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Abstract

In the last few decades, there is an increasing need to improve in situ
aerosol measurements. The improved measurements can provide a better
understanding of the role of atmospheric aerosol on the Earth climate
change. The improved measurement can also help to indicate the quality
of ambient air to prevent health problems caused by aerosol exposure.
Most in situ optically based aerosol photometer assume the refractive in-
dex of measured particles to give size-estimate. This type of instrument
can have a bias when measuring a particle whose refractive index is differ-
ent from the assumed value. SPARCLE was designed with two measure-
ment goals. First, SPARCLE measures both the size and refractive index
of a particle provided that the particle is a homogeneous sphere. Second,
SPARCLE is able to measure particles whose sizes range from 500 nm to
2,500 nm. This size range is within the range of the accumulation mode

of tropospheric size distribution.

The purpose of this work is to investigate the feasibility of SPARCLE.
A threshold level to detect particles was applied to differentiate between
background and scattering signals and it was found that applying the
threshold level can limit SPARCLE to detect particles smaller than 640 nm.
SPARCLE was calibrated using four monodisperse aerosols containing
Polystyrene latex (PSL) beads. The mean size of the aerosols are 1,100 nm,
1,800 nm, 2,000nm and 3,000nm. The refractive index of PSL is 1.59.
The results indicate that SPARCLE can measure the aerosols with the
deviation of the measured size and refractive index less than 2.2% and
1.05%, respectively, of the size and refractive index specified by the aerosol

manufacturers.

SPARCLE was used to measure a test aerosol. The test aerosol was
a mixture of water and liquid soap. The refractive index of the liquid
soap is 1.37. One of the main ingredient of the liquid soap is sodium

dodecyl sulphate whose the refractive index is 1.44. The refractive index



of the test aerosol measured by SPARCLE is 1.47. This value is close
to the refractive index of the sulphate suggesting that the test aerosol

was quickly dried and, then, a solid aerosol was formed which mainly

composed of the sulphate.
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Chapter 1

Introduction

This study is motivated by the increasing need to improve in situ aerosol measure-
ments in the last few decades [[IPCC, 2014; WHQO, 2013]. One example that drives
this need is the growing awareness of health problems caused by aerosol pollution.
Peters et al. showed that a few hours of exposure to particulate matters of sizes less
than 2.5 pm and concentrations higher than 25 pgm™ may elevate the risk of heart
attack [Peters et al), 2001]. Other studies confirm the link between particulate matter
exposure and cardiovascular morbidity and mortality [Brook et alj, 2010, 2004; [ARC,
2013]. Additionally, measurements of particle refractive index are needed to have a
better understanding of the Earth climate change by improving the estimation of the
radiative forcing caused by atmospheric aerosols in the Earth’s atmosphere [Valen-
zuela et al), 2018]. In the clear-sky conditions, atmospheric aerosols scatter and absorb
solar radiation [Boucher and Lohmann, 1995]. The magnitude of the solar radiation
being scattered or absorbed is still uncertain and contributes to the high uncertainty
in the Earth’s radiative forcing estimation [[PCC, 2014; Myhre et al), 2013]. Recent
studies show that the uncertainty can be attributed partly to the uncertainty of the
refractive indices of tropospheric particles. [Erlick et all, 011; Zarzana et al), 2014;
Valenzuela et alJ, 2018].

The purpose of this study is to investigate the feasibility of SPARCLE, an in situ
aerosol photometer capable of determining the particle size distribution and number
density of an aerosol population as well as the refractive index of the particles. This
capability makes SPARCLE a unique instrument, since most of in situ optically based
instruments assume the refractive index of measured particles to give size-estimates
[Szymanski et al), 2009].

SPARCLE has two measurement goals. The first goal is to provide size-resolved
measurements of particles whose sizes range from 500 nm to 2,500 nm. This size range

is within the range of the accumulation mode of tropospheric size distribution. The



second goal is to retrieve both the size and refractive index of measured particles
based on the pattern of light they scatter. The retrieval uses Mie scattering theory
[Mid, 1908] and deduces unambiguous results, assuming that the measured particles
are homogeneous spheres. SPARCLE is suitable for ambient measurement since large
proportions of the ambient particles with sizes between 500nm and 2,000 nm are
either liquid droplets or particles with morphologies that have a dominant liquid
phase [Sullivan and Prathen, 2005; Pinnick et alj, 2011; Prospero et al,, 1983].

The instrument used in this study is the second generation of SPARCLE [Peters
et all, 2009] which transformed the original design from a stratospheric instrument
[Thomas, 2003] into one suitable for use in troposphere studies. With the dimension
of 60 cmx 30 cm x20cm and weight of up to 15kg, SPARCLE is a field-deployable

instrument.

1.1 What is an aerosol

An aerosol is a suspension of solid or liquid particles in a gas. The size of the par-
ticles spans from a few nanometers to tens of microns. An aerosol can be generated
either naturally or from anthropogenic sources. Some examples of naturally gener-
ated aerosols are mineral dusts, volcanic emissions and sea spray. Some instances of
anthropogenic aerosols are the products of fuel combustion and dust from mining.
Aerosols can be subdivided based on two general criteria: their physical form and
method of generation [Hinds, 1999]. There is no rigorous scientific classification for
these two criteria. Some common classifications refer to the appearance or source of
particles such as smoke and fog, while others are based on arbitrary conventions such

as nanoparticles. Table El! lists a few common definitions of aerosols.



Table 1.1: Common aerosols found in the troposphere. These classifications are based
on either the physical form or the method of generation of the aerosol particles. These
classification are taken from [Colbeck and Lazaridig, 2014]. Note that the reference
use the term aerosol ambiguously to refer both an individual particle and a suspension
of particles.

Particle Definition

Bioaerosol | The aerosol of biological systems and products of organisms, such as
viruses, bacteria and pollen. The size range of viruses, bacteria and
pollen are roughly 5-50 nm, 500-50,000 nm and 10,000-100,000 nm,
respectively.

Dust A solid-particle aerosol produced from crushing or other physical ac-
tions resulting in the mechanical breakup of parent materials. The
size of dust ranges from few nanometer to more than 100,000 nm.
The shape of dust is usually irregular.

Fume A solid aerosol of condensed vapours or any gaseous products from
combustion. Typically, these particles are a complex chain of pri-
mary particles and less than 50 nm in size.

Haze An aerosol in the atmosphere that reduces visibility. The size range
is between 500-10,000 nm.

Mist and Fog | Spherical liquid aerosols produced from condensation or atom-
isation processes. The size of these particles range from sub-
micrometer to about 200,000 nm.

Smog A solid-liquid aerosol produced by the interaction between sunlight
and vapours in the atmosphere. The size of these particles are
generally less than 1,000 or 2,000nm. The term smog is derived
from the combination of the terms smoke and fog.

Smoke A solid or liquid aerosol generated either from condensation of su-
persaturated vapours or incomplete combustion. The size of these
particles are usually less than 1,000 nm.

Spray A droplet aerosol formed by the physical or electrostatic breakup
of a liquid. Particle size is larger than a few micrometers.

Nanoparticle | A particle in the size range of 1-100 nm.




1.2 Aerosol properties

Aerosol properties can be distinguished into two categories. The first is single particle
properties, such as particle size, shape, composition and refractive index. The second
is collective aerosol properties, such as particle size distribution, the scattering and
absorption coefficient of atmospheric aerosols. Single particle and collective aerosol
properties relevant to this study are particle shape, size, refractive index and size

distribution.

1.2.1 Shape and size

Aerosol particles vary in shape. Liquid particles are nearly always spherical while solid
particles have complex shapes and can be coated by other particles. Some examples
of the shapes of various solid particles are shown in Figure Ell The figure shows
the scanning electron microscope image of minerals, fly ash, organics and biogenic
particles. The shapes of the particles vary from irregular shape such as that of the
mineral particles to nearly spherical such as that of the organic particle. The figure
also indicates that almost all of the particles are coated by particles such as soot and
Ca(NO3), particles.

Figure 1.1: The scanning electron microscope images of particles collected from haze
episodes in Jinan city of North China. The composition of particles are shown in each
image. (a) A mineral particle composed of Si, Al and Ca and coated by Ca(NOs)s.
(b) A mixture of rod-shape CaSO, and mineral particles coated by Ca(NOjs)s. (c)
An aggregate of nearly spherical fly ash. (d) A biogenic particle and S-rich particles
indicated by red arrows. (e) A spherical organic partly covered by soot particles. (f)
An irregular mineral particle.



Particle size is defined in various ways. The definitions can be based on either a
particular aerosol property or the behaviour of interest in a specific system [McMurry,,

2000]. Some examples of the definitions are:

1. Geometric diameters.

A geometric diameter is the diameter of a spherical aerosol.

2. Aerodynamic diameters.
An aerodynamic diameter is the diameter that specifies the response of particles
to air flow. It is defined as the diameter of a sphere of density 1 gcm™ settling
due to gravity at the same terminal velocity as the particle of interest, regardless
of the particle’s shape and density. This definition can be used to analyse data

from an aerodynamic particle sizer.

3. Electrical mobility diameters.
An electrical mobility diameter is defined as the diameter of a sphere with the
same electrical mobility as the particle of interest. This definition can be applied

to measurement data taken by a differential mobility analyser (DMA).

4. Optical diameters.
An optical diameter is defined as the diameter of a standard particle generating
the same response as the particle of interest in an aerosol photometer. Standard
particles widely used in the calibration of aerosol photometers are Polystyrene
latex (PSL) beads.

1.2.2 Size distribution

Knowledge of the size distribution of aerosol particles is essential; it may offer an
explanation of aerosol particle’s sources and formation. For example, the size distri-
bution of ambient air has three distinct modes and each mode can be related to both
different modes of aerosol formation processes and different particle characteristics
[Whitby, 1978].

Aerosols can be classified based on their particle size distribution. Monodisperse
aerosols are aerosols which particles are nearly the same size. Aerosols whose particles
vary widely in size are called polydisperse aerosols. Most types of aerosols found in
nature are polydisperse aerosols. Monodisperse aerosols are commonly generated in
laboratory settings.

The simplest depiction of particle size distribution is a histogram of the number

of particles in successive size intervals. For the distribution that covers a large range



of particle size, it is useful to describe the distribution using lognormal distribution.
The distribution can be characterised by two parameters derived from lognormal
distribution: geometric mean diameter, d,, and geometric standard deviation, o,

[Hinds, 1999]. Geometric mean can be calculated as

1n%::§2%5ﬁ, (1.1)

where N is the total number of particles, n; is the number of particles at the i" size
interval, and d; is the size at the midpoint of the i** size interval. Geometric standard

deviation can be calculated as

Sni(Ind; — Indy)2] "

1 = 1.2
n Ug N -1 ( )
The sizes of 95% of particles are between dg,, and d;%% where
_ d
95% U_g2> (1.3)
g
disoe = dg 07 (1.4)

Conventionally, size distributions with o, between 1.1 to 1.2 is considered to be
monodisperse aerosols. Aerosols that have bigger o, are considered to be polydis-

perse aerosols.

1.2.3 Refractive index

Optical properties of aerosols describe the interaction between aerosol and light. One

of the properties is the refractive index of particles, m, expressed as
m = n + ik, (1.5)

where n and k are the real and the imaginary part of particle refractive index, re-
spectively. Both parts affect the propagation of light in materials differently; the
real part determines the speed of the light while the imaginary part determine the
decay of the light intensity [Mischenko, 2004]. As a result, the refractive index of
particles modifies the proportion of light being absorbed or scattered as it illuminates
the particles.

Particle refractive index depends on both the material of particles and the wave-
length of the light propagating in particles. Some examples of refractive indices of

common materials evaluated at A = 589 nm of yellow sodium light are listed in Table



@. Most materials shown in the table are non-absorptive materials indicated by zero
values of the imaginary part. The examples of particle refractive index as a function
of light wavelength are depicted in Figure @ The samples are volcanic ash taken
from Mount Aso, Japan [Reed et all, 2018] and composite clay made of % by weight
of Montmorillonite, Illite and Kaolinite [Querry, 1987]. As can be seen in the figure,

both of the real and the imaginary part vary as a function of light wavelength.

Table 1.2: Refractive indices of some common materials [Lide, 2005]. The refractive
indices were measured using Yellow Sodium light at A = 589 nm except for Carbons
which were measured at A = 491 nm. The table is adapted from [Hinds, 1999

Material Refractive Material Refractive
index index

Vacuum 1.0 + 01 Quartz (SiO2) 1.544 40i
Water vapor 1.00025 + 0i Polystyrene latex | 1.590 +0i
Air 1.00028 +0i Glycerine 1.4730 4-0i
Water 1.3330 4-0i Benzene 1.501 4-0i
Ice (H20) 1.305 +0i Soot 1.96+-0.661
Sodium Chloride 1.544 +0i Carbon 2.0+1.0i
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Figure 1.2: The refractive indices of two materials: clay (a) and volcanic ash (b). In
the figure, two components of the refractive indices are plotted: the real part, n, and
the imaginary part, £. The data were produced by [Querry, 1987] and [Reed et al.,
2018] and available in Aerosol Refractive Index Archive compiled by [Grainger et al),
2020]

1.3 Physical and chemical processes in aerosol sys-
tem

Physical and chemical processes can change the properties of aerosols. They all involve
mass transfer to or from particles. This transfer can be the result of molecular transfer
between particles and gas molecules such as in: condensation, evaporation, nucleation
and chemical reaction, or it may a result of inter-particle mass transfer such as in

coagulation.

1.3.1 Condensation and evaporation

The size of droplets can change by the condensation of vapour on droplets surface or
by the evaporation of droplets. The condition that determine the condensation or the
evaporation depends on the partial pressure of vapour around droplets as well as the
size, the temperature and the substance of droplets. This condition can be derived
using the condition of both vapour condensation on flat-surface liquid and flat-surface
liquid evaporation and then modifying the condition based on the spherical shape of
droplets [Seinfeld and Pandig, 2006].



In a simple case of flat-surface liquid comprised of pure substance a, the saturation
ratio of vapour a determines the rate of both vapour a condensation and liquid a

evaporation. The saturation ratio is expressed as:

Sa = Pa [ Da> (1.6)

where S, is the saturation ratio of vapour a; p, and p, are the partial pressure
and the saturation pressure of vapour a, respectively. The equilibrium of the liquid-
vapour system, defined as saturated, can be achieved when S, is equal to one. In this
condition, the rates of the condensation and the evaporation are equal. When the
level of S, is either lower or greater than one, it leads to the greater rate of either the
evaporation or the condensation, respectively. The saturation ratio levels of S, > 1
and S, < 1 are known as supersaturated and unsaturated, respectively.

Since droplets are spherical, the condition based on the saturation ratio needs to
be modified [Seinfeld and Pandis, 2006]. In a simple case of droplets comprised of
pure substance a, the level of the saturation ratio of vapour a around the droplets
required for the equilibrium of the vapour-droplets system, denoted as S)‘a’ in the

environment with temperature T is given by Kelvin equation:

4y M

S, = ephiTa, (1.7)

where v and p, are the surface tension and the mass density of the liquid phase of
substance a, respectively; M is the molecular weight of substance a; R is the gas
constant; d is the diameter of the droplets. When the level of S, is either lower or
greater than ga, it leads to the greater rate of either droplets a evaporation or vapour

a condensation, respectively.

1.3.2 Nucleation

Nucleation refers to particle formation from vapour either in the absence or the pres-
ence of foreign particles [Seinfeld and Pandig, 2006]. In the absence of foreign parti-
cles, nucleation can occur on embryos comprised of vapor molecules, a process called
homogeneous nucleation. Nucleation can also occur by the nucleation of vapor on
the surface of foreign particles, a process called heterogeneous nucleation. The main
different between those two nucleation paths is the level of vapour saturation ratio
required to trigger nucleation. Homogeneous nucleation requires large vapour satu-
ration ratio typically larger than two. For example, homogeneous nucleation of pure

water vapour with temperature 293 K into water droplets is predicted to occur at



water vapour saturation ratio larger than 3.5. This level of saturation ratio is, nor-
mally, conditioned at laboratory. In the atmosphere, typically, particles are formed
heterogeneously. Heterogeneous nucleation requires nuclei with a wettable surface in
a supersaturated environment. In this condition, vapour molecules will be adsorbed
on nuclei surface forming a layer of liquid coating the nuclei. Then, this newly-formed
particles can grow and the rate of its growing is a complex function which depends on
the type of the nuclei. For solid insoluble nuclei, the liquid layer can be approximated
as droplets of pure liquid and grow through condensation. In the case of soluble nu-
clei, the dissolved nucleus, typically, tend to make the newly-formed particles grow in

lower saturation ratios than that required by particles formed with insoluble nuclei.

