésn The PAS and CRDS

measurements are consistent. Therefore, with higiser powers or reduced levels
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of microphone noise, one should be able to utilie standard PASm to produce an
affordable point-source GOgreenhouse gas sensor operating under atmospheric
conditions.

The radiative properties of soot are atmospheyicadlevant but cannot be
readily predicted from first principles. Likewideet required optical measurements on
soot are challenging. Both models and measurenmeuss account for the fact that
soot can vary in size, morphology, mixing statej ahemical composition, which all
depend on generation and flow conditions. Thegeds directly affect optical
properties and consequently measurements are edguver a wide range of
conditions. To address these measurement requitemestruments for quantifying
aerosol radiative properties need to have certribates: (1) rapid response time,
(2) sensitivity to distinguish changes in size,phaand chemical composition, (3)
durability, and (4) capability to operate under wement conditions (e.g. ambient).
Several experiments were performed to evaluate tlevNIST standard PASm
behaves in this context for measurements of absgdrerosols. A flowing sample of
100 nm £ 1 nm soot particles, as described prelyipusas directed into the PASm
and monitored for a period of 5 h. During this @¢inthe modulated power of a
multimode the 405 nm diode laser used for the akroseasurements, particle
concentration, and PAS microphone signal were nantisly logged in 60 s
integration windows. Four sets of data were ctdlédo generate multiple long-term
datasets. Figure 4.5 shows the results for twthefdatasets. Within a given 5 h
dataset the 9 measurement precision for the normalized PAS s$ignas

approximately 1.5%. Of the four datasets, the tdaglay reproducibility of the mean
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normalized PAS signal was on the order of 10%, Whitor aerosol based
experiments, is consistent with the 10% compon@gcedainty from the CPC used
(bottom right of Figure 4.5).

Finally, measurements were made on both 150 andnP®Gsoot particles
coated with dibutyl phthalate (DBP). Soot was sd#mbugh a heated coating
chamber containing a material saturated with thePDBetails of the coating
procedure can be found in Chapter 3. DBP hasvavhlpor pressure and does not
absorb at 405 nm making it a useful surrogate tomoapheric species such as
H2SOuaqy Which can coat atmospheric aerosol particlesve®@¢ groups have now
guantified increased absorption of soot partictemfthe presence of a non-absorbing
coating® ’® 7" In regards to these experiments, soot was coaiibdthe smallest
amount of DBP that the coating apparatus can ctlyrgmovide and measure the
change in the normalized PAS signal introduced oy ton-absorbing coating.
Figure (4.6) contains these results. The shont-fgmecision, as described previously,

is more than adequate for resolving enhanced atisofor coating shell thicknesses,

1 s ; 5
k#'mno P k.gr#l'mno (41)

less than 10 nm which is defined by Eq. 4.1 withfgaedS the mobility diameter of
the coated soot artt}, uncoatedS the mobility diameter of the uncoated soot. khieory
calculations for coated sphetesvere performed in order to determine the minimal
detectability of the coatings on the soot. Caldatet assumedy = 1.55 + 0.8i and
m, = 1.5 + Qi for the soot core and DBP coating, eetipely, wheram is the complex
refractive index of the material. The change imtiple absorption cross section,

Ds(t;) of a coated particle relative to that of an utedal00 nm soot particle was
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calculated for shell thickness valugg, ranging from 1 nm to 50 nm. In order to
determine the minimum detectable change in abswrptross section, thBs(t.) =
amn/N was calculated, wheié is the soot particle number density. Figure 4 0wsh

a series of results (expressed as minimum coahiortess) assumingminWep =
2x10° W-em™ for N = 1@, 10, and 16 particles crif. Assuming that the effective
thickness of a monolayer of DPB is between 0.1 nthlanm, the PASm can resolve
sub-monolayer coverage on a sample ofgdlticles/cr for modulated laser powers
higher than 0.01 W to 0.1 W. In other words, ftsdr powers approaching 10 W this
analysis suggests the ability to resolve absorpionancement for a 500 nm thick
coating on a single particle in the spectrometaterestingly, these power levels are
achievable given what oth&fs ® have demonstrated utilizing multi-pass PAS
configurations. Utilizing these approaches in tandmay open up new ways of
probing particle interfaces to better understarabl@ms relating to atmospheric and

climate chemistry.

4.5 Conclusions

A newly developed NIST standard PASm has been ctaized within the
context of some important atmospheric componefis measurements of GQthe
ability to perform precise and accurate spectrogcopasurements by comparison
with known CQ line parametefd has been demonstrated. A proof-of-concept
experiment was conducted which confirmed the pakot PAS to act as a point-
source greenhouse gas sensor. Light absorbingnssotmeasured in the laboratory

with PAS yielding ¥ precision of < 1% and 1.5% for short- (1 h) aodg-term (5
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h) averaging, respectively. Detection limits for&68@veraging times were measured to
be 4x10" W/cm for a gas and 2xP0W/cm for an aerosol, the latter quantity being
limited primarily by generation, classification, caimeasurement of the aerosol
number density. This sensitivity was exploited foeasurements of coated soot.
Absorption based enhancements from < 10 nm thickabsorbing coatings on 150

nm and 200 nm soot particles were measured. Mieryhcalculations suggest a
minimum detectable coating thickness at the angsti@vel for 100 nm patrticles,

aerosol concentrations of order Harticles/cr, and modulated power levels of 0.01
W to 0.1 W. Results show that a standard spectermaith characteristics as

described in Chapter 2 is well suited for measuahgospherically relevant gases

and aerosols.
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4.6 Figures

Calibrated Electret Microphone

I Optical
Broadband Modulated [ Power
Diode Laser Meter

Intensity Modulation
via AOM
(1.6 kHz for ambient air) I

IPlatinum Resistance Thermometer

Photoacoustic Cell |

2-Channel Lock-In Amplifier

Capacitance Manometer

P
PC with Data Acquisition

Figure 4.1. A schematic of a simple PAS experimensing the NIST spectrometer is
shown
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i Sample: Pure CO

L 2(9)

. T=298.9 K, P =99.88 kPa

4L

Microphone Signal (uV)

_02 | 1 | 1 | 1 |
1100 1200 1300 1400

Deviation (uV)
o
o

Modulation Frequency (Hz)

Figure 4.2. An acoustic resonance fit for C@yielding fo = 1273.6 Hz andQ = 28.8 is

- Af
f2-(f, +ig,f/1)?

fit to the data as described in Gilliset al*

presented. The complex resonance function+iy = +B+C(f - f) was
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Figure 4.3. Power normalized Allan deviations (scare root of the Allan variance?) are
shown for absorption measurements at line center dhe "P(9) transition at 13,091.710
cm™ in the O, A-band at 300.0 K and 100.8 kPa (blue) and for 100nm+ 1 nm soot
particles at 100.3 kPa and 295.9 K (red). Measureznts of the Q A-band utilized a 765
nm single-mode external cavity diode laser with péato-peak modulated power of ~ 3
mW,; soot aerosol measurements utilized a 405 nm niirhode diode laser with ~ 200
mW of peak-to-peak power. Instrumental detectionimits for 60 s averaging times are
4x10*° W-em™ for gases and 2x18 W-cm' for aerosols.
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Figure 4.4. Differences between measured and moddlabsorption coefficients for
measurements of two C@transitions within the (30°1) (00°1) combination band are
presented. Modeled absorption coefficients utiliz&Voigt profiles with the line
parameters of Tothet al*®> PAS measurements were made on humidified GGt 298.9
K and 99.88 kPa with signal-to-noise ratios of ~1&801 for 2 mW of peak-to-peak
modulated laser power. Presented error bars corrgmnd to relative combined
standard uncertainties (outer bars) containing conibutions from random components
(inner bars) and systematic uncertainties in systeroonstant!* temperature, pressure,
and power.
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Figure 4.5. Measured PAS signals normalized for peer and counts are shown for
flowing samples of 100 nm = 1 nm soot particles. @oincidence correction to measured
particle concentrations was performed to account foparticle shielding effects in a