1.3.3 Coagulation

Coagulation is an aerosol growth as a result of particle collision with other particles.
The collision can be caused by either Brownian motion or external forces. Brownian-
induced coagulation differs from condensation in a way that particles diffuse to other
particles’ surface and this mechanism doesn’t require a saturated environment. One
simplified example of Brownian-induced coagulation is the coagulation of monodis-
perse aerosols resulted in both decreasing particle number concentration, py, over a
period of time, ¢, modelled as:
—— = —K pn°, 1.8

% PN (1.8)

where K is the coagulation coefficient of particles [Hinds, 1999]. The evolution of

particle number concentration as a function of time can be achieved by integrating
Equation resulted in:

PNy
t) = ——————. 1.9
pn (1) T+ pn Kt (1.9)

If monodisperse aerosols are in a contained system, the decreasing of particle number
concentration due to coagulation results in the increasing of particle size. In the
case of monodisperse aerosols comprised of droplets, the increase of droplet size as a

function of time and initial number concentration can be expressed as:
PN 1/
d(t) = dy {—0} , (1.10)
pn(t)

where dy and d(t) are initial droplet size and droplet size at time ¢, respectively; pn,
and py(t) are initial droplet number concentration and droplet number concentration
at time ¢, respectively. Based on Equations and , the time required for
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droplets to halve their initial number concentration and double their initial droplets
size can be calculated and the results are listed in Table . According to the
table, a larger initial aerosol number concentration leads to a shorter time to halve
the initial concentrations and to double their particle size. In the calibration of
aerosol instruments, where standard aerosols are generated and measured, the effect
of coagulation can be neglected if the coagulation takes a much longer time to change
the aerosol concentration and particle size compare to the time interval between

aerosol generations and measurements.

Table 1.3: The calculated time required to halve the initial number concentration
of monodisperse aerosols comprised of droplets and to double their initial droplets
size. In this calculation, the coagulation coefficient of droplet, K, is assumed to be
5 x 1071 m3 s, Source: [Hinds, 1999

Initial number Time to halve Time to double
concentration | initial number concentration particle size
(m~?) (s) (s)
10'® 0.002 0.014
106 0.2 1.4
10 20 140
10%2 2000 14,000
100 200,000 1,400,000

1.3.4 Reactions

Aerosol particles have a high surface area to mass ratio. This property allows aerosol
particles to participate actively in many kinds of chemical interaction between gas
molecules and aerosol particles. A specific example of this interaction is the chemical
conversion of SO, to sulphuric acid or sulphates taking place inside cloud droplets.
This chemical conversion can lead to the growth of cloud droplets in a short period
of time around 10-30 minutes [Smith et all, 1996].

1.4 Tropospheric aerosol

Aerosols are generated either naturally or anthropologically and can be introduced

into the troposphere either directly or indirectly. The major natural aerosols are
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terrestrial dust, volcanic ash, and sea spray. The main anthropogenic aerosols are
combustion products and industrial dust. Aerosols such as dust, fly ash and combus-
tion products are directly introduced into the troposphere. These aerosols are called
primary aerosols. Another mechanism is indirect routes through gas to particle con-
versions. Aerosols introduced through indirect routes are called secondary aerosols.
An example of secondary aerosols is sulphates in the troposphere that are generated
from the oxidation of atmospheric sulphuric gases. The flux of primary and secondary

aerosols commonly found in the atmosphere have been estimated globally and listed
in Table @

Table 1.4: The estimation of global emission for principal atmospheric aerosols. The
estimations are expressed in total mass of particles introduced into the atmosphere
per year. The table is adapted from [Seinfeld and Pandis, 2006].

. Est. Flux
Source Route Particle ) Reference
(Tg yr')
Mineral dust 1,490 | [Zender et al), 2003]
) Sea salt 10,100 | [Gong et al{, 2003]
Primary
Volcanic dust 30 | [Kiehl and HJ, 1995]
Natural Biological debris 50 | [Kiehl and HJ, 1995]
Sulphates from -
12.4 | [Liao et all, 2003]
(Methylsulfanyl)methane
Secondary
Sulphates from :
20 | [Kichl and H., 1995]
volcanic SO,
Organic aerosol from
biogenic volatile 11.2 | [Chung and Seinfeld, 2002]
organic compounds
Industrial dust 100 | [Kiehl and HJ, 1995]
Primary | Black carbon 12* | [Liousse et all, [1996]
Anthro-
Organic aerosol 81* | [Liousse et alJ, 1996]
pogenic
Sulphates from SOq 48.6° | [Liao et al), 2003]
Secondary
Nitrates from NO, 21.3¢° | [Liao et al), 2004]

aTg of Carbon; PTg of Sulphur; °Tg of NO 5.
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1.4.1 Tropospheric residence, transport and removal

In the troposphere, aerosol particles can be suspended for a few days up to a few
weeks. The duration depends on their size and composition. For instance, fine-
aerosols can reside in the troposphere between approximately 9 and 50 days [,
]. Meanwhile, dust resides in the troposphere for two weeks on average [
and Pandis, 2006].

While suspended, aerosols can be transported thousands of kilometers. Aerosol

transport can be detected by either in situ measurements or satellite observations. For
example, several in situ measurements of dust across the US detected dust originating
from Asia [tHusar et alJ, b001|; |Grifﬁn et a1.|, IZOOj] and a satellite observation captured

the presence and transport of aerosols from the Sahara desert to the Mediterranian

as shown in Figure B

Figure 1.3: Satellite image of a dust plume extending North across the Mediterranean
from the Sahara desert. Image acquired on 18 April 2001 and provided by the Sea-
WiFS project, NASA /Goddard Space Flight Center and ORBIMAGE. Image taken
from [tBuseck and Schwartz], 003]

Aerosol particles are removed from the troposphere through dry and wet deposi-

tion [tRaes et a1.|, bOOd]. These removal mechanisms can be associated with particle

size. Particles larger than 1,000 nm settle mainly due to gravity while smaller parti-
cles are removed primarily by wet deposition through precipitation or activation of
the particles as cloud condensation nuclei to form cloud droplets.

A series of additional processes involving cloud droplets can lead to new particle

formation [beinfeld and Pandié, bOOGh. The processes include chemical reactions in
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the aqueous phase of cloud droplets resulted in products such as sulphates. For exam-
ple, Walcek estimated that during the passage of a midlatitude storm system, 65%
of tropospheric sulphates over the northeastern United States was formed through
chemical reactions in cloud droplets [lWalcek et all, |199d].

1.4.2 Spatial and temporal variation

Aerosols in the troposphere are distributed heterogeneously in time, location, and
altitude. The concentration of tropospheric aerosols in a particular area can change
within tens of minutes. Spatially, tropospheric aerosol concentration may vary in the
scale of a few kilometers horizontally and a few tens of meters vertically.

An example of temporal variation of aerosols is demonstrated in the aerosol mea-

surements performed at the research station Melpitz Germany [tBirmili and Wieden—l

, ] The results are shown in Figure @ . In the figure, the measured
number concentrations are plotted as a function of measurement time and particle

size. Based on the figure, a sudden rise in the concentration of small particles be-
tween 5nm and 10 nm is detected shortly after 8 am. The concentration remains high
for the next two hours and then decreases. The measurement shows that number

concentration can vary in the order 10® within few hours.
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3

Particle diameter Dp (nm

4 6 8 10 12 14 16 18 20
Time of day; June 7, 1997
dN/d log D, (em per decade of diameter)

B 130000 - 300,000 [ 950023000 [ 700- 1700
P s3o00-130000 B 4000- 9500 [ 3o0- 700
23,000~ 53,000 1,700 = 4,000

Figure 1.4: Contour plot of the number densities as a function of particle diameter
and time of day. The unit of the concentration is cm™3 per decade of diameter
(dN /dlogD,) and is represented by the colours and contour lines. The measurement
was taken at Meltpitz, Germany, 50 km NE of Leipzig, Germany. The image is taken
from Source [h31rmili and VViedensohleI{7 }200d]
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An example of spatial variation of tropospheric aerosols in horizontal and vertical
orientation is demonstrated in aerosols measurements performed at the mountainous
terrain of Lower Frase Valley near Vancouver Canada. The results are shown in Figure
@. The concentrations of aerosols are inferred from backscatter intensity obtained
by a lidar instrument installed on an aircraft. On the horizontal axis, the time of
backscatter obtained are plotted. The axis can be converted into a distance based on

1 Approximately, one minute in this axis corresponds

the aircraft speed of 100m s~
to six kilometers. On the vertical axis, the altitudes of the measured aerosols are
plotted. The altitudes were inferred based on the duration of backscatter travelling
from the measured aerosols to the lidar.

The measurement results shown in Figure @ can be interpreted as follows. The
black regions are silhouettes of mountains or mountainous area. In the area above
the mountains and valleys, the concentrations are varied, indicating tropospheric lay-
ering. In the valleys, the concentrations are high which could be due to accumulating

particles from higher regions.

4000
3500
3000

2500

Altitude (m)

2000
1500
1000

500

20:19 20:20 20:21 20:22 20:23 20:24 20:25 20:26 20:27
Time (hh:mm)

10° 102

Figure 1.5: Lidar image from an aircraft indicating aerosol density in the eastern
part of Lower Fraser Valley, Canada. At the bottom, the colour bar provides colour
coded magnitude of aerosol concentration on a logarithmic scale. The horizontal axis
is coordinated universal time or UTC, local time is UTC -07.00. This axis can be
converted into a distance by using the aircraft speed of 100 m s—!. Roughly, one minute
correspond to six kilometers. Courtesy of K.Strawbridge, Meteorological Service of
Canada, the image is taken from [Buseck and Schwartz, 2003]
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1.4.3 Ambient aerosols: urban, marine and rural aerosols

Urban aerosols are mixtures of primary and secondary aerosols. The main sources of
the primary aerosols are emission from industries, transportation, power generation
and natural sources while the secondary aerosols are mainly formed by gas-to-particle
conversion mechanism of combustion products. The size distribution of urban parti-
cles varies as a function of the distant to sources. For example, measurements of fine
particles whose size less than 100 nm in the regions less than 150 m away from high-
ways showed a variation of fine particle size distributions [Zhu et al), 2002]. The size
distribution in the region 30 m away from the highway peaked at particle size of 10 nm
with the concentration of nearly 15 x 10* particles cm™, while that in the region 150 m
away from the highway peaked at particle size of 41.3nm with the concentration of
1 x 10* particles cm™.

In the absence of aerosols transported from continentals, aerosols over remote
oceans mainly consist of marine-originated particles [Savoie and Prospero, 1989].
Typically, 90-95% of marine atmospheric particles are fine particles whose size less
than 600 nm and the rest is coarse particles whose size bigger than 600 nm. The fine
particles are formed primarily by the gas-to-particle conversion of the products of
organosulfur gases oxidation such as (Methylsulfanyl)methane emitted by the ocean
[Fitzgerald, 1991]. The coarse particles are composed primarily of sea salt as a re-
sult of sea spray evaporation [Blanchard and Woodcock, [1957; Monahan et all, 1983].
Normally, sea spray are produced by bursting bubbles or wind-induced wave break-
ing. The concentration of marine atmospheric particle are typically in the range of
100 particles cm™ — 300 particles cm™ [Savoie and Prosperd, 1989].

Aerosols in rural areas are mainly originated from nature but with a moderate
influence of anthropogenic sources [Hobbs et al/, 1985]. Plants are the largest sources
of secondary aerosols in remote rural area. The example of the secondary aerosols is
biogenic aerosols resulted from reactions involving volatile organic compounds emitted
by plants [Faiola et al), 2018; Riccobono et ali, 2014]. Anthropogenic aerosols can
also be transported from urban to neighbouring rural area and can lead to higher
particle number concentration compare to that of remote rural area. For example,
particle number concentrations in remote area nearby a forest and urban-influence
rural area were measured in the level of 1,000 particles cm™ —4,000 particles cm™ and
3,000 particles cm™ — 10,000 cm™, respectively [Wiedensohler et all, 2002].

Aerosols in deserts are dominated by mineral dusts. Main components of desert
dusts are Si, Al, Fe and Ca [Warneck, 2000]. The size distribution and the particle

number concentration of desert dust depend strongly on the wind speed. Typically,
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the size distribution of desert dust shows three overlapping modes. For example, a
measurement of Saharan dust shows that the size distribution of dust has three modes
peaked at diameters of 400 nm, 1,000 nm and 2,000 nm [Rocha-Lima et al), 2018].

1.4.4 The Whitby model

The Whitby model describes that the distribution of tropospheric aerosols can be
characterised by three main modes: nucleation, accumulation, and coarse mode
[Whitby, 1978]. The size range of the nucleation and the accumulation mode are
from 5nm to 100nm and from 100 nm to 2,000 nm, respectively. The coarse mode
consists particles larger than 2,000 nm.

Typically, particle size distribution in the troposphere has a minimum concen-
tration between the accumulation and the coarse mode, roughly at particle size of
2,000 nm. Whitby divided particles with respect to this size into two fractions: fine
particles whose size are less than 2,000 nm and coarse particles whose size are greater
than 2,000 nm. According to this division, fine particles include nucleation-mode and
accumulation-mode particles.

These fractions have major differences in origin as well as in physical and chem-
ical characteristics [Seinfeld and Pandis, 2006]. Particles in the nucleation mode are
generated from the condensation of hot vapors during combustion processes and from
the nucleation of atmospheric species to form fresh particles. This mode has a tran-
sient nature due to rapid coagulation either with larger particles or other particles
in the nucleation modes. Particles in the accumulation mode are produced by the
coagulation of particles in the nuclei mode and from the condensation of vapors onto
existing particles causing them to grow into this size range. In this mode, particle
removal mechanism is the least efficient causing particles to accumulate in number.
Some examples of fine particles are Sulphates, Nitrates, Organics, Carbon, and Lead.
Coarse particles are produced by mechanical processes such as wind erosion. Particles
in this mode have high sedimentation rates due to their size and sink quickly by dry
deposition. Some examples of coarse particles are crustal materials, sea salt and plant
particles. Fine and coarse particles exchange is highly unlikely, due to the differences
in particle sources and sink mechanisms. The depiction of particle sources and sinks
for fine and coarse particles along with the corresponding modes can be seen in Figure
ILd.