= (- Nratt)

Nt
condensation particle counter by iteratively solviig the equation—— until

N M
results converged to better than 0.5%" here Nt is the true particle concentration,Ny, is
the measured particle concentrationq is the volumetric flow rate, and t is the
measurement time for a condensation particle counte Our measured long-term (5 h)
1s measurement precision is 1.5% despite dynamic soparticle number densities
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Figure 4.6. Measured relative changes in absorptiocoefficient are presented for
measurements of 150 nm and 200 nm soot particlesated with < 10 nm thick shells of
dibutyl phthalate (DBP); this is the smallest amont we can currently apply. Presented

uncertainties correspond to® measureq i wheresa measured 1S the standard deviation of
n

the measured absorption coefficient ana is the number of observations.
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Figure 4.7. Minimum detectable average DBP coatitigckness on 100 nm soot
particles as a function of peak-to-peak laser povigshown. “Current Data” point
represents the typical operating conditions, ~6@)Qgarticles-cni and 0.2 W peak-

to-peak power, utilized in the present work. LoeMie theory calculations for

coated spheres were performed using the code ofrBotand Huffman®> We
assumed m= 1.55 + 0.8i and 1.5 + 0Oi for the complex index of refraction for
soot and DBP, respectively. Predicted absorptioha&ncements over a range of
shell thicknesses were calculated for samples of 10°, and 10 particlescm™ and
compared against our measured detection limit @f,Wpp = 2x10° Wem™ for a 60
S averaging time.
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Chapter 5: Direct Measurement of the AbsorptionsSt8ection
of Uncoated and Coated Soot by Photoacoustic Sysecpy

5.1 Introduction

Soot is the principal light absorbing atmospherieroaol’® Sometimes
referred to as black carbon, soot is composed &plgtic carbon, as well as other
organic compounds. Soot is not a uniquely defimatkerial chemically or in terms of
size distribution so that it is difficult to acctely assess its chemical and global
warming impact. While the exact impact of sootthe atmosphere is still under
investigation, it is well established that sootsaas a warming component to the
atmosphere®® The exact contribution that soot imparts to therail energy balance
to the atmosphere is as yet an unresolved quedtienlatest IPCC charts still show a
large uncertainty in the contribution soot and otight absorbing particles have on
the atmospheré? In fact, the contribution by particles that warhe tatmosphere is
masked by the contribution of other particles (Fd.). Most atmospheric aerosols
reflect (or scatter) incoming radiation, which resooling effect (negative radiative
forcing). The warming effect (positive radiativarding) is effectively unique to soot,
which has lead to its prominence as a greenhouspaoent. With a positive forcing
on the order of 0.5 Wi only carbon dioxide warms the atmosphere nftre.

It is understood that soot ages when releasedtiet@tmosphere® % This
process usually involves the oxidation of the et and eventual coating by

chemicals found in the atmosphere. One of the mmsimon coatings found on soot

is sulfuric acid®® which while weakly-absorbing in the visible, mayflience the

80



effective absorption efficiency of sodt: ? °The aging of the soot leads to several
possible mixing states, including core-shell statesternally mixed states and
internally mixed states. The core-shell state #pdears to be the most prevalent for
aged soof® and the experimental model used in this studjastbeen shown that the
coating of soot with sulfuric acid and subsequemgrbscopic growth due to
interactions in the atmosphere lead to definitea@okment of the optical properties
of the particles. Inclusive of this enhancementas been shown that the absorption
can nearly double due to the coating proc&ss.

Soot, with its fractal structutéas seen in Fig. 5.2, is good at agglomerating
other substances onto its surfateThis is the end result observed as emissions from
incomplete fossil fuel combustion and biomass gni Typically, soot is an
arrangement of smaller sub-units linked into adaigarticle.

The majority of the soot particle is elemental caxbappearing in a graphitic
form, which allows for gaps and exposed unpairexttedns that can attract other
compounds; such as oxygen, nitrogen, and hydrogEmese imperfections in the
structure allow for other substances to agglomeatkultimately to form an organic
layer around the particle. This agglomeration &smthe normally insoluble particle
to dissolve in watef® Within this morphology, the carbon portion of seah exist in
several basic forms. The different forms have bewdeled to show different
atmospheric impacts. The three proposed modelatwfospheric aerosols by
Jacobson are seen in the Fig. 5.3. One specieglismxed with the surrounding
compounds (which is referred to as internally mjxeshother is co-existing, but not

well mixed with the surrounding environment (whishknown as externally mixed)
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and the third as a core for a particle with a \@yianixed shelf” The latter mixing
state gives the absorptive properties of soot tpaiticular radiative effects which
will be investigated in this experiment. The efteof these different forms were
modeled and it was found that the radiative foraéfigcts lie between +0.27 Wm
and +0.54 Wri. &

Several other groups have done similar work reggrdine amplification of
absorbing cores with non-absorbing coatings. ThHenlings are summarized in
Table 5.1.

Table 5.1: Summary of other authors’ findings regading absorption amplification
of absorbing cores with non-absorbing coatings.

Autho Core Material Coat|_ng Method of A_ttalnlng Ampllflc
r Material Absorption ation
Schnait| 200- | BC internally mixed Long path extinction i
e’ | 1000 (diesel soot) SOA cell/Nephelometer 1.8-2.1
Slowik | 870/6 Premixed ethylene Oleic acid/
% 70 flame Anthracene PASIMAAP 1.65

GazngF 535)%/6 Spark discharge soo Carnauba wax MPASS/Nephetomet 1.8

Diffusion flame

Zhang 532 H,SO, and HO CRDS/Nephelometer 2
propane

Khaliz 532 Diffusion flame H,SO, and HO CRDS/Nephelometer 1.4
oV acetylene

Lack 532 BPSL Oleic acid PAS/CRDS 1.4
Xue 532 Propane diffusion charb_oxyllc CRDS/Nephelometer <12

flame acid

Shirai 532 Graphite Oleic acid and PAS 5

wa Glycerol

These findings span a large range of amplificatioos less than 1.2 times to more
than twice the uncoated absorption. The methodslvad are primarily indirect in
that they involve both an extinction and scattemmgthod requiring the difference of

those two methods in order to determine the absorpt
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The work presented within this chapter demonstratfest the direct
measurement of the absorption cross-section of liatbhated and coated soot with a

PASmM was accomplished and fits within the findisgewn in Table 5.1.

5.2 Experimental

5.2.1 Experimental Outline

This experiment was two-fold in execution. Inityal evidence of
amplification of theC,,s for soot by a non-absorbing coating was needemtder to
justify a further refined experiment. To do thssot of several mobility diameters
(200, 150 and 200 nm) were generated with a ddfufiame burner and size selected
with a differential mobility analyzer (DMA). Theselected soot particles were then
sent to a photo-acoustic spectrometer (PASm) fatyars. Once this measurement
was complete, the same mobility size soot was géeer size selected and then
coated with a non-absorbing coating. These copé#eticles were again sent to the
PASmM for analysis, and the results were comparede@incoated soot. These soots
were coated under the same conditions, and the watiable was the coating
thickness, dictated by the coating apparatus temype. The results showed
amplification in theC4,s The second portion of this experiment was donkirtiher
refine the single DMA (SDMA) data by in additions@e selecting the core with the
first DMA; a second DMA was used to select the edaparticle size. A tandem
DMA (TDMA) mode was set up in order filter both thacoated and coated patrticle
populations in order to realize a refin€gs for all the uncoated and coated particle

sets. Surprisingly, the accuracy of the simpl&\V& measurements was found to be

83



higher than those of the TDMA measurements. Thaildeof these experiments and

their results are presented below.