Numerical fittings of lognormal functions to various size distribution in atmosphere
was performed by Jaenicke [Jaenicke, 1993]. The lognormal functions were three

functions that represent nucleation, accumulation and course modes. The fittings
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resulted in the parameters of the lognormal functions that lead to best fit between

the lognormal functions and the size distributions. The parameters are listed in Table

El

Chemical Conversion

Hot Vapors 2
RIS of Gases to Low
Volatility Vapors
Condensation y
Low
l Volatility
Primary Vapor
Particles 1
¥
. Homogenecous
Coagulation s
b= Nucleation
Chain Condensation
Aggregates Growth of Nuclei

Windblown dust
Sea spray
Volcanoes
Plant particles

Rainout
&
Washout

I

|

|

I

|

|

]

I

I 2y
| Emissions
I

|

I

|

I

|

|

|

|

I

Sedimentatior

'

L 1 I 1 I I
0.001 0.01 0.1 1 10 100

Particle diameter (Lum)

Transient Nuclei or l Accumulation
Aitken Nuclei Range I Range

Mechanically Generated
Acrosol Range

— ——

Fine particles Coarse particles————

Figure 1.6: Physical and chemical processes related to aerosol size. The size distribu-
tion of tropospheric aerosols can be characterised by three main modes: nucleation,
accumulation and coarse. Notice that aerosol exchange between coarse mode and
the other two modes is unlikely, depicted by a dash line at particle size of 2 um, due
to their differences in sources and sink mechanisms. The picture was taken from
[|Colbeck and Lazaridié, l2014h
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Table 1.5: Parameters to model atmospheric aerosol distribution based on three log-
normal functions that represent nucleation, accumulation and coarse modes. Three
parameters in the functions to characterise each mode are particle number concen-
tration, py, geometric mean diameter, d,, and geometric standard deviation, o,. The

parameters are taken from [Jaenicke, 1993]

region parameters
mode
type PN dyg Ino ds;s% d;},%
(particlescm™) | (nm) ’ (nm) (nm)
nucleation 9.93 x 10* 13 | 0.245 4 40
urban acc. 1.11 x 103 14 | 0.666 1 301
coarse 3.64 x 10* 50 | 0.337 11 236
Nucleation 1.33 x 102 81 0.657 <1 165
marine acc. 6.66 x 10! 266 | 0.210 101 700
coarse 3.10 x 10° 580 | 0.396 94 3,593
Nucleation 6.65 x 10° 15 | 0.225 5 42
rural acc. 1.47 x 102 54 | 0.557 4 702
coarse 1.99 x 103 84 | 0.266 25 286
nucleation 3.20 x 10° 20 | 0.161 10 42
remote
acc. 2.90 x 10° 116 | 0.217 43 315
continental
coarse 3.00 x 107! 1,800 | 0.380 313 10,358
; nucleation 1.29 x 102 71 0.645 <1 136
ree
acc. 5.97 x 10! 250 | 0.253 78 802
tropospere

coarse 6.35 x 101 520 | 0.425 73 3,681
nucleation 2.17 x 10t 138 | 0.245 45 426
polar acc. 1.86 x 1071 750 | 0.300 188 2,986
coarse 3.00 x 107* 8,600 | 0.291 | 2,252 32,847
nucleation 7.26 x 102 2 10.247 1 6
desert acc. 1.14 x 102 38 | 0.770 1 1318
coarse 1.78 x 1071 21,600 | 0.438 | 2,874 | 162,351
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1.5 Approaches to performing aerosol measurements

There are variety of methods and instruments which scientists and engineers can use
to perform in situ aerosol measurements. Each instrument provides measurements
for particular properties and most instruments only operate within a certain particle
size range. Due to these limitations, it is common that more than one instrument is
used in an aerosol measurement campaign to reach measurement goals.

In selecting their instruments, users should recognise the main principles and
limitations of the instruments they are about to use. The instruments can be classified
into two general types. The first type is collecting instruments which collect aerosol
particles for off-line laboratory analysis. The second is direct-reading instruments
which detect aerosol particles and measure the properties of aerosols in near real-
time. Some direct-reading instruments also collect measured particles which can be

analysed further in the laboratory.

1.5.1 Aerosol collecting instruments and laboratory analysis

The most common sampling technique involves the use of filters to collect aerosol
particles. The currently available filters are highly efficient in capturing nearly all
sizes of particles. The principle of collection is straightforward. An aerosol is drawn
through a filter, and then the filter separates the particles from the gas. The selection
of filter depends on the purpose of the measurements. For example, general-purpose
air samplings are widely done using fibrous filters due to their price and good me-
chanical strength. If the purpose is mass and elemental analysis of the sample, then
membrane filters made of Teflon are frequently used. This is because Teflon filters
absorb only a small amount of water vapour [Chow et all, 1990].

Some sampling instruments are designed to classify particles into various size frac-
tions. Two instruments commonly used are cyclones and impactors. Cyclones make
air flow in a swirling motion. This motion results in large particle being deposited
onto a surface by centrifugal action. Meanwhile, impactors work by introducing an
abrupt change in airflow. The abrupt change causes large particles to be deposited
onto a surface or substrate.

Laboratory analysis of particles can be done in various ways. Sample particles
attached to the filters can be analysed using electron microscopy, X-ray diffraction, or
X-ray fluorescence to study about their size, shape, concentration and composition.
Filters containing sample particles can be extracted and analysed through ion chro-

matographic analysis to quantify the organic species present. The mass concentration
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of sample aerosols can be calculated by taking the ratio of the increase of filter weight
after measurement and the volume of aerosol sample.

Collecting instruments suffer the major drawbacks that they are time consum-
ing and time-integrated measurements. Other drawbacks are measurement artifacts
caused by filters, such as adsorption or desorption of water vapour into filter materials
[Charell and Hawley,, 1981] and loss of volatile particles collected on filters[Eatough
et all, [1995].

1.5.2 The aerosol direct-reading instrument

Instruments widely used in the direct-reading aerosol measurement are optical par-
ticle counters (OPCs). In OPCs, particles passing through the sensing volumes are
illuminated. The size of the particles are inferred from the intensity of light scattered
by individual particles [Sorensen et all, 2011]. A commercial OPC with 31 size chan-
nels that span between 0.4 pm and 32 pm can process aerosols with concentrations of
up to 3,000,000 particles per liter and present measurement results every 6 seconds
[GRIMM, 2020]. The main drawback of OPCs is that their accuracy is dependant on
particle shape and refractive index [Szymanski et al), 2009].

To detect fine particles, condensation particle counters (CPCs) are widely used.
In CPCs, particles are exposed to a supersaturated vapour. This exposure induces
the particles to grow to approximately the same size. The particles are then detected
by an optical system. CPCs can detect particles down to about 1nm in size.

Differential mobility analysers (DMAs) are instruments that classify particles ac-
cording to their electrical mobility. In DMAs, particles are charged and flow through
an electric field. The particles with a particular velocity pass through classifiers and
can be detected downstream. A CPC can be installed downstream of a DMA to
measure the size distribution of fine particles. This combination is frequently called
a differential mobility particle sizer (DMPS).

Aerodynamic particle sizers (APS) classify particles based on the velocity of the
particles in the sensing zone. In the inlet of APS, particles are accelerated so that
their velocity in the sensing zone is a function of the aerodynamic diameter of the
particles. The velocity is measured by the “time-of-flight” of particles in the sensing
zone. The velocity may need to be corrected as the acceleration can distort liquid

particles. A commercial APS measures particles with size ranges from 0.5 pm to 20 pm
(TSI, 2020].
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1.6 Factors that limit aerosol measurements

Errors in a measurement should be recognised to be able to assess the interpretation
and usefulness of the measurement data. Errors can be introduced due to particles
lost in sampling and transport lines, the limited sensitivity of sensors deployed in
the instruments, or the insufficient number of samples. As a result of these types of

errors, measured aerosol properties may not reflect the original aerosol properties.

1.6.1 Particle loss in instrument inlets and transport lines

A general scheme of particle measurements by instruments requires sampling and
transporting particles through inlet and transport lines to be sensed in the sensing
volume of instruments. During these processes, particles can be lost due to various
factors. In the inlets, particle lost is a function of the ratio of ambient air velocity
to sampling velocity, the air turbulence, as well as the size, shape and orientation
of the inlets [Pramod and Baron, 2011; Vincent JJ, 2007; Okazaki et al), 1987]. In
the transport lines, particle lost is a function of electrostatic attraction, impaction or
gravitational settling [Pramod and Baron, 2011; [Ye and Pui, 1990].

1.6.2 Detector response and sensitivity

Detectors used in instruments may have a non-ideal responses to the particle property
of interest. The non-ideal responses can lead to measurement artefacts. For instance,
low sensitivity of detectors to signals correlated with small particles may result in
poor detection of small particles and can distort the size distribution of measured
particles. This error was demonstrated in the study of a TSI aerosizer performance
[Blackford D. et all, 1988]. In the study, the errors due to the detector responses and
the inlet of the instrument were measured. Based on this error study, a simulation
of aerosol measurement using the instrument can be created and plotted in Figure
@. As can be seen in the figure, the distortion of the measured size distribution
from the original size distribution is expected in both the lower and higher end of the
size range. In the lower size range, the size distribution is distorted due to the poor
sensitivity of the detector. At the higher end, the distortion is caused by the inlet

losses.
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Figure 1.7: A simulation of measurement distortion expected from the measurement
of size distribution using the aerodynamic particle sizer (APS3300). The simulation
shows that the losses of small particles and big particles, indicated by the grey areas,
are due to the detectors’ sensitivity and the inlet, respectively. The study was done
by [Blackford D. et al), 1988]. The figure is taken from [Pramod and Baron, 2011]

1.6.3 Coincidence errors in instruments sensing volume

In a single particle detecting instrument, coincidence errors take place when two or
more particles are in the sensing volume simultaneously. These errors are commonly
found in OPC. In OPC, light scattered by two small particles or more simultaneously
at the sensing volume can be perceived as that scattered by a single larger particle.
This leads to underestimating the sample concentration of sample aerosols.
Coincidence errors limit the maximum level of concentration an instrument can
measure. For example, a study shows that the coincidence error in the measurement
of OPC A10 increased as the concentration increased [Sachweh et al), [1998]. In
the study, the counting error of less than 7% was found when measuring an aerosol

3

with the concentration of 10° particlecm ™. The error increased up to 50% as the

concentration of the aerosol increased to 107 particle cm 3.

1.6.4 Corrections for physical properties

Corrections might be needed due to the specific characteristics of an instrument. For
example, most OPCs are calibrated using non-absorbing PSL beads. The refractive
index of PSL beads is 1.59 with no imaginary part at the wavelength of 589 nm. A
correction will be needed if OPCs are used to measure different sample such as dust
coal whose refractive index is 1.54 — 0.5i. Otherwise, the measurement will provide

inaccurate results [Liu et al), 1974].
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1.6.5 Aerosol sampling statistics

In the measurement of an aerosol population, the uncertainty of the results is inversely
proportional to the number of samples. This is based on the Poisson statistic that
the uncertainty can often be assumed to be the square root of the number of samples.
For example, to achieve 1% uncertainty, at least 10,000 particles must be sampled.
The importance of the sampling statistic is illustrated in Figure . The figure shows
two simulated measurements of the same aerosol population with two different sample
size: 10% and 103 particle number. For the measurement with 10 particle number, the
result shows a lognormal size distribution with a number median diameter of 2.5 pm
and a geometric standard deviation of 2.0. The result is shown in Figure @(a). A
different shape of size distribution is expected to be achieved with the lower sample
number measurement as shown in Figure (b) The shape is still approximately

lognormal though the increased uncertainty is apparent.
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Figure 1.8: Plots of size distribution of the particle number, surface area and volume
of two different simulated measurement of the same aerosol population with two
different sample size. The plots are normalised to the same height. The study was
done by [Liu et all, 1974]. The figure is taken from [Pramod and Baron, 2011]
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1.7 OPCs

OPCs are widely used in aerosol and atmospheric research due to their applicability
in in situ, real time measurement. Despite years of development, OPCs still suffer
from ambiguity in particle sizing, mainly due to particle optical properties variations
[Cooke and Kerker, 1975; Liu et all, 1986; Szymanski and Liu, 1986; Hinds and Kraske,
1986; Garvey and Pinnick, 1983] and particle shape variations [Chang et al), 2003;
Chen and Cheng, [1984; Gebhart and Zerull, 1986; Umhauer and Bottlingen, 1991].
Several designs have been suggested to alleviate this ambiguity. Omne such design
attempting to alleviate the ambiguity due to particle optical properties variations is

the instrument used in this work.

1.7.1 Basic types and characteristics of OPC instruments

OPCs infer the size of single particles based on the measured intensity of light elasti-
cally scattered by the single particles. In the inversion, it is assumed that the single
particles are homogeneous spheres; This assumption puts a limit on the accuracy of
OPCs in sizing particles with non-spherical shape. The measurement steps of a typi-
cal OPC include transporting a particle to sensing volumes, illuminating the particle
by a well-defined light source, collecting the scattered light over a particular solid
angles and measuring the collected scattered light. The schematic design of a typical
OPC can be seen in Figure . As shown in the figure, single particles are drawn
into a sensing volume through a sampling pipe. In the sensing volume, the particles
are illuminated by a laser beam. Then, the scattered light from the illumination over
a solid angle is collected by a collecting optic and directed to a detector. The solid
angle is represented by an arc of angle ¢ and ¢ + A¢ swept around a sphere by 6 and
0 + A6. Finally, the particle exits through a removal pipe.

The intensity of light scattered by a homogeneous spherical particle collected over
a particular solid angle can be calculated using Mie theory [Mid, 1908]. Mie calculated
the intensity based on the assumption that the spherical particle is illuminated by a
linearly polarised light propagating in particular direction. In spherical coordinates

with the particle located at the center of reference, the intensity is expressed as

)\2

e

o2 02
I / [Iu(a, m,0,¢)+ 1, (a,m,0, gb)} G(0,¢)db do, (1.11)
91 JOy

where I and I, are the scattered light intensities propagated in parallel and per-

pendicular, respectively, relative to the plane oscillation of the electric vector of the
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Figure 1.9: The typical design of OPCs.

illuminating light; o is the size parameter defined as a = % with d, as the particle
diameter and A\ as the wavelength of the illuminating light; 6 is scattering angles
defined as the angle between the propagation direction of the illuminating light and
scattered light directions; ¢ is azimuthal angles defined as the angle between the plane
oscillation of the electric vector of the illuminating light and scattered light directions;
G(0, ¢) is the geometrical factor specific to the instrument’s design. The solid angle,
over which the scattered light is collected, is represented by an arc of angle ¢ — ¢
swept around a sphere by 6; — 0,.

There are two types of OPCs based on the range of solid angle over which the total
scattered light is collected ﬂSzymanski et alJ, }2009|]. The first type collects scattered
light over the forward region, typically within the range of #; = 5° to 0, = 25°.

The second type collects scattered light over the broad angular region, typically from
01 = 25° to 6y > 100°.

A numerical calculation was done to describe the general characteristic of the two
types of OPCs [bzymanski et alL lZOOd]. In the calculation, it was assumed that the
range of ¢ is 27 for both types and the range of # for the first type is from 6; = 5°
to 0y = 25° while for the second type is from 6, = 25° to 65 = 100°. The calculation
was done by setting the wavelength of illuminating light is 630 nm. The results of

the calculations for non-absorbing and purely absorbing particles are shown in Figure
. In the figure, the intensities are plotted as a function of particle diameter and

particle refractive index. The gradient of the intensities is projected on the horizontal
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plane of each plot. The range of particle diameters is from 0.1 pm to 3 pm. The range
of particle refractive indices for non-absorbing particles is from 1.3 to 1.6 and that
for purely absorbing particles is from 0.0 to 0.4. Figure .a and .b show the
intensities collected from the forward region for non-absorbing and purely absorbing
particles, respectively, while Figure .c and .d show those collected from the

broad-angular region for non-absorbing and purely absorbing particles, respectively.
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Figure 1.10: The calculations of scattered light intensities as a function of particle
diameter and refractive index (RI), m = n + ik, collected from two different regions:
the forward region and broad-angular region. The calculations were done for non-
absorbing and purely absorbing particles. In (a) and (b), the intensities of those
collected from the forward region are shown. While in (c¢) and (d), the intensities of
those collected from the broad-angular region are shown. The figure was taken from
[Bzymanski et al.l, bOOd]

Based on the figure, it is obvious that the intensities are not always a unique
function of the particle diameter and refractive index. For the first type of OPCs,

unique particle sizing is possible for particle size less than 1,000 nm. If particle sizing
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is based on a relatively wide channel size, then the second type is the better option

since the intensities do not vary drastically.

1.7.2 Early development of OPC instruments

The first OPC instrument was built in 1947 [Gucker et al/, 1947a] and later improved
in 1954 [Gucker and Rose, 1954]. The OPC collected light scattered between ¢ = 1°
and 6, = 20°. The light was then measured by a PMT. The output signals of the
PMT were processed by a pulse height analyser. The maximum counting rate of the
OPC was 3000 particles per minute with the coincidence error of less than 1%. The
minimum particle diameter that the OPC was able to count is 340nm. The OPC
responded linearly to particles whose diameter between 500 nm and 1,000 nm with
the accuracy of 1nm.

An OPC aimed to measure very dilute aerosols was designed in 1947 [Gucker et al/,
1947b]. The OPC collected light scattered at # = 90°. The main reason for choosing
this angle was to ensure a low level of stray light. Stray light intensity as low as
0.03% of light scattered by smoke particles was achieved. This low background noise
allowed the OPC to detect dioctyl phthalate smoke particles of diameter 600 nm.

An OPC suitable for balloon-borne measurements was designed in 1964, widely
known as the Wyoming OPC [Rosen, [1964]. The design uses a microscope to focus the
light scattered by single particles in the forward region to a PMT. The instrument was
used to measure the vertical distribution of dust of up to 30 km. The measurement
resulted in the concentration of particles with diameter greater than 560 nm and
760nm as a function of altitude. The uncertainty of the measurements was around
20 %.

The Wyoming OPC was later modified by adding another combination of microscope-
PMT [Rosen, [1968]. This addition was aimed to avoid false counts due to cosmic ray
striking the PMTs, which improved the lower limit of detection. The modified OPC
could detect particles with diameter greater than 300 nm and 500 nm. A calibration
showed that the OPC response with respect to particle size became ambiguous for
particles with diameter between 1,000 nm and 2,000 nm [Pinnick et all, 1973; Pinnick
and Hofmann, [1973]. It was also found that the OPC responses largely varied as a
function of refractive index for particles larger than 400 nm in diameter.

Four commercial OPCs responses to various sample types, sizes and shapes were
studied [Pinnick and Auvermann, 1979]. The four OPCs are the classical scattering

aerosol spectrometer probe (CSASP), the active scattering aerosol spectrometer probe
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(ASASP), the forward scattering spectrometer probe (FSSP), and the axially scat-
tering spectrometer probe (ASSP). Some characteristics of the four OPCs as stated
by the manufacturers are shown in the table . The study demonstrated that the

responses of the four OPCs were affected by the refractive index and shape of samples

so the specifications stated by the manufacturers are no longer valid for particular

application. In the measurements of spherical particles, the responses of CSASP and
ASASP appear to correspond to the theoretical prediction but FSSP and ASSP gen-

erated ambiguous results for particles larger than 1,000 nm in diameter. It was found

that slightly irregularly shaped particles generated responses comparable to those of

spherical particles for CSASP and ASASP while no corresponding measurements were

done for FSSP and ASSP. The study results are summarised in Table .

Table 1.6: Characteristics of the four OPCs as stated by the manufacturers

instrument light light- flow rate or size range* &
source collecting | active area recommended use
optics stated by
0, — 0, manufacturer
CSASP 5mW 4° —22° 0.15cm?®s! 440 nm—-32,000 nm;
He-Ne laser Fog, haze, dust, smoke
ASASP 2mW 4° — 22° 0.1cm?®s™! 170 nm-3,000 nm;
He-Ne laser
(intra-cavity) Haze, dust, smoke
FSSP 5mW 3°—13° 0.25 mm? ** 440 nm—44,000 nm;
He-Ne laser Fog, cloud, dust
ASSP 5mW 4° — 22° 0.4 mm? ** 440 nm—44,000 nm;
He-Ne laser Fog, cloud, dust

* Size range is defined for particle diameter. Size resolution is 10% of the maximum of size range.

** The flow rate can be determined by multiplying the active area with the speed of air passing

through the active area.
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Table 1.7: The calibration results on the size and the resolution of the instruments with various samples. Source: [Pinnick and
Auvermann, 1979]

The calibration results
Instrument : .
homogeneous spherical aerosols homogeneous spherical aerosols )
] o . o Irregular particles
of uniform composition of mixed and unknown composition
Size range varies according to i
. o . size range unknown;
particles refractive index. size range: . )
. R the responses of slightly irregular

For water droplets, the size range 400 nm—100,000 nm in diameter; ) o

} o ) ) particles are similar to spheres
CSASP is 460 nm-28,000 nm in diameter. resolution severely deteriorated .

) ) ] ) of equal area, in the range
while for dust is 420 nm—100,000 nm. for particles bigger than
o o from 3,000 nm to 8,000 nm of
resolution is less than that stated 1,000 nm in diameter. . ]
equivalent diameter.

by manufacturer.

The lower limit of size range varies

varies according to particles . )

o o . ) size range for slightly
refractive index. The limit in measuring | size range: 100 nm to between . . o
. o irregular particles is similar to

water droplets is 192 nm in diameter. 2,000nm and 3,000 nm;
ASASP i o ) i ) that of spheres of equal area;

In measuring dust, the limit is 160nm, | poor size resolution for particles . .

o . o o resolution deteriorated

in diameter. The size resolution is poor | greater than 1,000 nm in diameter. L

) significantly.

for particles greater than 1,000 nm

in diameter.

Size range varies according to

particles refractive index. Multi-valued ) . )
FSSP and . Resolution deteriorated for particles

responses are observed for particles L unknown
ASSP o greater than 1,000 nm in diameter.

larger than 1,000 nm in diameter;

resolution is comparable to CSASP
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1.8 Current development of OPC instruments

Some attempts has been made to further develop OPC instruments. The first is the
development of an OPC that measures scattered light in two-dimensional direction
known as two-dimensional angular optical scattering (TAOS). It is expected that the
size and shape of sampled particles can be retrieved from measured scattered light.
The second is the development of an OPC that measure the scattering of two wave-
length of light known as dual wavelength optical particle spectrometer (DWOPS). Tt
is expected that the sizing ambiguity is reduced in retrieving particle size using the
measured light. The third is the first generation of SPARCLE that measure the pat-
tern of light scattered by single particles. It is expected that the size and refractive

index of the single particles can be retrieved based on the patterns.

1.8.1 TAOS

As the name suggests, TAOS measures two-dimensional pattern of light scattered
by single particles over large scattering angles. The instrument illuminates single
particles with a pulsed green laser with A = 532 nm as the particle passes through
one focal point of an ellipsoidal mirror. The angularly scattered light is collected by
the mirror and focused into a slit to be sensed by a gated image-intensified charge
coupled device (ICCD) camera. The ICCD camera is located beyond the second focal
point of the mirror.

An experiment to measure atmospheric aerosols using TAOS was carried out based
on the scheme shown in Figure [Aptowicz et al, 2006]. In the experiment, aerosols
were sampled from the air through an inlet installed on the laboratory roof with the
flow rate of 770 liter per minute. A virtual impactor was installed as a particle
concentrator to concentrate particles whose sizes range from 1,000 nm to 10,000 nm
in diameter. The concentrated particles were drawn into a cubical airtight aluminum
box with the flow rate of around 1 liter per minute. In the box, the concentrated
particles were aerodynamically focused using a conically shaped aerodynamic nozzle.
The nozzle was located slightly above the scattering focal volume where the particles
were to be illuminated. The aerosol exited the airtight box through a tube located
about 1 cm under the scattering focal volume. The experiment measured scattering
patterns of around 6000 ambient aerosol particles. Twenty of them are shown in
Figure . In the figure, the intensity of the patterns has been adjusted for clarity.
Some images, such as images 1, 8, 15, and 20, demonstrate recognisable patterns

that are likely to be generated from spherical particles. Other patterns had yet to
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be associated with a particular shape. The retrieval of particle properties based on

measured patterns is still under development.

(a) Cross-sectional view

Intake Exhaust
Inlet is located \ | aust x4
on the roof of
the laboratory

Pump
770 L/min

Exhaust

\|1|f Airtight box
a.
E E 3 :
g--._ < Intensified
gj - CCD detector
B

L

N

(b) Bird’s eye view

Airtight box

Intensified
CCD detector

1. Trigger and scattering volume
DL: Diode Laser (CW mode) 2. Ellipsoidal reflector
PMT: Photo-multiplier Tube 3.45 degree mirror
IF: Interference Filter 4. Iris

5. AND gate (pre-amplifiers not shown)

Figure 1.11: Schematic of a TAOS prototype measuring atmospheric aerosol parti-
cles. (a) Aerosols are sampled through a concentrator and a small portion of the
aerosols flow into an airtight box through an aerodynamic focusing nozzle. (b) Single
particles flow from the nozzle, traverse the intersection of crossed laser beams and
are subsequently illuminated by a pulsed green laser [IAptowicz et a,l.l, tZOOd]
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Figure 1.12: TAOS patterns of single atmospheric aerosol particles. The patterns are
confined to a circular shape. The black circular shape appeared consistently in all of
the patterns related to the regions where the scattered light is not directed into the
detector. The images are taken from [|Apt0wicz et al.|, 200d]

1.8.2 DWOPS

DWOPS is designed to collect the light scattered by single particles using the forward
and backward scattered light from two illumination wavelengths. The scattered light

can be used to retrieve the size and refractive index of the single particles [Szyman

Iski et alJ, |200j]. The design uses two light sources to illuminate single particles and

installs beam splitters to split the scattered light according to their wavelengths. A
paraboloidal mirror is installed to collect the light scattered in forward and backward
region. The schematic of the design is shown in Figure . Numerical calculations
illustrate that the sizing accuracy of the instrument deviates as a function of parti-

cle size, with the deviation less than 10% of true sizes, while the determination of
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complex refractive index distributed around 20% of true refractive index for both
real and imaginary parts in the measurement of particles whose size between 100 nm

and 10,000nm in diameter, the real part of the refractive index from 1.2 to 2 and

the imaginary part of the refractive index from 0.0 to 1.0 [lNagy et all, lZOO?h. An

experiment to test the numerical calculation was performed. Prior to the experiment,
scale factors that link between the light scattered by particles and the instrument
responses were built based on the measurement of instruments responses to PSLs
whose sizes are 500 nm and 2,000 nm. Then, the experiment proceeded by measuring
spherical homogeneous particles whose sizes of between 589 nm and 1,000 nm in di-
ameter, the real part of the refractive index from 1.45 to 1.70, and the imaginary part
of the refractive index from 0 to 0.32. It is reported that the results of the experiment

confirmed the numerical calculations.

Detector
;rsd forward

Detector
- red backward
Detector
- IR backward

Detector

- IR forward
Figure 1.13: Schematic diagram of DWOPS. Two laser sources are used to illuminate
a particle. The light scattered on the forward and the backward region is collected by
a paraboloidal mirror. The collected light is then split according to the light source
lengths and measured by detectors. The images are taken from [Ezymanski et al,,
2009]
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1.8.3 The first generation of SPARCLE

The first generation of SPARCLE was designed to determine the size and refractive
index of single particles based on the angularly resolved light scattered by the single
particles [Thomas, 2003]. The design is suitable for use in small balloon-borne in situ
measurements. The main target of the first generation instrument is stratospheric
aerosols.

The detection system in the instrument has two measurement goals. The goals
are to be able to measure the smallest possible single particles and to capture the
pattern of light scattered by single particles to a high degree of precision. These goals
require the use of two sensors, one devoted to each goal.

The two sensors in the instrument are described as follows. A PMT is used as the
first sensor and collects the light scattered across a solid angle of 0.94 sr centered at
90° in both scattering and azimuth angles. The second sensor is a solid state linear
array sensor called linear diode array (LDA). The LDA measures light scattered in
512 points across the scattering angles 45° — 135°. The schematic of the design can
be seen in Figure .

The measurements by the sensors are done sequentially. The PMT measures the
intensity of light in the scattering volume continuously and the measured intensity
can indicate the presence of single particles in the scattering volume. Once single
particles are detected, the LDA is triggered to start measurements.

The LDA performed three successive measurements. The first and second mea-
surements measure the light scattered by single particles, while the third measures
the background signal. The scattering pattern is constructed by adding the first two
measurements and subtracting twice of the background signal. An example of the
scattering pattern can be seen in Figure .

The instrument was calibrated to measure aerosol particles which size and refrac-
tive index are known. The aerosols used in the calibration are monodisperse aerosols
generated by aerosolised glycerol solution. An APS was installed in parallel with the
instrument to monitor the size distribution of the monodisperse aerosols. The PMT
responses to some of the monodisperse aerosols are shown in Figure . The num-
bers shown on top of each plot are the corresponding mean radii of the monodisperse
aerosols particles and PMT response.

As shown in the figure, some of the PMT responses are distributed normally such
as those shown in Figure (a) and (c), while others are not normally distributed
such as those shown in Figure (b) and (d). This variation of distribution might

be due to several causes such as noise on the PMT measurements, size variation of the
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/ Beam guide and baffling
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Coaxial inlet air pipe Scattering volume
Beam dum —]
p Ta "« Mirror
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Figure 1.14: Schematic view of the scattering chamber of the first generation of
SPARCLE. Aerosol particles are drawn to the scattering volume through coaxial
inlet air pipe. In the scattering volume, particles are illuminated by a red laser beam.
The light scattered by the particles are measured by the PMT and the LDA. A laser
power photodiode is installed to monitor the laser power. At the end of the optical
system, the laser beam is directed to the beam dump. The images are taken from
[Thomas, 2003]

aerosol particles, non-Gaussian profile of the laser beam, and error caused by circular
cross section of the sample air flow.

A new retrieval scheme was developed to retrieve the parameters of the particles
size and refractive index. The retrieval scheme is a combination of simulated anneal-
ing and the Lavenberg-Marquardt optimal estimation method. At first, simulated
annealing is tested for a wide range of parameters. Based on the simulation results,
some possible solutions were selected. Then the Lavenberg-Marquardt is applied to
these solutions to find the optimal solution.

Two retrievals were done. The purpose of the first retrieval was to obtain two
parameters: the particle size and the real part of the particle refractive index. In

this retrieval, the imaginary part of the particle refractive index was defined by the
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Figure 1.15: One example of an LDA measurement result. The images is taken from
[Thomas, 2003]
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Figure 1.16: The distribution of the PMT outputs for the measurement of glycerol
particles. On top of each plot, the corresponding particle radii and PMT responses
are shown. The images are taken from [Thomas, 2003]

glycerol specification. The second retrieval was to retrieve three parameters: particle
size, and both of the real and imaginary part of the particle refractive index. It was
found that the second retrieval was less successful than the first.

The first retrieval appears to agree with the expected results. Particle size re-

trieved from the two retrievals distributed in nearly the same distribution as that of
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the corresponding particle size measured by the APS. Some of the retrieved sizes are
shown in Figure . Meanwhile, the retrieved refractive index for particles larger
than 5.5 um in radii are distributed around the expected value of 1.473. Below this
size, the retrieved refractive index is strongly influenced by the a priori estimation

used in the retrieval.

(a) 3.37 pm (b) 4.18 pm

08[ 0.8[
B o
-~ [ = [
[} b wn F
5§ 0.6 ] § 06F .
° L o L
5, s 5 b
@ i (5]
2 r i 2
£ 04F i b g 04r b
3 F H = L
= L ] L
R | £l
= 02F bt S 0.2 b
o | © L
g L T L
= | ~ L

0.0 L. it I 0.0 L i N "

0 51 10 15 0 b5 10 15
Particle radius (um) Particle radius (um)
(¢) 4.49 pm (d) 5.57 pun

08 0.8]
= =
par = [
w F w +
5 06 : ] g o6F 1
< H H < L
& ko b
@ | @ ;
a2 i I = [ :
£ 04l 1 g 04r g
=1 r I =] r P
2 : = [ :
2 .l s 2 Ll
= 0.2 : b = 0.2 b
T L L o L
; - rﬂ—ﬁ% s - .ﬁ‘é‘
2 [ : m [

0.0L AR . 0.0 " —

0 5 10 15 0 5 10 15
Particle radius (um) Particle radius (um)

Figure 1.17: The distribution of the retrieval results based on the measurements of
glycerol particles with sizes: 3.371m, 4.18 um, 4.49 pm, and 5.57 pm in radii. The
retrieval results are plotted in red. Some of the retrieval results with low cost function
are selected and plotted in black. The size distribution measured by the APS are
shown in dotted lines. The images is taken from [Thomas, 2003]

1.9 Summary

This study investigates the feasibility of the second generation of SPARCLE, an in situ
instrument to retrieve the size and refractive index of aerosol particles. This feature
is unique since most of in situ optically based instruments assume the refractive
index of measured particles to give size-estimates. It is expected that the in situ

measurement of particle size and refractive index improves the understanding of the
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effect of atmospheric aerosols to the Earth’s radiative forcing. The measurement is
also expected to have higher accuracy in particle sizing than current available particle
sizer so that the impact of aerosols to human health can be better studied. SPARCLE
measurement goals are to retrieve the size and refractive index of particles whose sizes
range from 500 nm to 2,500 nm in diameter. This size range is within the range of
the accumulation mode of trophospheric size distribution.