5.2.2 Soot Generation

The experiment is comprised of a soot generatiassification system, a
soot-coating chamber, and a photo-acoustic speetonas seen in Fig. 5.4. The
soot is generated in a Santoro style diffusion edfrand sampled via a sampling
probe method described by Kim et®lParticle free air is delivered at 5 LPM
orthogonally to the flame. An ejector pump dowratneof the sampling probe
creates a low-pressure region in the directionhef $oot flow. In turn, this low-
pressure region creates a pressure differenceedtatime tip, which draws the flame
into a 1 mm hole in the sampling probe at the flarabe interface. The soot is
carried to a 5 L accumulation chamber where thehfeoot is allowed to agglomerate
in order to increase the diameter at the peak @fibe distribution. From that point
the soot flows through an ejector pump to the diaasion system for a total flow
rate of 30 LPM after the ejector pump. Particles sampled from this flow to the

DMA for characterization and PASm for analysis.

5.2.3 Size Classification

Differential mobility analysis is used for sepangti particles based on
electrical mobility and for this purpose is used lag#th a characterization and
preparation toof>. The basic concept behind particle preparaticio isse DMA to
size select bare soot, while DM#As used in the TDMA experiment to further refine

the uncoated cores and to size select the coatdd®we soot particles initially pass
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through an aerosol neutralizétPo) and then are mobility selected with DM@ SI
Model 3081), to generate the core size of intefBsése size selected core particles
are a narrow band of particles isolated from tHeparticle distribution shown in the
inset of Fig. 5.5. These particles can be eithat 82 the PASm for analysis in the
SDMA experiment, or to DMAfor further refinement or to the coating system. To
further refine the particle population, the TDMAssym is used with a second particle
neutralizer in front of DMA. ® Normally, a single particle neutralizer is pladad
front of the inlet to the first DMA, which placesBoltzmann charge distribution on
the polydispersed particle population. Howeveeye¢hare a percentage of doubly and
even triply charged particles that are hidden witthie major peak of singly charged
particles that are initially size selected with DMAhese will have an impact on the
measured absorption since they have more maserdér to separate these multiply
charged patrticles a second aerosol neutralizesad to further distribute the charges
on the particles prior to DMA Figures 5.6 A, B and C show the resulting
multimodal distributions of uncoated soot afterumldaerosol neutralizer is used for
100, 150 and 200 nm mobility diameter particlesgeztively). In Fig. 5.6A, there
are four clearly visible particle peaks where epeak represents a particular mobility
size and above the peak, the original charge ompéntcle is shown, and what the
charge becomes after re-neutralization. For exanpé peak labeled 2 1 in Fig.
5.6A was a doubly charged particle that once rdrabred, becomes a singly
charged particle and consequently, after passirgutin DMAy, appears at a larger

mobility diameter.
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The size selected distribution is comprised ofgaificant number of 150 nm
and 200 nm doubly and triply charged particlesddi@on to the singly charged 100
nm particles. This deconvolution, however, can epeated indefinitely, because
some portion of the multiply charged patrticles waillvays exist in the monomobility
distribution. One of two methods can be employedbétter represent the size
distribution of particles that are analyzed by B#Sm. One approach is to correct the
PASmM signal to account for the size distributioAnother approach, and the one
employed in this analysis, is to correct the phatdiameter to account for the size
distribution actually seen by the PASm. For thi® tiameter of average masig,{sJ
was calculated for both the SDMA and the TDMA ddtam the fractional
component of singly and doubly charged particlascpee size because absorption is
mass dependent. Thigssis defined as the equivalent sphere diameter septative
of the average mass of particles in any particlgribution. How thednass IS
calculated is described below. These charge @nastwere obtained by using a
condensation particle counter (CPC) and an ele@t®mto count particles and
charges exiting the DMA. A relative calibration thie electrometer to the CPC was
carried out by generating 99.8% singly charged, nbtd sucrose aerosol using
electrospray. Particles with more than two changeege not included in the analysis
due to the generally minimal number of those pkatichowever, the impact on the
results for the smallest core size is treated enuhcertainty section. The difference
between the charge counts from the CPC and thgeltaunts from the electrometer
gives a direct determination of the number of dgutilarged particles. Table 5.2

presents the measured fractions for all core siged.
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Table 5.1: Fraction of singly and doubly charged ppizles for both the SDMA and

TDMA experiments.
O
Experimental Mode Charged Fraction
(nm)
100 150 200

SDMA Singly Charged 0.40 0.52 0.73

Doubly Charged 0.60 0.48 0.27
TDMA Singly Charged 0.96 0.94 1.0

Doubly Charged 0.040 0.06(0 0.0

5.2.4 Translating Mobility to Mass

Because optical measurements are mass basedtiansgp between mass
and mobility is needed. This is straightforwardhé particles are spheres but more
complicated for aggregates.

In order to translate mobility diameters to massl dhen dy,ss Several

The translation iseHasn the work of Parkt al, 8°

calculations are required.
where the scaling exponent and the particle dengédse explored. The mobility
mass Massim) is a product of the aggregate volurivg){( calculated from the mobility
diameter @), scaling law exponenbD¢), a pre-factor constanC) and the density of
the particle (). Parket al.used 2.35 for the power law exponents and 7.35X48

the mass pre-factor based on their specific diesel. While this would provide a

reasonable estimate for the soot in this projeamedhod is available in order to
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calculate the power law exponent and the pre-fattaris derived directly from the
photoacoustic signal and the mobility diameterssuesd in this experiment.

The TEM micrographs indicate that the soot is itatly agglomerated and
that the primary particles, which are nearly sptadri are nominally 20 nm in
diameter. An estimate of the volume of these agglates in terms af;, is required
for the analysis of their optical absorption. Ire tParket al. study® of diesel soot
that incorporated both mass and differential mtbianalyzers, showed that the
particle mass and mobility diameter, can be correlated using a power scaling law.
Similarly, we use the following relation betweere taggregate voluma/,, (which

can be converted to tiMassm with the particle density,;) and mobility diameter:

e344 5, on

% —( (5.1)

SB
wheren is the power-law exponerdse is the sphere-equivalent diameter, &g the
volume corresponding tdy, = dp = 1 nm. Assuming the DMA system selects a
bimodal distribution of singly charged and doublyamyed aggregates of mobility

diametersdn, ; anddy, 2, respectively, gives

&
4 W X g% 16X g5%Y( >y (5.2)

in which the relative abundance of singly chargedigles is specified bfs. The
preceding expression provides a simple relationbbtgreen the observeti, and the
dse Of the soot provided that the paramet€sand /# are known. Equation 5.3
describes the relationship between the calculdMeds, and the mass equivalent

diameter dmass
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Below, it is shown how these two quantities candstermined by fitting this
expression to measurements of soot mobility diameetd particle absorption cross-
section.

For soot agglomerates comprised of primary padisidose characteristic
dimensions are small compared to the wavelengtiglat, the total absorption by the
particle cluster can be estimated by summing okerdset of monomer absorption
cross sections. In this approximation known as Ragleigh-Debye-Gans (RDG)
model, interactions between soot primary partieles not considered and their light
absorption is treated as being independent of agglate morphology. By
comparison with more general calculations of ahsgrland scattering from soot
clusters, Fariast al.*® showed that the accuracy of the RDG approximadigmends
on the primary particle size parameter, } E, complex refractive indexm =
m:+ i m and number of primary particles in the agglomenateered,, is the primary
particle diameter and is the optical wavelength. Under the assumptiaX,, <<1

(Rayleigh limit) the absorption cross section aiphierical monomer is given by

e L
Tow  omF %2 (5.4)
where 8 B . Summing over all primary particles gives the aaption cross-
section of the agglomerate to hg, G Tz, . After dividing Eq. 5.4 by the

primary particle volume, it follows that the abstop cross-section per-unit-volume

of agglomerate depends only mrand/ and is given by

f. < p&
=2 . F %W (5.5)
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Note that the particle absorption coefficient issoalgiven in terms of the
experimentally PAS-measured absorption coefficidetjoted bya , divided by the

measured particle number densityso that

T

T34 5.6)

From Egs. (5.1-5.6) we obtain,

TR x % 16X 5% > (5.7)

<W

Where theC and / coefficients were determined as well as a setspfoot core
values by fitting the absorption model embodiedhia right-hand-side of Eq. 5.7 to
the measured values afn, dni, dme andf; obtained for uncoated soot. These data
correspond to a total of six measurements: thragetlie SDMA and TDMA
experiments, respectivelyC, /# were the only floated parameters used in thengjtti
procedure. In order to evaluate the foregoing esgions, a value oh consistent

l. °* were assumed. The

with previous ethylene soot measurements by ghwa
assumed value of absorption coefficient was coeretdl =405 nm to yield a mass-
specific value of 10.88 fig*, which corresponds t6;_4} 3 = 0.0196 nrit assuming
a soot density of 1.8 g ¢t Given thamis complex, there is a family of values of
paired real and imaginary components that whentsutesl into Eq. 5.5 yield this
wavelength-corrected value ®£_,} ;. Of thesem values, the fit shown in Fig. 5.7
was based om = 1.51 + 0.9i, which yieldedC = 2.528 nm and # = 2.285.

Importantly, the fitted exponerft is completely insensitive to the choicerofas is

the flatness of the fitted;_,} ;. These data strongly support the RDG assumption
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that leads to being independent of effective partiwlume. However, changing
alters the fit-derived/; andds. for the various data points as well as the magdaeitof
the fitted T;_,} 5 value. Setting the recommended valuenfidhe value 1.55 + 0.8i,
gives a result about 10% low of the value corredpun to the mass-specific

absorption coefficients reported by Zlew al. **

Figure (5.7) also illustrates the
expectedl;_,} 3 based on a Mie theory calculation of the absonptimss-section
based upon the treating the agglomerate as a sphparticle. These data show that
this approximation tends to overestimate the vabfieT;_,} ; for particles of
effective diameter greater than about 40 nm.

Table 5.2 shows the results fipf.ssfor both experiments based on a density
of 1.8 g/cmi % %3and theV, calculated previously. It should be noted the TDie&a
show smaller averagénass for all core sizes. This demonstrates that theorse
aerosol neutralizer reduces the fraction of doutiigrged particles processed by
DMA,. These values will be used below in comparing Mieory predictions with
our results.

Table 5.2: Combined average mass diameter for tingly and doubly charged

particles for both SDMA and TDMA experiment.

Mobility Diameter SDMA d/ass TDMA dass
(nm) (nm) (nm)
98.2 70.2 56.9
151.2 94.2 79.8
201.7 107.7 96.3
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While there are ultimately still some multiply chgad particles passing
through DMAy, the amount is drastically reduced, therefore, piheticle peak of
interest is a more monomobility population than whesing only a single aerosol
charger. With this system, any changes made tosibe selected soot can be
observed by a change in the PASm signal in the SOa¥periment or by scanning
the soot with DMA in the TDMA experiment. Particle counts are madé va

condensation particle counter (CPC) TSI model 3025A

5.2.5 Coating System

The coating apparatus is located after DMAr both experimental modes.
The coater consists of a one meter long, 2.54 @melier stainless steel tube with a
0.32 cm thick polyester felt fabric inner wall lingaturated with the coating material.
Due to the caustic nature o£$0,, dibutyl phthalate (DBP) was used as the coating
material. The DBP is non-absorbing at the wavdlerg interest and has a low
volatility, making it a good surrogate for the$0, as well as other partially oxidized
particle coatings in the atmosphere. The staindssl tube is wrapped in heating
tape, which is then wrapped in insulation to redueeperature fluctuations.
Temperature stability of the coating system wad. % K. The heating is controlled
via proportional-integral-derivative controllersychthe temperature was measured at
the wall of the tube as well as inside the tubehim particle flow. A bypass tube
parallel to the coating tube allows the passageoot along the same path as the
coated soot without encountering any coating malterWith an approximate 1.5
LPM of soot flow through the coating tube, the Ifesidence time allows the exiting

gas to have a vapor pressure of at least 90% dSatwration vapor pressure of DBP
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at the set temperature. The length of tubing reguio ensure adequate coating was
based on diffusion plug flow calculations from Gavs®* and Hinds*® Immediately
following the heated coating section, a chilled @3section of the same tube
promotes heterogeneous condensation of the coatiagerial onto the soot
agglomerates. From this point, the coated pasticlee sent to the PASm for the
SDMA experiment or sent to DMAfor scanning and characterization in the TDMA
experiment.

The coating apparatus also acts as a charge saphetause the temporal
behavior of the coating process follows a hetereges growth law® This
phenomenon is exploited for the TDMA experiment.s the particles grow, the
influence of the original core size becomes lessn@unced, and the singly and
doubly charged coated particles essentially growatd the same size. This
approximation is most valid for larger core padg;land larger coating thicknesses.
The multiply charged, larger core coated partiebes the DMA at a smaller mobility
diameter than the singly charged coated core pestithus effectively isolating the
singly charged coated core soot particles of ister€igure 5.5 shows the size
distribution measured by DMAfor uncoated 100 nm soot cores (the solid line) as
well as coated patrticle distributions obtained iffecent coating conditions (dashed
lines). The apparent bimodal distributions of tluated particles are an artifact of
multiple charging rather than two distinct size m®din order to provide credibility
to the assumption that the bimodal distributiordige to multiply charged, single
diameter particles, an adjusted mobility diameterthe larger peak was calculated

assuming a doubly charged particle and the reshtiw that the doubly charged peak
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appears where the experimentally smaller peak appe@hile there is still some
overlap in the coated particle distributions, eggbcfor the smaller coatings, an
estimation of the contribution by larger core paes can be made to properly assess
the absorption properties of the particles of esér This allows for a clean photo-
acoustic measurement of the coated particles efrest. At this point, once the
particles of interest are selected with the sedokth, the particles flow through the

PAS system and then to the CPC for counting.

5.2.6 Photoacoustic Spectrometer
The PASm system used in this experiment is destribeChapter 3. The
details on how the system operates and how the atatanterpreted can be found

there as well.

5.3 Results

5.3.1Uncoated Soot

Differential mobility sized soot cores of 100, 180d 200 nm were analyzed
in the experiment. All core sizes were coated vdiffierent thicknesses of DBP
ranging in size from 20 nm to over 150 nm. The iogathickness is defined as the
difference between the coated particle mobilityntééer and the initial uncoated
averageadmassSoot particle.

The uncoated soot mass absorption cross-sectiwA/gn(MACs) for 100, 150
and 200 nm particles was computed. The MACs ixthss-sectional area per gram
of soot that absorbs light and is the absorpti@s<isection per particle divided by

the mass of the particle. This quantity is caledafrom the measured absorption
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cross-section and thdass, given by Eq. 5.1. The average MACs for both the
SDMA and TDMA experiments of 10.8%g found in this experiment are within the
bounds of previously reported MACs of 1.5 to 25.4/gmfor the products of
incomplete combustidfand on par with the MACs reported specifically saveral
diffusion flame soot of 10.1 + 0.5%g adjusted for wavelength,13.3 nf/g adjusted
for wavelengtt?’and 11.4 fig adjusted for wavelengffias reflected in Fig. 5.8.