Aerosols is a suspension of solid or liquid particles in a gas. Aerosols can be gen-
erated either naturally or from anthropogenic sources. The shape of aerosol particles
vary from spherical to arbitrary shapes. The size of aerosol particles spans from a
few nanometers to tens of micrometers. The knowledge of aerosol size distribution
can offer an explanation of the sources of the aerosols. Another aerosol property is
particle refractive index which summarised the interaction between particles and the
light which propagating in the particles: the real part of refractive index determines
the speed of the light while the imaginary part determines the decay of the light.
Physical and chemical processes in the atmosphere can change properties of aerosols.
The processes involve mass transfer to or from particles. This transfer can be the
result of molecular transfer between particles gas molecules such as in: condensation,
evaporation, nucleation and chemical reaction, or it may result of inter-particle mass
transfer such as in coagulation. Aerosol particles have a high level of surface area
to mass ratio. This property allows aerosol particles to participate actively in many
kinds of chemical interaction between gas molecules and aerosol particles.

Aerosols are introduced into the troposphere either directly or indirectly. Main
tropospheric aerosols from natural processes such as terrestrial dust, volcanic ash
and sea spray are introduced directly to the troposphere. Aerosols can be indirectly
introduced into the troposphere through the gas to particle conversion such as in
the oxidation of atmospheric sulphuric gases. Tropospheric aerosols are distributed
heterogeneously in time, location and altitude. The concentration of tropospheric
aerosols in particular area can change within tens of minutes. Spatially, tropospheric
aerosol concentration may vary in the scale of a few kilometers horizontally and a few
tens of meters vertically. The Whitby model describes that the distribution of tropo-
spheric aerosols can be characterised by three main modes: nucleation, accumulation
and coarse mode. Particles in each modes are different in the formation and removal
processes.

There are variety of methods and instruments which scientist and engineers can
use to perform in situ aerosol measurements. Each instrument provides measurements

for particular properties and most instruments only operate within a certain particle
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size range. Due to these limitations, it is common that more than one instrument is
used in an aerosol measurement campaign to reach measurement goals. Instruments
to measure aerosol can be classified into two general types: aerosol sampling and
direct-reading instruments. The most common sampling technique involves the use
of filters to collect aerosol particles. Widely used direct reading instrument is optical
particle counters which retrieve particle size based on the light scattered by particles.

Errors in aerosol measurements should be recognised to be able to assess the in-
terpretation and usefulness of the measurement data. Errors can be introduced due
to particle lost in sampling and transport lines, the limited sensitivity of sensors de-
ployed in instruments, of the insufficient number of samples. As a result of these types
of errors, measured aerosol properties may not reflect the original aerosol properties.

Despite years of development, optical particle counters suffer from ambiguity in
particle sizing, mainly due to particle optical properties and particle shape variations.
Early development of OPCs showed this ambiguity with high ambiguity for particles
larger than 1,000nm. Three types of OPCs with the purpose of overcoming the
ambiguity were recently developed. The first is an OPC that measure two-dimensional
pattern of light scattered by particles over large scattering angels. Various patterns
from ambient measurements had been measured. The retrieval of particle properties
based on the patterns is still under development. The second is an OPC that measure
light scattered by single particles using the forward and backward scattered light
from two illumination wavelengths. The experiments to test the instrument were
performed. Prior to the experiment, scale factors were build based on the responses
of the instrument to PSLs with the sizes of 500 nm and 2,000 nm. The results suggest
that, in general, the uncertainty of retrieved sizes are less than 10% of real particle size.
The third is the first generation of SPARCLE. It was designed do determine the size
and refractive index of single particles based on the angularly resolved light scattered
by the single particles based on the pattern of scattering light. The calibration of the
instrument was done by measuring the responses of the instruments to particles whose
sizes are larger than 3.37 pm in radii. The retrieval of particle size and refractive index
using the responses based on an a priory knowledge of the particles. The retrieved
sizes showed a good agreement with real particle size. The retrieved refractive indices
for particles with radii larger than 5.5 pm were in a good agreement with real refractive
index while those retrieved for smaller particles were strongly influenced by the a

PTLOTY.
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Chapter 2
SPARCLE design

The calibration of the original SPARCLE instrument has shown that the SPAR-
CLE design can be applied to retrieve particle size and refractive index, although
modifications are needed for it to be applicable in a tropospheric environment and
to improve its performance. For example, the original SPARCLE was designed to
sample air in the stratosphere which particle number concentration is typically less
than 100 particles cm™ while the concentration in the troposphere can be higher than
1000 particles cm™. Another example is that the calibration of the original SPARCLE
showed that the ability of the LDA in capturing light scattering patterns was limited
to particles larger than 6,000 nm in diameter, much bigger than particles in the ac-
cumulation mode of the troposphere. To solve these issues, some modifications are
applied to the three systems that compose the original SPARCLE. These three sys-
tems are: the detection system, the sample air delivery system and the data recording

system.

2.1 The detection system

The detection system is responsible for both the illumination of single particles in
the sensing volume and the measurement of the light they scatter. The design of
the detection system of the original SPARCLE is still used in the second generation
SPARCLE. The system includes a light source, a sensing volume and two detectors.

The two detectors are composed of:

e a detector with high sensitivity and high temporal resolution used mainly to
detect the presence of single particles in the sensing volume. The sensitivity
should enable SPARCLE to detect sub-micron particles while the temporal
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resolution should be much shorter than the transit time of particles in the

scattering volume,

» a detector with high spatial resolution to capture the pattern of scattered light.
The main considerations when designing this system are:

o to match the light source and the two-detectors’ performance with the required

measurement goals,

o to design the sensing volume which maximise illumination time and minimise

coincidence errors.

To achieve the measurement goals, the patterns of scattering light measured by the
detection system should be well-resolved. Well-resolved scattering patterns are de-
termined by the ratio between the scattering intensity and the measurement errors
introduced by the detection system. When the ratio is higher, the scattering pat-
tern is more likely to be well-resolved. To obtain a high ratio between the scattering

intensity and the errors, parameters that need to be considered are:

o the power and the wavelength of illuminating light,
o the duration of illumination time,
 the sensitivity and the measurement errors of the detectors,

o the distance between single particles and the detectors.

In designing a sensing volume, the influence of its dimension to coincidence errors and
illumination time should be considered. For example, a smaller sensing volume re-
duces coincidence errors since the errors are proportional to the dimension. However,

the smaller volume might also shorten illumination time.

2.1.1 The light source selection

Several criteria need to be considered in the light source selection. The criteria are:

» the light source should have a narrow wavelength band. This is necessary to
ensure high resolution scattering patterns. According to Mie theory, the scat-
tering patterns of light scattered by single particles depend on the wavelength of
the light. Illuminating single particles by a broad range of wavelengths results
in the accumulation of several scattering patterns each generated due to illu-
minating the single particles by individual wavelength from the broad range of

wavelengths. The accumulation can smear out the fine details of the patterns,
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o the light source should produce a high intensity of light. This provides the abil-
ity to detect small particles and to generate a strong intensity of light scattering

patterns,

o the light source should produce a well-collimated beam. A well-collimated beam
can be easily aligned to prevent the beam from reaching the detectors either
directly or through the reflection of instrument components. A well collimated
beam limits the variation of the scattering angles of light scattered to partic-
ular points due to the variation in the direction of the incident light. The
small variation of the angles can lead to a good angular resolution of scattering

patterns,

e the light source should be compact and require low energy to operate. This

feature is crucial in a compact in situ instrument.

One type of light source that can satisfy these criteria are laser diodes. Compared
with other lasers, laser diodes have unique characteristics which provide several ad-

vantages, they are:
 available in various wavelengths from ultraviolet to infrared,
 available in various output powers from mW to several W,

« available with compact size modules that include a laser diode, collimating lens,

a circuit board and a housing,
o long lifetime typically up to 10,000 hours of operation.

On the other hand, laser diodes do have some drawbacks, such as the difficulty in
having a perfectly collimated beam and the sensitivity of output power to tempera-
ture. However, the advantages of laser diodes make them the most suitable for this
application. The original SPARCLE didn’t use laser diodes due to the high price of
laser diodes at that time. A 514.5nm argon gas laser was used to test the original
SPARCLE. Since then, the price of laser diodes has decreased significantly and so it
was decided to use laser diodes in the second generation SPARCLE.

The selection for the particular wavelength and output power of laser diodes is
based on two main considerations: its ability to produce a high intensity of scattered
light and its practicality of alignment with other SPARCLE components. Based on
Mie theory, the first consideration requires the use of shorter wavelengths to ensure

sensitivity for smaller particles and a higher illuminating power to produce higher
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Figure 2.1: The wavelength of the laser diode used in the second generation SPAR-
CLE measured using Thorlabs CCS200M Spectrometer. The wavelength peaked at
651.51 nm with the FWHM around 1 nm.

intensity of scattered light. One option to satisfy this requirement is to select a high
output power blue laser diode. However, due to safety reasons, it is more practical
to use a red laser diode with a moderate output power. The laser diode used in this
work is the CPS65AP05-SE laser diode, emitting light whose wavelength is 650 nm
and output power is around 4 mW. The laser comes in a module with pre-installed
collimating lens, resulting in a nearly elliptical collimated beam with a major axis of
6 mm and a minor axis of 3mm. A measurement of the laser diode wavelength using
Thorlabs CCS200M Spectrometer shows that the wavelength peaked at 651.51 nm
with the full width half maximum (FWHM) being around 1 nm, as depicted in Figure
@. The measurement of the laser output power results in 3.9mW of power, as
measured using LaserCheck power meter produced by Coherent Inc. The observation
of the beam polarization using Thorlabs Calcite Polarizer GTH10M-A indicates that

the beam is polarised in the major axis of the elliptical beam.

2.1.2 The two-detectors selection

The first detector should have both an extremely high sensitivity to measure low level
of light scattered by small single particles and a high temporal resolution to indicate
the transit time of single particles in the sensing volume. These requirements lead to
the selection of a PMT as the detector of choice due to its high conversion efficiency of
photons into photoelectrons and its high amplification or gain of the photoelectrons.

In the original SPARCLE, Electron Tubes PMT model 9828B was used and it
showed the ability to detect particles transiting in the sensing volume. The PMT can
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detect light with wavelength between 180 nm and 870 nm with the PMT conversion
efficiency at A = 400 nm being around 21%. The PMT amplified photoelectrons up
to 10° times. The PMT has a fast time response: the transit time of photoelectrons
to reach the PMT’s anode was 80ns. This features enabled the original SPARCLE
to capture light scattering patterns while single particles were still transiting in the
sensing volume. The calibration of the original SPARCLE shows that it was capable
of capturing the patterns of light scattered by particles whose size is as small as
6,700 nm.

A similar type of detector is used in the second generation SPARCLE. The se-
lected PMT is the Electron Tube PMT model 9124B. The PMT can detect light with
wavelength between 280 nm and 680 nm with the conversion efficiency at A = 400 nm
being around 25%. The amplification is up to 10° times. The response time of the
PMT is 33 ns.

The second detector should have both a high spatial resolution and high sen-
sitivity to capture fine details of light scattering patterns as well as the ability to
integrate scattering light in a relatively short period of time to reduce coincidence er-
rors. The options for this detector are either LDA or charge-coupled devices (CCDs).
These devices are in principle very similar: they both collect charges generated from
absorbed photons in spatially distributed photosensitive elements. The charges are
subsequently read off. The difference between the two sensors is in the design of the
photosensitive elements themselves: in a CCD, the charge is collected by a p-n junc-
tion within a layer of doped silicon, while an LDA uses a MOS capacitor to generate
the required depletion layer within the silicon.

In the original SPARCLE, an LDA series S5461-512Q C-MOS Linear Image Sensor
manufactured by Hamamatsu was used and proved to be problematic. The LDA had
512 pixels and each pixel collected charges sequentially. The signal of each pixel was
continually sent to an analog-to-digital converter with an indication of the start and
the end of the 512-pixels data set. This scheme proved to be problematic since there
was no assurance that all the pixels in the 512-pixels data set collected scattered
light. As a consequence, a combination of a few sets of 512-pixels-data were needed
to reconstruct the scattering light patterns; a combination of some sets coincided with
single particles transit in the sensing volume and a set of background only. It was
decided that three sets of 512-pixels-data were needed, with the first two containing
scattered light patterns and the third containing background only. With each set
taking around 5,000 ps, the expected interval between single particles coming to the

sensing volume to prevent coincidence errors is 15,000 ns. This was a relatively long
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period and the calibration showed that the coincidence errors were at least a third of
the measured data.

The development of electronic shutters in CCD line sensors offers a solution for
the problem described above. Electronic shutters can determine when the pixels in
CCD line sensors collect charges simultaneously. Combined with a triggering system
to trigger the electronic shutters, a single measurement of light scattering patterns
can be realised. In addition, a short integration time, as short as a few ps, can
be found in commercial CCDs. For these reasons, a CCD line sensor is selected as a
second detector in the second generation SPARCLE. The CCD device selected is LC1-
USB CCD camera produced by Thorlabs. The camera contains a CCD linear sensor
ILX526A, the number of pixels is 3,000 and the sensitivity to measure light whose
wavelength is 660 nm is 3,000 VIux~!'s~!. The integration time of the CCD camera
ranges from 1ps to 200 ms with an electronic shutter function. The manufacturer did
not specify the quantum efficiency of the line sensor. The quantum efficiency was
measured by Labusov and the result indicates that the efficiency of ILX526A line
sensors is about 35% at A = 650 nm [Labusov et all, 2008§].

2.1.3 Designing the sensing volume

The sensing volume is the volume where single particles are illuminated by the laser
beam. The dimensions of a sensing volume can determines the number of coincidence
errors and, for this reason, the main consideration in designing the sensing volume is
to minimise the errors. The sensing volume in SPARCLE is defined by the volume
of the intersection between sample air flow exiting the SPARCLE sampling pipe and
laser beam. If the air flow is assumed not to expand or contract as it passes across
the sensing volume, it can be described as a cylindrical flow whose radius is the same
as the sampling pipe. To illuminate transiting particles in all probable particle flow
paths inside this cylindrical flow, it is necessary to have a laser beam which illuminates
all parts of the cylinder’s cross section. Also, it is advantageous for further analysis to
have a rectangular laser beam cross section so all transiting particles have the same
path length. The diagram of the sensing volume is shown in Figure @ and, based

on the figure, the sensing volume, Vg, can be calculated as
Vo = w12 h, (2.1)

where 7 is the radius of the inlet and h is the height of the laser beam indicated in

the figure.
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Figure 2.2: The SPARCLE sensing volume governed by the intersection between the
SPARCLE sample air flow and laser beam. The beam, air flow and sensing volume
are indicated by red, grey and green, respectively.

volume

A statistical model of coincidence errors taking place in sensing volumes has been
described by Wales and Wilson [|Wales and Wilson|, |196]J]. Wales and Wilson define

the errors as the events when two or more particles transit in sensing volumes simul-

taneously. They modelled counting operations involving a sensing volume as discrete
events where the sensing volume is being filled, counted and emptied. Based on this
model, the counting operation of N number particles contained in an air sample with

the volume V can be regarded as the counting operation on V by sensing volume Vg,

v
VSV :

due to the presence of coincidence errors and can be expressed as

with the number of trials

Observed counts, N, can deviate from true counts, /V,

1 —KN
N:i[l—ex ] (2.2)

where X = V;V. Based on Equation @, coincident errors can be minimised by smaller
values of either K or N.

The sensing volume of the second generation SPARCLE is designed according to
Figure @ and the observed counts of SPARCLE in counting particles can be cal-
culated using a combination of equations @ and @ The equations are used to
illustrate counts observed by SPARCLE in sampling various particle number con-
centrations of air samples, with two options of sampling pipe radius: 0.5 mm and
0.1mm. In the illustration the beam height is set to be 0.4mm. The results are
listed in Table EI According to the table, the coincidence errors of less than 15%
of true counts for the bigger sampling pipe can be achieved when the concentration
of air sample is 1,000 particles cm™ or less. For the smaller sampling pipe, the coinci-
dence error is still very low even when sampling an air sample with the concentration
10,000 particles cm™. Understanding coincidence errors is important as it provides a
method to correct the measured particle density, i.e. to estimate the true particle

density.
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The errors expected from the design described above are lower than that of the
original SPARCLE. The sensing volume of the original SPARCLE was governed by
the intersection of cylinder-shaped air flow and cylinder-shaped laser beam with the
radii 1.0mm and 0.5mm respectively, resulting in 1.5mm3 sensing volume. The
calibration of the original SPARCLE showed that more than 30% of coincidence
errors were observed in sampling an air sample with the concentration of around

2 particles cm™.