In Fig. 5.8 both the SDMA and TDMA MACs are plottéat the three core average
Omasss. Both the SDMA and the TDMA values essentidiyon the same horizontal
line. This implies that the mobility to mass corsien is consistent for the two sets of
data. Any significant deviation would imply thdtet conversion of the mobility of
the aggregate to mass was problematic. Also plagtélde Mie theory calculation for
the dmasswith an index of refraction of 1.51 + 0.9i. Thadwode used was based on
Bohren and Huffmaf® Shown in Fig. 5.8 are two ranges of reported MAf@sn

Bond and Bergstrofiand Choiet al®

The Mie cross-section is significantly higher
and may reflect an uncertainty in either the raivacindex, limitations of Mie theory
to accommodate agglomerates and/or errors in tHalilgdo mass conversion. The
decrease in the Mie theory cross-section as aiumdif size reflects the effects of
optical thickness in a sphere. This effect is resrnsfor our aggregates since to first
order the total absorption in the experiment isshm of individual absorption of the
primary particles comprising the aggregate, whick adividually in the thin

absorption limit. To better determine the MACS, iadependent measurement of

particle mass would be required. However the psgpaf this work is to evaluate the
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amplification effect and not a definitive deterntioa of absorption cross-section for

Soot.

5.3.2 Coated Soot

Initially, a SDMA experiment was performed where@e size of soot was
first size selected and then sent on to the PASrarfalysis. Subsequently, the same
particle population was sent from DMAnto the coating apparatus and then the
PASmM for analysis. This experiment was run at ivdifferent temperatures
producing several coating thicknesses. Again, bi§. shows an example of the
coating thicknesses applied to the uncoated 108ooh Fig. 5.9 shows the absolute
values for theCypsfor both the SDMA and TDMA modes as a function efative

coating thickness defined as:

1 g 1=%03 "
:t" 1i:%u35 : k"z@ : @@5 (5'8)

It is clear that for all three SDMA core sizes (A} and 108 nm), there is a
monotonic increase in absorption cross-section wittreasing coating thickness
indicating that amplification is taking place. A&lbated particles exhibit amplification
ranging from a few percent to nearly 90% as shawhig. 5.9. The key figure and
major impact of this experiment is the low uncertghigh accuracy of the
amplification for the SDMA measurements. The utaety in the amplification is
within the size of the plotted symbols. The slightiability in the amplification is
thought to be from a slight change in the sootigdag from day-to-day generation.
There could also be a slight change in the widtthefdroplet distribution for a fixed

peak size of the droplets.
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The TDMA system employed a second aerosol neugralizZlThe results are
gualitatively consistent with the SDMA results ardplification of theC,nsis seen in
all the cases with values ranging from several grgréo nearly 70% amplification.
Surprisingly and as indicated by the larger errarspthe measurement repeatability
is not as good for the TDMA measurements. In lale¢ SDMA core sizes, the
absorption amplification increases with the reducedting thickness, while for the
TDMA decreases and then increases with increasiagng thickness.  The cause
of this apparently anomalous result is likely a bamation of the effects described
below. The accuracy of the absorption measuregnentoetter for the SDMA
because of the approximate order of magnitude highrecentration. Secondly, there
is a difference in the charge fraction for the wated and coated particles. This will
have the largest effect for small coating thickess3 he third reason relates to the
measurement of the absorption cross-section dfribeated particle. For the SDMA,
this measurement is made within minutes of the oreasent for the coated particle.
For the TDMA, there is a longer delay because tB&A must be reconfigured for
the coating measurement. In fact, typically theuedor the uncoated soot for the
TDMA is the average of measurements made on seglayal. This leads to a larger
uncertainty in the amplification because of the 12%ndard deviation in the
repeatability measurements of the absorption csestien with the TDMA method.

Figure 5.10 demonstrates consistency between tremtymeasurements for
SDMA. The Mie codé? used requires a core size input (thes) and a total coated
particle diameterd;) as well as an index of refraction for both theecand the

coating (1.51 + 0.9i and 1.495, respectively). Boéd and dashed lines in Figure
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5.10 are the theoretical amplifications at seveessonably possible indices of
refraction ranging from 2.0 + 1.0i to 1.3 + 0°3ivith the assumed index of refraction
of 1.51 + 0.9i for this specific soot. All the &a modeled in Fig. 5.10 increase upon
the onset of amplification; therefore, amplificatioccurs in all cases, regardless of
the index of refraction modeled or the coating kh&ss. Again this result is

consistent with the SDMA and TDMA measurements.

5.3.3 TEM Characterization

Coated and uncoated soot were collected on TEMs gmth a nano-aerosol
sampler (TSI Model 3089) to observe the effect otmg on the soot particles.
Figure 5.11 is a set of TEM images of uncoated éuguadrants) and coated 150 nm
(lower quadrants) mobility selected soot particlésie TEM images were taken with
a cold stage mode on a JEOL Jem 2100 Microscopéde tEmperature was
maintained at -167 °C for both the uncoated andecbparticles. Figure 5.11 clearly
shows soot aggregates. Figure 5.11 shows 150 nmlitpngelected soot, which was
coated with DBP to a total particle size of 320 nfhe aggregates in Fig. 5.11
(lower quadrants) are collapsed and show a morergeih morphology than the
uncoated particles in the upper quadrants. Whieial evidence of the coating
material is not obvious, the aggregate collapse tardfact that the particles were
collected while DMA2 was set to only allow 320 niaricles is clear indication that

the particles were indeed coated.
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5.3.4 Uncertainty

Several sources of uncertainty exist in any expemimand they will be
delineated in this section. Traditionally, it issamed that a more refined,
sophisticated experiment reveals better resultswill be shown, that in the case of
this study, the simpler, less sophisticated SDMAegiment produced more reliable
and repeatable results than the more complex TDMpeement. Exactly the
reasons for this apparent paradox are not knowh,cbrainly a much smaller
working sample for the TDMA experiment would be @gital reason. The
compliment to this deficit in particle counts i®thensitivity of the PASm. As further

|”" reveals uncertainties

proof, the more sophisticated approach taken brafsfaet a
in the 25% range while the uncertainties in the FOMesented within are in the few
percent range. As with any measurement, more saraphilability and more
sensitive equipment will almost always improve gimen results. This study shows
that sometimes less is more.

The first source of uncertainty derives from a fameéntal issue in this
experiment; a mobility measuremeddes notequal a mass measurement. Because
absorption is directly related to mass, it is inpee to convert the DMA measured
mobility diameters to a mass based measurementetssled earlier, the power law
exponent and the volume pre-factor were derivedigrafly in order to determine a
mass based diameter and are in good agreementheithalues from Parkt al®®
Moreover, the mere assumption that the densityhefsoot generated is accurately

known is also only that, an assumption. Howeves,uncertainty is reduced through

the empirical derivation of the power law exponantl the volume pre-factor using
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the RDG theory. The aerosol measurements in thidystonsist of the absorption
cross-section, the mobility diameter, the numbenceatration, and the electrical
current of the aerosol. Estimates of the uncestam each of these quantities are
given below. There is a 1.0% uncertainty in theasption coefficient (@) arising
from the difference between the calculated and oredscell constant for the,(\-
band calibration measuremefit. The random component of the uncertainty i@
0.7% for an absorption coefficient of 2.7 xb@n*.

The DMAs used in both studies were calibrated udiigT SRM 1964 (60
nm Polystyrene Latex Spheres), which has an unogrtaf 0.5%. "% The observed
peak particle size for the 60 nm spheres in suspenaerosolized with an
electrospray was within 1.0% of the certified did@ne No correction was made for
this small deviation. An additional 2.0% uncertgiis included to account for day-
to-day variability in the sheath flow meter togetheth the varying atmospheric
pressure. The combined mobility diameter uncetyaitomnrdm) IS computed as the
root-sum-of-squares (RSS) of the three componeéstesdl above and has a value of
2.3%.

The reported uncertainty for the CPC is 10% upnibiacluding 18 particles
per cni. For the TSI 3068A electrometer, the uncertaimythe current is not
specified by the manufacture. The electrometersadibrated relative to the CPC by
generating singly charged, 15 nm sucrose partisleglectrospraying a 0.16% by
volume sucrose solution. The sucrose passedghrawneutralizer and DMA before
being directed to the CPC and electrometer. Becaftishe small particle size, the

doubly charged fraction was negligible with an restied fraction 600 times smaller
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than for the singly charged particles. Comparisnaasurements for the two
instruments were made at concentrations of appraveity 7x10, 2.5x1d, and 8x16
particles per cth In each case the CPC measurement was coincidempected.
After converting the electrometer reading to aiplrtconcentration, the average ratio
of the electrometer number concentration readinthéeoCPC number concentration
was 1.07+ 3% uncertainty.
The quantities of greatest interest in regard tghtliabsorption are the

absorption amplification, the absorption crossise¢tand the averagémn.ss The
uncertainties in these quantities were determineg@rbpagating the uncertainties in

the measured quantities described above. Cihgcm/particle) is expressed as:

sy 2 (5.9)

Pcsc

where Kaps is the absorption coefficient (¢t and theNgpc (particles/cm) is the
number concentration from the CPC. TKgs and Ncpc are obtained every second
and then the ratio of the one minute averagesngpated to determine th@yps It
was found from multiple experiments extending feveral hours that thi,. and
Kapsmay drift by as much as 20%; however, the variaitioiine C,,sis much less with
a nominal standard deviation of 3%. Measurementlve separate days over a one-
month time span for the 100 nm mobility size hadrger variability with a day to
day standard deviation of 9 %. The cause of #ngdr variation is not known. One
possibility is a slight variation in the size dibtition/morphology in the soot being
produced. The estimated random component of thleertainty in theCgy,s was

computed as the RSS of the within-day standardatiemi and the day-to-day
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standard deviation and has a value of 6% and id aseur measure of the random
component of the uncertainty in the absorption siesction. This value is used for
the error bars in Fig. 5.9 fo€Cys for both the coated and uncoated spheres.
Additionally, the uncertainty component of the CBQ.0%. Computing the RSS of
the random component and the number concentratioartainty reveals a combined
uncertainty in th&€,psequal to 11.7%.

The absorption amplification is the ratio of ti,s for the coated versus

uncoated patrticle:

L""@lz%u3 5
*(CE.ZQQ/Q * .‘/X/’*./. P1=%03 5 » L"@l“ =%.3 5 (510)

P1“=%3 5
The SDMA experiment was designed to switch from sodag the coated to
uncoated patrticles in a few seconds by switching valves. It was found that the
number concentration varied from 1% to 4% for tbated versus uncoated particles.
Therefore, the uncertainty in the absorption angaltfon is primarily due to the
uncertainty in the ratio of thK,ysvalues. For these measurements the absorption
coefficient is 2.7 10° cm* or greater corresponding to a random uncertaifity o
0.7%. The cell constant uncertainty does not dmuie to the total uncertainty
because the ratio of the absorption coefficients e@nputed. The total uncertainty
for the absorption amplification is computed as R&S of the random uncertainties
in the absorption coefficient of the coated andaated particles (both 0.7 %) and the
result is a value of 1% for any single measuremeéatiability from measurement to
measurement with respect to the expected treddeig due to sample differences in

each measurement, rather than uncertainty in tteesumement itself. The low level

102



of uncertainty shown is further proof of the qualdf the absorption amplification
measurement in this study.

Another source of uncertainty is in revealing thiacfion of singly and
multiply charged particles. An empirical approaess taken in order to deconvolve
the particle distributions into the singly and dyutharged particles. The procedure
is outlined earlier in the paper, but the impadi W detailed in this section. 1t is
well known that in DMA measurements patrticles dfedent sizes will appear as one
size if the charges are different on said particlé®r example, a 100 nm mobility
diameter particle that is singly charged has douthigrged, 150 nm and triply
charged, 200 nm particles appearing as the samalitnabameter. While the
percentage of these larger particles is small wa8pect to the total particle count,
their impact is felt when making an absorption nueasient. The mass of the larger
mobility particles can be 3 to 6 times (for the 5@ 200 nm particles respectively)
larger than that of the 100 nm particles. Theseemuassive particles can contribute
significantly to the absorption coefficient measluigy the PASm. If the particles
contributing to the absorption are assumed to behal same, the signal will be
grossly misinterpreted and over predicted. A fosler method for assessing the
percentage of larger particles in each core siggillution is detailed earlier, but the
important point to note is that experimentally, yotthe single and doubly charged
particles can be determined. The triply charged assumed to be somewhat
negligible but not nonexistent and rolled into thecertainty of the measurements.
The assignment of singly and doubly charged pasitb each core size ultimately

determines what average mass based diameter im@ddo be in the PASm during
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any absorption measurement. Adjusting the reptasea particle size appears to be
the simpler and reasonable approach rather thamstad the absorption
measurement to fit a predetermined mobility diame@nce again, the major impact
of this assumption is felt in the accuracy of th&®4 reported; however, there is
some impact in the amplification as well. While impact is more obvious in the
calculation of the MACs, in terms of the amplificat, the difference between the
coated particle and the core particle is affected.

The fractions of singly and doubly charged parfiokere needed for computing the
uncertainty in the mass of the soot agglomeratestlaam averagédnass The fraction
of singly and doubly charged particles given in [Eafh is computed using the

following expressions;

Gy —6G G (5.11)

G, G~ 6G X3)
whereN; andN, are the concentrations of singly and doubly chéngarticles and
C1=1.07 is the calibration factor measured with tHeCCas discussed above. The
effect of the uncertainty(C,), which is equal to 3%, on;Nand N are computed by

propagating the uncertainty @ with the resulting expression:

1PWP cscd

™

“1G5 ~ 1G5 "1 45 (5.13)

A 3% increase in Cis results in an increase of about 0.04 for tlaetfon of singly
charged particles and a decrease of about 0.0¢héifraction of doubly charged

particles for all three particle sizes.
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Another source of uncertainty is the possibility toply charged particles.
Because of the rapid decrease in the size disibwbove 200 nm, the 100 nm
mobility diameter particles are the most likely be impacted by triply charged
particles. To estimate their impact, we assume 106&o of the particles are triply
charged and adjust the fractions accordingly. Belbe effect of the triply charged
particles on the averaghk..sswas estimated.

The sources of uncertainty for thass, derived from Eq. 5.1, the patrticle
density and the charging fraction are describedv@bo These uncertainties are
propagated to the total uncertainty in the massr the two larger core sizes, the
mass uncertainty is about + 7%. For the nomin8ld@ particle size the uncertainty
is about +20% as a result of the large contributiom the presence of triply charged
particles. The triply charge fraction only affe¢ct®e plus uncertainty bound. The
minus bounds are the same as the other two pasimd#s. The uncertainty limits for
MACs in Fig. 5.8 is estimated as the RSS of 6%tierday-to-day standard deviation
for the cross-sectional measurement together Weh/€6 uncertainty in the mass and
is equal to 9.2%.

The dmassis computed from the average mass per particlegusg. 5.1. As
expected from the 1/3 exponent in Eq. 5.3, the iaicey in averag@lassgiven in
Table 5.2 is about 1/3 the uncertainty in the naagkranges from 6% for the smallest
particle size and 2% for the two largest.