Table 2.1: The calculation of counts observed by SPARCLE in sampling various
concentrations of air samples. The calculation was done for two different sensing
volumes. In the calculation, it is assumed that the beam height is 0.4 mm and the
volumes of all air samples are 1cm?®. Each volume contains N number of particles.

sampling pipe radii » = 0.5 mm sampling pipe radii » = 0.1 mm
sensing volume Vg, ~ 0.3 mm? sensing volume V,, ~ 0.01 mm?
air sample volume = 1cm3 air sample volume= 1 cm?
True count | Observed | Ratio | Err True count | Observed | Ratio | Err

N N N/N | (%) N N N/N | (%)
10 9.9 099 | <1 10 9.9 099 | <1
100 98.4 098 | <2 100 99.9 099 | <1
1,000 858.2 0.86 | <15 1,000 993.7 099 | <1
10,000 3,045.5 0.30 | <70 10,000 9,397.2 094 | <7

2.1.4 Laser beam manipulation

The elliptical shape of the laser beam is an undesirable characteristic and needs to be
manipulated to create the thin rectangular beam described in the previous section.
In SPARCLE, the manipulation can be done by using a combination of a rectangular
slit and an aspheric lens as shown in Figure @ The manipulation can be described
as follows: first, the elliptical beam is arranged such that the major axis of the beam
is along the y axis. Second, the beam is directed through the slit whose width is
1.5mm to stop a portion of the beam on both sides, resulting in a nearly rectangular
beam with dimensions of 1.5 mm x 6 mm. Third, an aspheric lens with a focal point of
170 mm is used to compress the beam in the y direction resulting in a thin rectangular
beam with dimensions of approximately 1.5mm x 0.4 mm at around the focal point

of the lens. The beam profiles can be seen in the inset of Figure @ The actual beam
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cross-section used in SPARCLE may deviate from that shown in the figure since laser
diode beam diverges along the major and minor axis of the beam. The detail of the
cross-section of the beam used in SPARCLE will be discussed in Chapter 3.
Additional settings for the laser manipulations are installed to reduce stray light
in the optical system. An optional slit is installed before chamber window 1 to remove
unwanted divergent beam. The two window chambers are installed at roughly 45°
with respect to the beam propagation direction to prevent the beam from being
reflected along the optical axis. Beyond the focal point, the beam diverges and a beam
stop is installed to prevent the beam from reflecting back to the sensing volume. The
selection of the focal length of the lens is based on the preference to have a thin beam
along its propagation inside the scattering chamber in order to reduce the amount
of light scattered by the air inside the chamber. A thin beam also ensures that the
focused beam illuminating single particles is nearly collimated. In SPARCLE, the
beam path in the scattering chamber is around 30 mm and hence, a lens with a focal

length longer than 30 mm is essential.

20 mm
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Figure 2.3: The laser beam manipulation in SPARCLE. In the inset, beam profiles
in three different positions are shown: before slit 1, after slit 1 and at focal point.

2.1.5 The arrangement of the detection system

In general, the arrangement of the detection system in the second generation SPAR-
CLE follows that of the original SPARCLE: the two detectors are placed close to
the sensing volume without the use of additional optics. The arrangement is shown

in Figure @ While this approach may be prone to stray light, it is preferable due
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to its simplicity. The two detectors are located in the opposite direction from the
sensing volume with their axis of symmetry crossing the sensing volume, and are at
right angles to both the sample air flow and the laser beam. The two-detectors are
located at roughly the same distance from the sensing volume, which is around 6 mm.
This distance is shorter than that in the detection system of the original SPARCLE.
In the original SPARLCE, the PMT and the LDA were located around 21 mm and
12 mm respectively. The shorter distance ensures that higher intensity of scattering
light reach the detectors as the intensity is inversely proportional to the square of
the distance. The shorter distance also ensures the PMT collects light over a wider
solid angle than that collected in the original SPARCLE. The solid angle subtended
by the PMT in the current design is around 5.8 sr while that in the original SPAR-
CLE is around 0.94sr. In the current design, the solid angle is represented by an
arc of angles from ¢; = 40° to ¢ = 140° swept around a sphere from 6; = 20° to
0y = 160° where 6 and ¢ are scattering angles and azimuths angles respectively, as
defined in the first chapter. The short distance between scattering particles and the
CCD camera allow the collection of scattering light over a broad range of scattering
angles. The scattering angles subtended by the pixels of the CCD camera is from
0, = 37° to A3 = 144° and the azimuth angle of all pixels is ¢ = 90°. The values of
the azimuth angles are due to the placement of the pixels on the plane perpendicular
with the polarisation plane of the laser. The variation of the azimuth angles and the
scattering angles over individual pixels is approximated to be extremely small since
the solid angle of scattering light subtended by individual pixels is also extremely
small.

Another setting shown in the figure is the arrangement of a laser power monitoring
unit and a signal processing unit. A laser power monitoring unit is installed to monitor
the stability of the laser power by measuring a small portion of laser beam reflected
by chamber window 1 indicated in the figure. A signal processing unit is installed to
trigger the CCD camera based on the signals continuously sent by the PMT.

The summary of the detection system criteria, selection and design can be seen

in Table .
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Figure 2.4: The detection system of SPARCLE.
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Instruments or
parts

Criteria

Instrument selected or parts manipulation

Light source

Output has narrow wavelength bandwidth,
high intensity, and well-collimated.
Dimension should be compact.

Requires low energy to operate

Laser diode modules CPS65AP05-SE
A = 651 nm; Output power : 4 mW,
The beam is collimated.

Should have an extremely high sensitivity

PMT 91248 series produced by Electronic Tube.inc;

PMT ) C Quantum efficiency (A : 650 nm) ~ 25%
and high temporal resolution: Gain is set to nearly 10° times.
LC1-USB CCD camera produced by Thorlabs.
CCD camera Should have high sensitivity and Pixel number & pitch : 3000 & 7 pmx 200 pm

high spatial resolution:

Quantum eff. ~ 35%
Sensitivity : 300 VIuxst — 3000V Iluxst

Laser beam

The shape should be a thin rectangular beam.

Shaped by slits and cylinder lens.
The focal point of the lens is 170 mm.
The cross-section of the beam is 0.4 mmx2mm

Sensing volume

Dimension should be relatively small
The arrangement ensures that all possible
particle paths should be illuminated

The dimension is 772 h where r and h

are the sampling pipe radii and beam height, respectively.

Table 2.2: A summary of the detection system selection
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2.1.6 The mapping of pixels to scattering angles

Since the variation of scattering angles and azimuth angles over the individual pixels
are extremely small, scattering light intensity is modelled homogeneously over a pixel.
The variations are Af ~ 1073 and A¢ ~ 30x 1072 calculated based on the dimensions
of each pixel: 7pm x 200 pm, and the line sensor is located parallel to the z axis with
the distance to the z axis around 7mm. With this model, the individual pixels
measure light scattered at particular scattering angles. The individual pixels can
be mapped to the corresponding scattering angles since the scattering angles are
the angle between the location vector of the individual pixels relative to scattering
particles and the propagation direction of illuminating light. The calculation of the

location vector is based on the following considerations:

o the distance between the CCD camera’s optical window with the z axis is 6 mm
and the sensor line within the CCD camera is located around 0.6 mm from the

window,
o the variation of the scattering angle and azimuth angle over each pixel,

o there are 3,000 pixels in the CCD camera and these pixels are modelled as 3,000

points with the distance between two consecutive points is 7 pm,

 the pixels were numbered between 0 and 2,999 and they were lined up parallel

to the z axis,

e the CCD camera is positioned so a scattering angle of 90° is approximately the
1,500t pixel.

Based on these considerations, the mapping of the individual pixels to the correspond-
ing scattering angles was calculated and it is shown in Figure @ As can be seen
in the figure, the mapping is not linear. The light scattered at the forward or back
scattering angles are measured with higher spatial resolution than those scattered

around the scattering angle of 90°.
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Figure 2.5: The mapping of the pixels to scattering angles

2.1.7 The limit of detection

The limit of the detection system can be determined by the ratio between the detec-
tion system responses to the light scattered by various sizes of single particles and
noise. The higher ratio increases the likelihood of detecting the scattering light. The
responses can be calculated in two steps. First, the power of light scattered by single
particles across detectors’ photosensitive surfaces are calculated based on Mie the-
ory. Second, the power is converted into an electrical signal based on the detectors’
specifications. On the other hand, interfering noise can be estimated by identifying
probable noise and quantifying it.

In the design of the SPARCLE detection system, at least two sources of noise are
identified: Rayleigh and dark noise. Rayleigh noise is caused by uncertainties in the
number of photoelectrons generated by the detectors’ photosensitive area due to light
scattered by air molecules in the scattering chamber. The uncertainty is described
by Poisson statistics as the square root of the amount of expected photoelectrons.
Dark noise is caused by detector current incident on the detector. Other noise might
exist, such as stray light resulting from the reflection of light from other instruments’
components. The quantification of the noise depends on the particular instrument’s
alignment and, hence, the limit of detection presented in this subsection is only valid
for the two cases identified.

Expected PMT responses to light scattered by single particles are calculated by
integrating the light across the PMT’s photocathode window and then converting it
into electrical signals based on the PMT’s specification. The electrical signals are then

amplified by a factor of 550. To illustrate, the calculation is done for particles with
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sizes between 1nm and 3,200 nm, and the refractive index of 1.59. The results of the
calculation are shown in Figure @ In the figure, the optical power of the scattered
light is shown as a blue line and the corresponding amplified electrical signals are
shown as a red line. As can be seen from the figure, the PMT’s response is a complex
function of particle size. A nearly linear response is observed for the light scattered
by particles smaller than 1,000nm. This feature is advantageous for sizing in that
range. The responses to particles bigger than 1,000 nm peak at some particular sizes.
The peaks correspond to the high contribution of particular Mie coefficients a and b
expressed in Eq. A.40. The high contribution is due to the value of the denominators
in the equation that close to zero for particular Mie coefficients. In the figure, the

peaks correspond to the Mie coefficients: b1o, a1o and b3 are indicated.
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Figure 2.6: The expected responses of the PMT to the light scattered by particles
whose sizes vary between 1nm and 3,200nm with a refractive index of 1.59. The
blue line is the expected optical power of the scattered light across the PMT’s photo-
cathode window, and the red line is the corresponding responses of the PMT which
has been amplified by a factor of 550. The calculation of converting optical power to
electrical voltages is detailed in Appendix |Al.

The quantification of Rayleigh and dark noise in the SPARCLE detection system is
based on the model of how the noise is generated. The Rayleigh noise is generated by
light scattered by air molecules which are illuminated by the laser beam. A simplified
scattering model is used where the air molecules scatter light directly to the PMT
and the CCD camera. The air molecule considered in the model is the molecular
size of Nitrogen. Also, the beam intensity is assumed to be constant during its
propagation in the scattering chamber. The number of the scattering air molecules
can be derived by multiplying air density to the volume of the laser beam in the

scattering chamber. The air density is the density of air at atmospheric pressure and
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a temperature of 20° C. Then, the Rayleigh noise is calculated taking the size and
refractive index of air molecules to be 0.3nm and 1.0003 respectively. The result is
shown as a green line in Figure @ On the other hand, the calculation of the Dark
noise is straightforward. The current generated by the PMT when no photon falls
over the PMT window is specified by the manufacturer. The current then flows into
the amplifier used to amplify PMT outputs. The corresponding voltage generated
by the current is calculated and shown as a purple line in Figure @ The PMT
responses shown in Figure @ are also plotted in Figure @ As can be seen in the
figure, the ratio between the responses and the total noise is less than one for particles
smaller than 150 nm. While a ratio bigger than 100 is expected for particles bigger
than 300 nm.
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Figure 2.7: The expected responses of the PMT along with Rayleigh and dark noise.
The total noise is the summation of the two noises. For clarity, the total noise in the
figure is multiplied by a factor of 2. The-signal-to-noise ratio equal to one is indicated
by a dashed line while the ratio equal to around 100 is indicated by a red dot. The
calculation of PMT responses is detailed in Appendix

Similar calculations were done for the CCD camera. In the calculation, the in-
tensity of scattered light across individual pixels area is integrated over 1,000 ps of
exposure time and then converted into electrical signals. To illustrate, three responses
of the CCD camera to light scattered by particles with sizes 1,000 nm, 2,000 nm and
3,000nm and a refractive index of 1.59 are calculated and shown in Figure @ In
the figure, the responses are plotted as a function of the scattering angles which are
mapped from the individual pixels. In the top figure, the optical power of the scat-
tered light over the scattering angles is shown. The optical power is then converted
into volts by the CCD linear sensor with the conversion range between 0V and -2.3 V.

The CCD camera presents the output by normalising the volts into a range from 0
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to 1 which linearly corresponds to a range of 0V down to -2.3 V. The normalisation

can be expressed as

Veep
n 7

where Voop is the normalised output of the CCD camera; Viep is the voltage gen-

UCCD = — (23)

erated by the CCD line sensors; 11 is the normalisation factor which is 2.3 V. Note,
Yeep is dimensionless. The corresponding normalised outputs are shown in the bot-
tom figure. The noise that interferes with these responses is also calculated. The
dark noise can be derived from the manufacturer’s specification. The manufacturer
specifies that typical dark voltage generated by the CCD line sensor is 2.5mV. The
normalised output for this voltage is around 0.001. The Rayleigh noise is calculated
based on the scattering model similar to that for the PMT measurements. The cal-
culation is done for a pixel located in the scattering angle of 90°. For simplicity, the
Rayleigh noise at this pixel is generalised for all individual pixels. The result indicates
that the Rayleigh noise for a pixel is in the order of 107*. The combination of the

two noises is still small so the patterns observed for the three sizes are not disturbed.
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Figure 2.8: The expected responses of the CCD camera to light scattered by particles
with three different sizes: 1,000 nm, 2,000 nm and 3,000 nm with the same refractive
index of 1.59. The optical power expected across the CCD pixels was calculated and is
plotted in the top figure. The CCD camera integrates the optical power over 1,000 ps
and converts it into electrical signals. The electrical signals are then normalised and
shown in the bottom figure.

The detection limit of the CCD camera can be determined by the ratio between
the accumulation of all pixels’ readings and the accumulation of noise interfering with

all pixels. To illustrate, the CCD camera responses to single particles with the sizes
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of between 10nm and 3,200nm and a refractive index of 1.59 are calculated. Each
reading for all the pixels is accumulated and plotted as a function of particle size.
The plots are shown in Figure @ with a logarithmic scale. The noise in each pixel
calculated in the previous paragraph is accumulated for all the pixels and shown in
the figure as well. As can be seen in the figure, the ratio between the expected total
readings and the total noise is less than one for particles smaller than 250 nm while

the ratio is bigger than 100 for particles bigger than 800 nm.

3 4
10 (800 nm, 100) 7.———-—"“"—_‘

2 100 /'ll

T 1073 / !

o |

A 5 J 1

- 107° I

] 1

5 10791 i

= 1

E | — CCD

3 10121 : — Ray noise

< 10-15 - : — Dark noise
: — Total noise

T T T T
1 10 100 250 1000

Particle size (nm)

Figure 2.9: The expected responses of the CCD camera along with the noise. The
responses are calculated from light scattered by particles whose sizes vary between
1nm and 3,200 nm with the refractive index of 1.59. The noise sources are Rayleigh
and Dark sources. The total noise is the summation of the noise from the two sources.
The-signal-to-noise ratio equal to one is indicated by a dashed line while the ratio
equal to roughly 100 is indicated by a red dot.