In order to relate coating thickness to amplificatithe size of the patrticles is
required. As explained before, the core partide kas been converted to an average

mass diameter, but the coated particles are novectd into a mass based
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measurement. The impetus for not converting treetbparticles into mass based
diameter is that the coated particles are assumed spherical. A spherical particle
has the same diameter when measured by a DMA hsawjt other method. In other
words, the ultimate goal of the mass based corwerst the core particles is to
convert an aggregate into an equivalent mass sph@wece the core particle is
converted to a spherically equivalent diametercah then be compared to the
spherically assumed coated particles. The Hasishe assumption that coated
particles are spherical is the Friedlart@®rwork previously described in this paper.
This assumption has its major impact on the detation of the coating thickness
assumed in each measurement. The uncertaintgirettuced droplet sizB; (Dcoa)

is defined by Eqg. 5.8. The major source of undgetyas in the value of averaghass
of the core particle. It is found from propagatitg uncertainties in averagiass
and d,, for the droplet, that for absorption amplificatoorgreater than 0.5, the
uncertainty irD, (drop) is about 5%.

While the experimental uncertainty is shown inta# plots where applicable,
the total experimental uncertainty is not necebsaeflected in the error bars. The
total experimental uncertainty is described in €3 below. Included in this total
uncertainty are the uncertainties that could besiclmned systematic and not
necessarily reflected in the day-to-day repeatgbilAn example of this systematic
uncertainty would be an offset in the CPC. WhHes toffset would be constant,
therefore, not seen from day to day, it would udtiety affect the relationship

between the experimentally determined values tartleevalues.
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Table 5.3: Total experimental uncertainty percentgy

- Cabs Cabs Ormass MACs D, (coat)
Quantity Amplification | (cm?/particle) Massm (9) (nm) (m?lg) (nm)
Random +6.0 6.0

(+20.0-6.0% | (+6.0- (+22.0- | (-22.0-4.0
Total | +1.0 +1l7 +6 2.0f+2.0 | 9.2749.2 | -4.0

2 Effect of triple charges on smallest core parti@ size for SDMA. The 2 set of uncertainties are
for the larger two core sizes.

While most researchers tend to not detail the ssuot uncertainty in their
work, it was felt that due to the importance ofsthiork, detailing the points where
improvements can be made is critical. All of tesues presented in this section can
be dealt with experimentally. And future work ims area will explore reducing
these uncertainties. This experiment was desidaeassess the impact of a non-
absorbing coating on an absorbing core and thdiopoof the experiment is robust

and rigorous and the uncertainties have been naeinio + 1%.

5.4 Conclusions

In this study soot from a flame were generated imedli-controlled manner,
and size selected particles were coated with DB#der to study the effect of a non-
absorbing coating on an absorbing particle. Tha deveal that for soot, coating with
a non-absorbing material does lead to an overaltease in the effectiv€,ps
Absorption amplifications at 405 nm, ranging froewfpercent to nearly 90% were

observed with relative coating thicknesses of a pmrcent to over 300% for soot
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core sizes of 100, 150 and 200 nm mobility siz€ee range of the amplification of
the Cyps due to the non-absorbing coating correlates withtheoretically predicted
amplification as the core particle size increasaplying that as the larger aggregates
are coated, they behave more like spheres. Whale thre several other studies that

eth 3% 3 36 8L Tlihgse studies either use indirect

have tackled this probl
measurements of the absorption or use surrogatesdot and atmospherically
relevant coatings or still a different range oftjude coating thicknesses. With respect
to those studies, this study demonstrates sim#&el$ of observed absorption
amplifications with directly measured absorptioasd high levels of precision using
soot. By using a custom-designed, first principleSk together with sequential
measurements of coated and uncoated particlesraaecabsorption amplification
measurements were made with an uncertainty of Which for similar experiments
found in the literature are on the other of 25%. In the case of the Shiraivea al,
the larger uncertainty is a result of the uncetjaim the measurement of the
absorption cross-section of the coated and uncqeateitle.

The results are consistent with a core-shell Mieoti calculation of the
absorption enhancement with a uniformly increasemgpancement with increasing
relative coating thickness. For all three SDMAeparticle sizes (70 nm, 94 nm, and
108 nm), the maximum observed amplification was 071.8. For coating
thicknesses in the range of 1 nm to 20 nm, enhaectnin the range of 1.02 to 1.28
were observed

Under microscopic examination, we observe defipégicle restructuring due

to the coating material. As to whether restrucigiroccurs due to coating or its
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removal we were unable to ascertain. Finally, aQgAor each soot core size was
calculated. The MACs for the SDMA and TDMA expeeints is 10.8 + 0.4 ffy.
These results are slightly less than the calculttedretical MACs of 12.4 + 0.3g,
but they are well within the bounds of the MACsidLin various studies> ® The
results from this experiment further confirm thathan-absorbing coating on an

absorbing soot core does indeed effectively ina¢las absorption cross-section.
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5.5 Figures

RF Terms RF values (Wm™®) |Spatial scale| LOSU
1.66 [1.49 10 1.83] Global High
Long-lived
greenhouse gases 0.48 [0.43 1o 0.53]
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0,05 [-0.15 t0 0.05]| continental
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Figure 5.1: Comparison of climate forcing from IPCCfor several greenhouse

components. Note that absorbing aerosols are losithin the total aerosol and
the nearly 100 % uncertainty on the aerosol bar.
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200 nm

Figure 5.2: Transmission electron micrograph of a@ot agglomerate denoting
fractal structure of soot.
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Figure 5.3 Possible mixing states of absorbing aerosols ihé atmosphere a:
proposed by Jacobsoff.
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Figure 5.4: The SDAM and TDMA experimental set up a used in this study. Soot can
follow two different paths after size selection wh DMA ;. Soot can pass through a
second aerosol neutralizer for uncoated measurememnbr can pass through the coating
apparatus and then DMA, for PAS analysis. Both paths ultimately arrive ata CPC for
counting. The SDMA experimental set up is the sameith the exception of the second
neutralizer and second DMA.
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Figure 5.5: Particle distributions for 100 nm uncoaed soot (solid thick line) and
multiple representative coated soot distributionsdashed lines) during the SDMA mode.
Each set of dashed lines is a different coating ttkness for the same core size. Inset
shows the full flame distribution measured using &ingle DMA.
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Figure 5.6A: 100 nm size selected soot that was run through a MA system with two
neutralizers. The notation 2 1 indicates an initially doubly charged particle ) is now
a singly charged particle (1).
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Figure 5.6B 150 nm size selected soot that was run through a MA system with two
aerosol chargers in place.
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Figure 5.6C: 200 nm size selected soot that was rtimrough a TDMA system with two
aerosol chargers in place.
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Figure 5.7: Fit for Mie and RDG theory at 1.51 + i (and also 1.55 + 0.8i for
RDG) as well as the experimental SDMA and TDMA measements for the
absorption efficiency per aggregate volume with rggect to the sphere equivalent
diameters. The fit at 1.51 + 0.9i agrees with thexperimental data measured.
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Figure 5.8: MACs for the experimentally measured dta in contrast to the theoretical
MACs (orange line) versus the averagdmass Solid squares are SDMA and open squares
are TDMA experimental data. The values denoted witlihe single* refer to the values in
Bond and Bergstrom (2006) of 1.5 to 25.4 7ty and the value denoted with the double **

refer to the values in Choi et al. (1995) of 10.1 7y, Slowik et al. (2007) of 13.3 ffg,

Zhang et al. (2008) of 11.4 flg and are specifically those of diffusion flame st and

have been adjusted to match the wavelength usedtims experiment (405 nm).
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Figure 5.9: Cypswith respect to the coating thickness amplificatiorfor both the SDMA
(solid squares) and the TDMA (open squares).
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Figure 5.10: Modeled and experimental amplificationof C,psdue to a non-absorbing
coating with respect to the coating thickness amgication. The dashed lines are
extremes in the indices of refraction (2.0+1.0i and.3+0.3i) and the solid line is the
index of refraction assumed for this soot (1.51+0i)@ The solid squares are the SDMA
data and the open squares are the TDMA data.

121



Figure 5.11: TEM micrographs of 150 nm mobility siz uncoated soot (upper
guadrants) and 150 nm mobility size soot coated witapproximately 100 nm thick DBP
shell (lower quadrants).
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Chapter 6: Conclusions

6.1 Summary

The impetus for this work was a desire to contebtd the overall global
climate change problem and lend experimental resalone segment of the climate
change community. The issue of absorbing aerdsotse that has only recently
been brought to the attention of the research camtsnand much of the work started
with field studies. While field studies are crélcexperimental studies that control
the majority of variables help pinpoint the souofehe phenomena explored. This
research provides one of many answers to a larde@mnplex question.

The first major undertaking was to answer the ahiuestion asked, will a
non-absorbing coating on an absorbing particlecéffely increase the absorption
cross-section of said particle. The answer, yefiaasparent coating on a soot
particle can double the absorption. Not only daeson-absorbing coating on an
absorbing core effectively increase the absorptiass-section, but the results are on
par with other similar studies. Within the bounafsthe work, a doubling of the
absorption cross-section was found and the sootomggate was found to be
optically thin. The total mass of the soot conités to the absorption properties of
the particle. This is critical to the climate cgancommunity because Mie theory
predicts that the total massgll not contribute to the absorption. Models can now
incorporate a total mass absorption componentderaio properly assess the impact
soot has in the atmosphere. Not only was thisltresalized, but the uncertainty in

the measurement was extremely small, on the ofdE¥o
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Subsequently, the custom built, first principlesSPAwas put to the test as a
greenhouse gas sensor. The absorption crossseftie was measured and found
to be within 3% of the predicted line profile. Rb&coustic spectroscopy is a fast,
inexpensive and precise measurement tool. Thisshags/n with the C@and the
subsequently shown to be extremely sensitive whemas shown to be able to
measure sub-monolayer coating thickness on soosaler

In conclusion, the road has been long and hardtheupay off has been well

worth it. Veni, vidi vicifumus

6.2 Future Work

Several suggestions for future work will be presdrtierein. Most obvious is
the need for a mass measurement for the particlergeed. Absorption is a property
of mass, ergo, a mass measurement would seem ajgpeopThis would be possible
by employing a DMA-aerosol particle mass analyzgstem. While this was not
possible for the work presented, it would be atnetty simple implementation into
the existing system in the near future.

Further expansion of the photoacoustic spectrometgth multiple
wavelengths would expand the breadth of the meamnts. The measurements
presented herein were limited by single wavelengtbasurements (with the
exception of the C@which was performed with an appropriatéaser). A multiple
wavelength PASm would benefit the climate changaroanity as many commercial

instruments that are widely employed typically measat short, medium and longer
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visible wavelengths. Our system was tuned to pi@va unique window not

commonly explored in the climate change commuratysbot.
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Appendix

Included in this appendix is the raw soot data Whi@s used in both sets of soot

experiments (Chapters 4 and 5).

L

L

dr,Core Cars Case (il Cae Care Case Care
(nm) (cm?/particle) (cm?/particle) o) (cm?/particle) (cmP/particle) (cm?/particle) (cmP/particle)
oM 98.2 2.04768E-11 210087E-11 | 195263F- | 5106611 2.13933E-11 2.0174E-11 1.78727E-1
A X . - . - 11 . - . - . - . -
Data 4.04863E-
Core 151.2 5.00396E-11 5.86713E-11 ! 11 n/a 5.43344E-11 5.29406E-11 5.07113E-11
7.34698E-
201.7 8.97171E-11 1.06309E-10 11 7.18141E-11 1.00834E-10 9.73565E-11] 9.31937E-1
Caps Cas Caps Caps Caps
dp Core (nm) (cmZ/particle) (cmZ/particle) (cmP/particle) (cnP/particle) (cm/particle)
SDMA 98.2 3.70E-11 4.10791E-11 3.48965E-11 3.53275E-11 273 2E-11
Data
Care 151.2 8.32E-11 8.58602E-11 7.91707E-11 8.00369E-11 7.4818E-11
201.7 1.38E-10 1.31879E-10 1.36478E-10 1.36206E-10 1.26454E-10
TDMA 100 nm Core 100 nm Core 150 nm Core 150 nm Core 200 nm Core 200 nm Core
Coating Tem drpg Core + Coated Cross- drps Core + Coated Cross- drpg Core + Coated Cross-
(g P Coating Section Coating Section Coating Section
(nm) (cmP/particle) (nm) (cm?/particle) (nm) (cmP/particle)
TDMA
Experimental
Data
Coating RT 56.9 1.89255E-11 79.8 5.11972E-11 96.3 9.038UDE-
Measurements
Uses Gpg as core 32 157.5 1.76216E-11 163.4 4.8977E-11 167.3 9.78266
size
33 174.8 1.3152E-11 167.2 3.56836E-11 176.2 7.12631
34 251.9 1.95246E-11 229.3 6.0028E-11 2255 1.28288
35 262.1 2.78462E-11 229.3 6.93206E-11 255.9 185048
36 272.7 2.81582E-11 250.1 7.16107E-11 259.7 153818)
SDMA 100 nm Core 100 nm Core 150 nm Core 150 nm Core 200 nm Core 200 nm Core
Coating Tem drpg Core + Coated Cross- drps Core + Coated Cross- drpg Core + Coated Cross-
(Cg P Coating Section Coating Section Coating Section
(nm) (cmP/particle) (nm) (cm?/particle) (nm) (cmP/particle)
SDMA Results
Experimental
Data RT 70.2 3.61981E-11 94.2 8.06215E-11 107.7 1.33880E
Coating
Measurements 19 88.0 3.72267E-11 126.0 8.49316E-11 169.0 1.4P835
Uses Gpg as core
size
28 95.0 4.65004E-11 126.0 1.02558E-10 163.0 1.6B8362
30 177.9 4.68686E-11 196.5 1.0646E-10 231.1 1.88966
32 2275 5.85951E-11 2421 1.28359E-10 285.6 22680
33 251.1 5.62243E-11 267.4 1.29461E-10 315.7 2GR 5/
35 280.0 6.73947E-11 2925 1.48678E-10 362.8 27858
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The data table below is the raw data acquired tir&om the LabView data
acquisition program written in order to collect 8AS signal as well as the CPC
counts in order to calculate the particle absorptimss-section.

LIA X" LIA "x0" LIA "y" LIA "y0" P-P Power LIA"R" Phase Time Elapsed Counts Cal Alpha/par
(V) (V) (V) (W) (V) (Degrees) (s) Signal Con Alpha t
-5.9192E- 1.11655E- 1.17651E- 80103.7008 2.78503E- 3.47678E-
06 -1.422E-07 05 9.164E-07 0.211220138| 05 117.9295282 31 2 20 06 11
0.00000576 1.08787E- 0.00001143 78154.3464 2.70753E- 3.46434E-
4 -1.422E-07 05 9.164E-07 0.21124426 9 117.9164449 94.3125 3 20 06 11
-5.6924E- 1.07552E- 1.12963E- 76695.4213 2.67402E- 3.48655E-
06 -1.422E-07 05 9.164E-07 0.211222868| 05 117.8911131 157.625 5 20 06 11
-5.6951E- 1.07699E- 1.13104E- 77112.6142 2.67767E- 3.47242E-
06 -1.422E-07 05 9.164E-07 0.211198463| 05 117.8697628 220.890625 8 20 06 11
-5.6539E- 1.07034E- 1.12322E- 77245.8341 2.65868E- 3.44184E-
06 -1.422E-07 05 9.164E-07 0.211236399 05 117.8443978 284.171875 9 20 06 11
-5.5762E- 1.05509E- 1.10613E- 76173.1948 2.61817E- 3.43713E-
06 -1.422E-07 05 9.164E-07 0.211240723| 05 117.8567356 347.484375 5 20 06 11
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