2.1.8 Ratio between PMT signals and CCD camera readings

Visual observation of the PMT signals and the total readings of the CCD camera as
shown in Figures @ and @ indicates a similarity between the two. This similarity
is expected since the two detectors measure the light scattered by the same single-
particle size range. Since the detectors collect the scattering light with different
scattering solid angels, the ratio between the outputs of the detectors can provide
a characteristic of the SPARCLE design. The ratio is calculated by dividing PMT
signals collected for the duration of the CCD camera integration time of 1,000 ps with

the total readings of the CCD camera. The ratio can be expressed as

2 Veen(py)

PR = Wa (2.4)
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where Vpyr(t) is the PMT signals as a function of time ¢; The integration is evaluated
during the integration time of the CCD camera; Voep(p;) is the CCD camera readings
for the pixel p;; The summation is evaluated for the readings of all pixels; j is the
integer number from 1 to 3,000 indicating the the index of the pixels. Note, the
dimension of pg is V157t

The ratio for particles with sizes between 700 nm and 3,200 nm is shown in the
Figure . As can be seen in the figure, the ratio is a complex function of particle
size, where high variation of the ratio is observed for particle size bigger than 1,000 nm.
The variation of the ratio as a function of particle size indicates that the measurement
of monodisperse aerosols where the variation of particle size is small may result in
a linear relationship between Veep(p;) and [, Vpnr(t) dt with the slope of the linear
relation pr. The measurement of polydisperse aerosols may not lead to the linear

relation between Voep(p;) and [, Ve (t) dt.
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Figure 2.10: The ratio of PMT signals and total CCD camera readings for particle size
between 700 nm and 3,200 nm. As shown in the figure, the ratios are highly varied as
a function of particle size. As indicated in the figure, the expected ratios in measuring
four particle sizes: 1,100nm, 1,785 nm, 2,000 nm and 3,000 nm are 7.6 x 103 V=1s7L,
6.5 x 102 V~1s7 8.5 x 103V ~1s7! and 9.0 x 10> V~1s™!, respectively. These particle
sizes are the size of particles used in the calibration of SPARLCE.
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2.2 Corrections due to a slab of glass in the CCD
camera

A slab of glass is installed in front of the sensor line of the CCD camera and this
glass affects the intensity as well as the direction of scattering light which propagates
through the glass. Using the well-known Snells law and Fresnel equations, the effects
introduced by the glass can be calculated. The calculations were done based on the

following considerations:

 the polarisation of the electric field of scattering light propagating through the
glass is normal to the scattering plane. The scattered light does not have a
component of light with the electric field polarised parrallel with the scattering

plane since the azimuths angles of the scattering plane is 90°, ¢ = 90°,
o the refractive index of the glass is 1.5 as specified by the manufacturer,

o the incident angles of scattering light to the glass are measured with respect
to the normal of the glass. The incident angles are calculated as the absolute

value of the difference between 90° and the scattering angles,
o the thickness of the glass is 0.7 mm as specified by the manufacturer.

Based on Fresnel equations, the transmittance of scattering light propagating
through the glass is a function of the polarisation and the incident angle of the
scattering light as well as of the refractive index of the glass. The transmittance was
calculated and the results are shown in Figure as a dashed red line with the
scale on the secondary vertical axis. One example of the effect of the transmittance
to the light scattered by particles with the size of 3,000nm and a refractive index
of 1.59 is plotted in the same figure. As shown in the figure, the intensity of the
scattering light is reduced, with the reduction proportional to the transmittance of
the scattering light at particular scattering angles.

Based on Snell’s law, the lateral displacement of scattering light when propagating
through the glass is a function of the refractive index and the thickness of the glass
as well as the incident angles of the scattering light. The lateral displacements were
calculated and the results are converted into angular displacements, Af, which are
used to correct the mapping of individual pixels to scattering angles. The results are
shown in Figure as a dashed red line with the scale on the secondary vertical
axis. An illustration of correcting the mapping when measuring light scattered by

particles with the size of 3,000nm and a refractive index of 1.59 is plotted in the
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Figure 2.11: The transmittance of scattering light propagating trough the glass in-
stalled in the CCD camera. The transmittance is plotted as a dashed red line with
their scale is on the secondary vertical axis. The transmittance is peaked at a scat-
tering angle of 90°. The effect of the transmittance to the light scattered by particles
with the size of 3,000 nm and the refractive index of 1.59 is shown as a green line with
the corresponding intensity without the glass installed is plotted as a blue line.

same figure. As shown in the figure, scattering angles are displaced and the level of
displacement is dependant on the scattering angles. At a scattering angle of 90°, the

angular displacement is zero.
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Figure 2.12: Angular displacement in the mapping of individual pixels to scattering
angles due to the glass installed in the CCD camera. The displacement is shown as a
dashed red line. The blue line is the light scattered by particles with a size of 3,000 nm
and a refractive index of 1.59 without the glass installed. With the glass installed,
the mapping of pixels to scattering angles is corrected as shown by the green line.

2.3 Air sample delivery system

An air sample delivery system is responsible for sampling ambient air and transporting

it into the sensing volume as well as removing it from the instrument. Two main
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considerations when designing the system were:

1. to ensure that the particle concentration of an air sample that reaches the

sensing volume is as close to that of ambient air as possible,
2. to avoid particle contamination in the scattering chamber.

The first consideration requires minimum particle loss in the sampling and transport
of air sample. The loss can be minimised by creating a direct route for the air to
flow from ambience to the sensing volume and ensuring that the flow is laminar. The
second requires removing particles suspended in the air sample immediately after
they leave the sensing volume. This requirement led to the design with a narrow gap

between the sampling and removal pipe.

Air Flow
Scattering / S'amplmg
chamber pipe
Laser guide Laser guide
Chamber and_baffling and baffling
window :
-
Ar AIr Flowmeter
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volume
Air Flow
i Removal
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Figure 2.13: The SPARCLE delivery system.

The scheme of the SPARCLE delivery system is shown in Figure . As can be
seen in the figure, the sampling and transport of air sample into the sensing volume
is performed through a sampling pipe. The air sample is then removed through a
removal pipe. There is a gap between the sampling and the removal pipe in which
the sensing volume is located. The gap needs to be set as narrow as possible to reduce
the chance of particles drifting into the scattering chamber. The flow of the air sample
is controlled by an air pump. The flow rate of the pump can fluctuate as a function
of time and to reduce this fluctuation an air damper is installed. The flow rate of air
sample is monitored by a flow meter. To protect the flow meter from contamination,
an air filter is installed to filter contaminants out of the air sample. Also shown in

the figure are two chamber windows through which the laser beam propagates into
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and out of the scattering chamber. A laser guide and baffling is used to isolate the

beam within the scattering chamber.

2.3.1 The type of air flow through the sampling pipe

SPARCLE is designed to have an inlet port which allows for the installation of various
sampling pipes whose outer diameter fits the inlet port. The diameter of the port is
around 1.4mm and two options of sampling pipes are available: one with an inner-
diameter of 0.5 mm and one with 1 mm, both with the length of 40 mm.

The type of air flow through a pipe can be determined based on the pipe’s dimen-
sions. The determination is based on the calculation of the Reynold number of air
flowing in the pipe. When the Reynold number is less than 2,000, the flow can be
regarded as a laminar flow [Pramod and Baron, 2011]. The Reynold number of an

air flow, Ry, can be calculated as

Ry = 65,000 v,, (2.5)
or
Qa
Ry =65,000— 2.6
s = 65,000 (2.6)

where v, and @), is the speed and the flow rate of air, respectively, and r is the radius
of the pipe. Calculations based on the above equation were done to illustrate the

351 in the two

Reynold number of air flowing with flow rates of less than 500 x 10" m
sizes of the sampling pipes: 1 mm and 0.5 mm, and the results are plotted in Figure
. As can be seen from the figure, the Reynold numbers are lower than 40, hence,

the flows can be regarded as laminar flows.

2.3.2 Particle loss in the sampling pipe

Particles may be lost while being sampled and transported through the sampling pipe
to the sensing volume. The loss can be calculated using a validated software such as
the Particle Loss Calculator (PLC) [Von Der Weiden et all, 2009]. In the calculation,
users need to specify sampling and transport parameters such as sampling rates and
inlet size. The calculator limits sampling rates down to around 1,666 x 1072 m?®s~! and
the size of sampling pipe inlet down to 1 mm. However, there are no limits imposed
for transport parameters. The parameters used in the calculation are listed in Table
@. The results are plotted in Figure . In the figure, sampling and transport loss

in SPARCLE’s sampling pipe as functions of particle size are depicted as blue and red
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Figure 2.14: Air flow Reynold numbers for various flow rates of air inside two different
sizes of sampling pipes:1 mm and 0.5 mm.

lines, respectively. The results are presented as either solid or dashed lines depending
on whether the formulae used in the calculation are still in their validity range or
not. As can be seen from the figure, more than 10% and 50% of particle losses are
expected when sampling particles bigger than 1,800 nm and 6,000 nm, respectively.
The calculation for sampling particles smaller than 300 nm is out of the validity range,
and therefore indicated by a dashed line. The dashed line can be seen as a projection
with low confidence of validity. The calculation of transport loss indicates that less
than 10% of particle loss is expected when transporting particles bigger than 50 nm.
To conclude, the results of the sampling and transport loss calculations indicate that
particle loss in the measurement of particles in the accumulation mode using the

sampling and transport parameters listed in Table @ is less than around 10%.

Sampling parameters Transport parameters
Parameters Values Units Parameters Values Unit
Aspiration angle | 90° Angle of inclination | 90°
Orifice diameter | 1 mm Angle of curvature | 0°
Sampling rate 1,666 x 1072 | m3s~! | Flow rate 1,666 x 1079 | m3s!
Wind velocity 0 ms~! | Tube length 100 mm
Tube size 1 mm

Table 2.3: Parameters used in the particle loss calculation.
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Figure 2.15: Particle loss in sampling and transport of particles through the sampling
pipe.

However, sampling and transport rates slower than those used in the aforemen-
tioned calculations may be needed and hence, the corresponding particle loss needs
to be calculated or estimated. Sampling losses for slower sampling rates are expected
to be higher than those shown in Figure , based on the assumption that slower
flow rates are less effective in driving particles into the inlet. While the sampling
rates is limited down to 1,666x107? in the calculation using the calculator, there is
no limit imposed in the transport rate for the calculation. Transport loss for slower
transport rates was calculated for two different transport rates: 300 x 107 m3s~! and
500 x 1072m?s~!. The results are nearly identical to those shown in Figure .

2.3.3 Numerical modelling of air flow in the sampling pipe,
scattering chamber and removal pipe

To study the velocity profile of air sample flowing in the sampling pipe, the sensing
volume and the removal pipe, simple numerical fluid dynamics modelling was done
using OpenFoam software [OpenFoam, 2019]. OpenFoam is a collection of various
numerical solvers under one interface. In this modelling, a steady-state solver rhoSim-
pleFoam is used to simulate a turbulent Reynolds-averaged Navier-Stokes air flow of
incompressible fluid based on defined boundary conditions. The boundary conditions

are:

o the pressure at the sampling pipe inlet is higher than that at the removal pipe

outlet. This pressure difference generates air flow from the inlet to the outlet,

« the velocity of air sample is zero at wall boundaries.
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Several numerical calculations with various pressure differences between that at
the inlet and at the outlet were carried out. One result of the calculation in which the
pressure difference was set to be 2 Pa is shown in Figure . In Figure .a, the
map of the velocity magnitude in the scattering chamber is shown with the magni-
tude colour-coded from blue to red corresponding to the magnitude from 0.0ms™! to
1.2ms~!. The figure indicates jet air flow from the sampling pipe to the removal pipe.
The flow rate of the jet air can be calculated by integrating the velocity distribution

across the sampling pipe cross-section, the result of which is 306 x 10" m3s~1.
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Figure 2.16: The numerical modelling of air inside the scattering chamber. (a) The
map of the magnitude of air velocities inside the sampling pipe, sensing volume, and
removal pipe. (b). The streamlines of the air in the sensing volume.

Based on the velocity distribution, the streamlines of the jet air that depict lines
tangential to the jet air element velocity can be derived. The streamlines are depicted
in Figure (b) They indicate that the jet air in the sensing volume expands
slightly. The expansion can be obviously seen by plotting the air velocity magnitudes
in the sampling pipe and the sensing volume as a function of the distance from the
symmetrical axis of the sampling pipe. The plot is seen at the bottom of Figure
(a). As seen in the figure, the velocity magnitude of air in the sampling pipe

is distributed quadratically while that in the sensing volume is distributed normally.
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The figure also shows the velocity magnitudes of air circulating in the scattering
chamber. This air circulates due to the friction between the air and the jet air in the
sensing volume. Another parameter that can be derived based on the distribution is
particle transit time in the sensing volume. Since SPARCLE focuses on particles in the
accumulation mode with sizes between 500 nm and 2,500 nm, the effect of Brownian
and gravitational motions to the dynamic of single-particle motions can be neglected
[Tsuda et alf, 2013]. As a result, the path lines of single particles can be regarded as
the same lines as the streamlines of the air in which the single particles are suspended.
Based on the velocity distribution and the height of the sensing volume, a transit time
can be calculated. The results are plotted in the top part of Figure (a). Similar
calculations were carried out for two additional sampling flow rates and the results
are shown in Figure (b) and Figure (c) Based on these figures, it can be
concluded that the required flow rates that lead to the transit time longer than or
equal to 1,000 s is less than 170 x 1072 m3s~1.
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Figure 2.17: The distribution of the magnitude of air velocities in the sampling and
sensing volume (bottom) and the corresponding particle transit time in the sensing
volume (top) for three different flow rates: 306 x 107 m3s™!, 170 x 1072 m?*s~! and
56x 1072 m3s~!. The magnitudes of air velocities circulating in the scattering chamber
are also indicated.

2.3.4 Flow meter selection

The flow meter selected is an AWM3100 Series Microbridge Mass Airflow Sensor with

a working range between 0m?3s™! to almost 3,500 x 10~?m?®s! and a measurement
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uncertainty 2,3 x 107 m?®s!. The working principle is of measuring the power re-
quired to keep a constant temperature in an electrical heating element in the air flow.
Heater power is measured, and provides a signal proportional the mass air flow. The

calibration curve of the flow meter is shown in Figure .
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Figure 2.18: The flow meter used in SPARCLE. (a) A picture of a AWM3100V flow
meter. (b) The calibration curve of the flow meter. The blue line is the typical value
while the orange and green dashed lines are the maximum and minimum values,
respectively.

2.3.5 Air pump and air damper selection.

The selected pump is a 100-series peristaltic pump produced by Williamson Pump
Ltd shown in Figure (a) and its working principle is depicted in Figure (b)
The main components of the pump are a flexible tube, a rotor, rollers and a motor.
The working principle of the pump is based on air displacement created by the rollers
pinching the flexible tube as the rollers rotate. The flexible tube is made of silicon
with an inner diameter of 1.6 mm. The rotation of the rollers is controlled by the
rotor and the motor. The rotor is attached to a DC powered motor with a maximum
rotation of 150 rotations per minute. The setting of the tube’s inner diameter and the
motor’s rotation lead to the maximum flow rate of the pump at around 1079 m3 s,
However, flow rates generated by the pump vary as a function of time due to the
rollers passing the inlet. One example of this variation as measured by the flow meter
is plotted as a red line in Figure . The response time of the flow meter is 1ms,

indicating that the transient shown in the figure is capturing the main transients. In
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order to smoothen the flow rate, a simple 5-L volume acts as an air damper. The
corresponding flow rates with the air damper installed are depicted as a blue line in
Figure . The smoothed air flow has a variability of around 50 x 107° m?st.

(a) (b)

Motor

Figure 2.19: The pump used in the second generation SPARCLE. (a) A picture of
100-series peristaltic pump produced by Williamson Pump Ltd. (b) The scheme that
shows the working principle of the pump.
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Figure 2.20: Smoothed air by using an air damper. The red line is the flow rate
induced by the pump. The flow rate has a high variability from around 100 10~ m3 s
to nearly 50010~°m?®s. To smooth this flow rate a 5-L air damper is installed. The
smoothed flow rate is shown as the blue line.

2.4 Data acquisition system

The final task in designing SPARCLE is creating a data acquisition system to retrieve

measurement data. The measurement data are signals from amplified PMT, CCD
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camera, power meter and flow meter. The main consideration in the design of the
data acquisition system is that the system should have minimal impact in the actual
measurement process. For example, the CCD camera needs to be triggered immedi-
ately single particles enter the sensing volume. In the interest of this, signal delays
introduced by each component in the triggering system should be kept to a minimum.
Another example is that the rate of particles being measured by SPARCLE per unit
time depends on the “dead time” of the acquisition system during which the system
is unable to perform measurements. Short “dead time” leads to a high rate of particle
measurement per unit time.

The scheme of the SPARCLE data acquisition system is shown in Figure .
As shown in the figure, the signals from the PMT are amplified by an amplifier. The
amplified signals are sent to a discriminator which discriminates the amplified sig-
nals into background and scattering events. When scattering events are detected, the
discriminator generates pulse signals and sends the signals to a gate. The gate deter-
mines whether the pulse signals are to be blocked or let through. The determination
depends on the readiness of the measuring devices, which are digital oscilloscopes,
and the CCD camera, to perform measurements. When the devices are ready, pulse
signals are sent by the gate to a buffer, then, the buffer generates trigger signals
to trigger the devices to start performing measurements. When the devices are not
ready, the pulse signals will be blocked and the scattering events will be overlooked.
This scheme allows for the measurement of scattered light by the PMT and the CCD
camera as well as the measurement of laser power and air flow rate to be done simulta-
neously. The digital oscilloscopes and the CCD camera are connected to a PC which
controls them as well as storing the data sent by them. The technical specifications
of each component of the acquisition system are discussed in Appendix B.

An illustration of the timing diagram of the SPARCLE acquisition system is shown
in Figure . The diagram shows three examples of cases:

1. Amplified PMT signals that are classified by the discriminator as scattering

events and lead to triggering of the CCD camera.

2. Amplified PMT signals that are classified by the discriminator as scattering
events but do not lead to triggering of the CCD camera.

3. Amplified PMT signals that are not classified as scattering events.

In Figure .a, three pulses contained in amplified PMT signals are shown to illus-

trate the three cases. The pulses are identified at the time intervals from t¢; to t»,
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Figure 2.21: SPARCLE data acquisition system.

from t4 to t5, and from t; to tg. The discriminator classifies the pulses in two stages:
alternating-current (AC) coupling the pulses to remove slow drift in the amplified
PMT signals and comparing the AC coupled pulses with a threshold level. The AC
coupling of the pulses is illustrated in Figure .b. In the figure, the threshold level
is indicated and the comparator used in the discriminator will generate low outputs
when AC coupled pulses are lower or equal to the threshold level. With this scheme,
pulses are generated in the outputs of the comparator where the duration is the same
as that of AC coupled pulse level that is lower or equal to the threshold. The illustra-
tions for the pulses in comparator outputs are shown in Figure .c from ¢ to ty and
from t4 to t5. If comparator pulses are generated when the oscilloscope and the CCD
camera are ready to perform measurements then trigger pulses will be generated.
The readiness is indicated by the level of the signals generated by the oscilloscope. If
the signal is low, the oscilloscope and the CCD camera are ready otherwise they are
not. The oscilloscope signals are illustrated in Figure .d. As shown in the figure,
the oscilloscope is ready to take a measurement from ¢,. When a comparator pulse
is generated during the ready time, a corresponding trigger pulse will be generated.
The trigger pulse generation is illustrated in Figure .e which is generated at %,
the same time a comparator pulse is generated as illustrated in Figure .c. Once
trigger pulses are generated, the oscilloscope and the CCD camera start to perform
measurements and during the measurements the oscilloscope generates low signals.
The signals are illustrated in Figure .d. from t; to t3. Once the measurements
done, the measurement data are transferred to the PC and then the oscilloscope and
the CCD camera are restarted. During the transferring and restarting, the oscillo-

scope generates high signals. The high signals are illustrated in Figure .d. at
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Figure 2.22: The timing diagram of the SPARCLE acquisition system.

the time interval from t¢3 to tg. The duration of trigger pulses is determined by the
combination of the levels of comparator outputs and oscilloscope signals. The main
goal of the determination is to keep trigger signals stable when the oscilloscope and
the CCD camera are performing measurements. Since the oscilloscope and the CCD
camera uses a raising edge trigger system, designing a trigger pulse with high sig-
nals during the measurements prevents the oscilloscope and the CCD camera being

triggered during the measurements. The determination is detailed in Table @

comparator | oscilloscope
trigger signals
outputs signals

high high low

low low high

low high

the level of trigger signals

high low does not change

Table 2.4: The truth table for trigger signal generation.

The delay of the system can be determined from the delay of each component.

The delay of each components can be done in various ways. First, the delay can
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be evaluated using high temporal measurements of the input and output of each
component. Second, the delay can be estimated based on the data sheet of the main
parts of each component. Third, an inquiry of the delay information of particular
components can be made to the manufacturers. The delay time for each component
are listed in Table @

The total delay time as indicated in Table @ is less than 15ps. If SPARCLE
operates with single-particle transit time in the sensing volume longer than 1,000 ps,
then there will be plenty of time for the data acquisition system to measure the light

scattered by the single particles.

Main part or Delay
Component Method

device series time

Four poles Sallen-Key
) Input and output
Amplifier low filters and operational D s

amplifier OP27G

measurement.

Input and output

Discriminator | Comparator LM311P <lps
measurement.
AND logic Gate
Gate SN74LSO8N and < 80ns | Data sheet
timer NEbH55
Buffer Buffer CD7T4HCT36 < 80mns | Data sheet
Digital . ) o
Micro Bitscope BS05 - Clock timing
oscilloscopes
Input and output
measurement,
CCD camera | LC1-USB CCD camera < 5ps | personal contact to

the manufacturer,

and clock timing

Table 2.5: The delay time of the data acquisition system.

The determination of the “dead time” of the system was found by averaging the
number of measurements performed by the detection system over a unit of time when

the measurements were done with the following conditions:

« the trigger system was disabled and the data acquisition was free running,
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o the integration time of the CCD camera was set to the minimum which is at

1 ps,

» the sampling rate of the digital oscilloscope was set to the minimum which is
2 ps per sample and the number of samples sampled by the oscilloscope is 2,000.

Hence, the sampling time of the oscilloscope is around 4 ms.

It was found that, on average, 121 measurements were done over a time period of
60s or 60,000 ms. Since the sampling time in each measurement is 10 ms, the total

sampling time for the 121 measurements is
tsamp = 121 X 4ms = 484 ms, (2.7)

The “dead time” can be estimated by the difference between the time needed to run
each measurement and the sampling time for each measurement. The estimation can

be expressed as:

60,000 ms — tsamp 60,000 ms — 484 ms

— 496 ms. 9.
121 121 96ms (2.8)

tdead =

2.5 Summary

The design of the second generation SPARCLE has been discussed. The design is
composed of three systems: the detection system, the air delivery system, and the
data acquisition system. The air delivery system is responsible for delivering single
particles from ambient to the sensing volume. The detection system is responsible
for illuminating single particles and measuring the light they scatter. The data ac-
quisition system is responsible for the timing of the measurement and storing the
measurements on a personal computer.

It is expected that the PMT in the detection system is able to detect particles
bigger than 300 nm and with signal-to-noise ratio bigger than 100. It is also expected
that a similar signal-to-noise ratio can be obtained for measurements by the CCD
camera when it measures light scattered by particles bigger than 800 nm. However,
these expectations are based on few noise sources identified in the design and might
not be valid if other noise sources exist.

SPARCLE is expected to measure the pattern of light scattered by single particles.
The expected of the pattern of light scattered by three particles with sizes of 1,000 nm,
2,000nm and 3,000nm and a refractive index of 1.59 were calculated. The CCD

camera responses to these scattering patterns were also calculated. The responses
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were calculated by integrating the scattering light for about 1,000 ps. The results
show that the CCD camera is able to capture the angular resolution of the scattering
light with scattering angles between 37° and 144°. The noise identified in the design
is low and the patterns of the angular resolution are not disturbed.

If SPARCLE operates with a CCD camera integration time of 1,000 ps, the transit
of single particles in the sensing volume should be longer than 1,000 ps. Sampling
rates that lead to this condition are the rates slower than 170 x 1072 m®s~!. At this
level of sampling rate, it is expected that less than 10% of particles with sizes between
50nm and 1,800 nm are lost while transported through the sampling pipe. The “dead
time” in the SPARCLE acquisition system is estimated to be 140 ms. If the sampling
time of both the oscilloscope and the CCD camera for each SPARCLE measurement
is set to be 10ms, then the maximum particle per unit time that SPARCLE can
measure is 400 particles per minute. It is calculated that the coincidence error when
measuring air with concentration less than 100 particles per cm? is less than 2% of
the concentration for the case of the pipe with the radius of either 0.1 mm or 0.5 mm
installed as SPARCLE inlet. Coincidence error around 70% of air sample concentra-
tion is expected when measuring air with the concentration of 10,000 particles per

cm?® when sampling pipe with a radius of 0.5 mm is used as the inlet.
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Chapter 3
SPARCLE calibration

The aim of the calibration of the second generation SPARCLE was to evaluate
whether or not the design described in Chapter 2 works as expected. In prepara-
tion for the calibration, the SPARCLE sensing volume was aligned and the spatial
distribution of the beam intensity illuminating the sensing volume was measured. The
calibration was then performed by measuring SPARCLE responses to four monodis-
perse aerosols, each containing monodisperse polystyrene latex (PSL) beads, whose
particle size and refractive index are known. During the measurements, the size distri-
butions of the aerosols were monitored by a manufacturer calibrated OPC. Additional
parameters, such as the relative humidity of the air sample and the power of a frac-
tion of the laser beam, were also measured. Note, the coordinate system described in
Chapter 2 is used in this chapter; the coordinate system is centred at a cross-section
between the symmetrical axis of the sampling pipe and the horizontal plane of the

beam.

3.1 Aligning the sensing volume

As discussed in Chapter 2, the sensing volume is the volume of the intersection be-
tween the sample air flow exiting the sampling pipe and the laser beam. The following

needs to be considered when aligning the sensing volume:

o the gap between the sampling and the removal pipe needs to be as small as

possible to reduce the chance of particles drifting into the scattering chamber,
o a smaller gap risks a higher fraction of the beam being reflected by the pipes,

o the alignment should lead to minimum background noise.
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A visual observation of the beam shape when the beam was projected on a paper
screen showed that the cross-section of the beam was not a simple rectangular shape
as described in Chapter 2. The cross-section’s boundaries which were not clearly
defined meant the positioning of the sensing volume, which is relative to the pipes
and the detectors, affected the background measured by the detectors. The unclear
boundary in the y axis might have resulted in the reflection of a beam fraction by the
pipes when the gap between the pipes was set to be small. Furthermore, the boundary
in the x axis was also not clear as the beam diverged with respect to this axis and
the divergence can caused a fraction of the beam to propagate to the detectors. The
divergence can be explained as the laser diode produced an elliptical beam which
diverged with respect to its major and minor axis and, prior to the sensing volume,
the beam was focused in the direction of the major axis only. The beam still diverged
with respect to the minor axis which coincided with the x axis. After several attempts,
the alignment that led to minimum background was achieved. The alignment can be

summarised as follows:

o the divergent beam propagated directly to the CCD line sensor when the beam
was positioned such that the CCD line sensor measured scattering light with the
azimuth angle of 90°. To avoid the direct propagation, the beam was moved
down around 0.4mm in the y axis direction such that the CCD line sensor
measured scattering light with the azimuth angle of around 82°. As indicated
in Equation [AE, the difference of scattering intensity at the two azimuth angles
measured by the CCD line sensor is negligible. Similarly, the difference between
the scattering solid angles subtended by the PMT before and after the beam

was moved is also negligible,

o the gap between the sampling and the removal pipe was set around 1mm.
Smaller gaps resulted in higher background. The gap of 1 mm is the gap used

in the air flow modelling in the sensing volume as discussed in Chapter 2.

The backgrounds measured by the PMT and the CCD camera are shown in Figure
El! along with the output of the PMT and the CCD camera when the beam was
switched off. As shown in Figure El!.a, the PMT output when the beam was switched
off is slightly higher than 4.5V. When the beam was switched on, a portion of light
propagated into the PMT either directly such as the light from the diverged beam or
indirectly such as the light from the reflection of the beam by optical components.
The light generated background that induced the PMT to generate electrical currents

even when there were no particles in the scattering volume. The SPARCLE data

7



acquisition system was designed to convert higher electrical currents generated by
the PMT into lower electrical voltages. The mean and the standard deviation of the
voltage of PMT outputs that were generated by the background are 3.1V and 0.07V,
respectively. The readings of the CCD camera when the beam was switched off are
nearly zero as shown in Figure @.b. When the beam was switched on, a fraction of
light propagated into the CCD line sensor and the readings of the CCD camera were
higher with greater variations than the readings when the beam was switched off.
The higher reading is the background measured by the CCD camera. Also indicated
in the figure are the different levels of background over the pixels of the CCD camera.
The high background of pixels 1000 to 2000 may be due to light reflected by the

sampling pipe which is located near those pixels
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Figure 3.1: The signals measured by the PMT and CCD camera when no particles
are in the sensing volume. The blue and the red lines are the signals measured when
the laser was switched off and on, respectively.

3.2 The intensity distribution of the laser beam

As mentioned in the previous section, the cross-section of the beam in the sensing vol-
ume was not rectangular and hence, the intensity distribution over the cross-section
needed to be evaluated. Beam profilers that are able to evaluate the distribution
of beam intensity in two dimensional directions are commercially available, but due
to their high prices, a decision was made to build an intensity profiler made of an
array of photodiodes, instead. A TSL201R-LF photodiode array which consists of
64 photodiodes was used. The dimensions of each photodiode are 120 pm in height
and 70 pm in width with the centre-to-centre distance between photodiodes being
125 pm. The width of the beam is around 1.5 mm and the measurement of the inten-

sity distribution across the beam width can be performed by around ten photodiodes.
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Meanwhile, the measurement of the intensity distribution across the beam height
was not performed since the height is very narrow such that only a limited number
of photodiodes can measure the distribution. To illustrate, the height of the beam is
around 0.4 mm and this distance corresponds to the distance covered by around three
photodiodes. Using only three measurement points, the measurement will not suffi-
ciently capture the distribution. It was decided that the intensity distribution across
the beam height is modelled by nearly Gaussian distribution. The nearly Gaussian

distribution is expressed as

I(y) = o {1 n erf(n%) } (3.1)

where I,(y) is the distribution of the beam intensity parallel to the y axis; o, is the

standard deviation of the Gaussian function e>% and is set to 0.1 mm; erfis the error
function; k is a parameter in the error function to skew Gaussian function and is set
to 10; € is a parameter in the error function to set the location in the y axis at which
I,(y) is maximum and it is set to -0.18 mm to set the maximum at y = 0.

Three types of measurements were taken to determine the intensity distribution
on the x axis across the beam width. The first is to measure the intensity distribution
with the beam intensity reduced by a factor of 10* by the use of a neutral density filter
mounted directly in front of the laser diode. This reduction was necessary to prevent
the saturation of the photodiodes. The result is the intensity distribution as a function
of photodiode number and is shown as a green line in Figure @ The second and third
measurements were undertaken to convert the intensity distribution as a function of
positions in the x axis relative to the axis of symmetry of the sampling pipe. The
conversion can be done by overlaying the intensity distribution with a shadow created
by the pipe when the pipe is moved down along its axis of symmetry to the sensing
volume. Based on the shadow, the axis of symmetry relative to the photodiodes
can be determined. Since the distances between the photodiodes are known, the
relative position of the photodiodes to the axis of symmetry can be developed. In
the measurements, the beam intensity was reduced by a factor of 10? by the use of
a neutral density filter mounted directly in front of the laser diode. The intensity
was then measured before and after the sampling pipe had been moved down and the
results are shown in Figure @ as red and magenta lines, respectively. The shadow
is indicated in the figure by significant differences between the lines. Based on the
results, it can be concluded that the high intensity of the beam along the x axis is

concentrated within 0.5 mm from the axis of symmetry.
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Figure 3.2: The intensity distribution of the beam along the x axis in the sensing
volume. The green line is the intensity distribution as a function of the photodiodes.
The intensity was measured with the beam reduced by a factor of 10*. The spatial
coordinate of the photodiodes is determined relative to the sampling pipe axis of
symmetry. The determination was established by creating a shadow of the sampling
pipe as the sampling pipe was moved down to the sensing volume. In the shadow
measurement, the beam intensity was reduced by a factor of 102. The intensity
distribution before and after the sampling pipe was moved down were measured and
the results are plotted as the red and magenta lines, respectively. The shadow is
indicated by contrast changes between the two lines. Based on the shadow, the axis
of symmetry can be indicated and the spatial coordinate of the photodiodes can be
determined. The spatial coordinates are shown in the top horizontal axis.

A two-dimensional distribution of the beam intensity can be constructed using the
measured distribution across the beam width and the modelled distribution along the
beam height. The construction is shown in Figure @, with the x and y axis shown in
the figure corresponding to the width and the height direction, respectively. A con-
sequence of this distribution is that the intensity of light scattered by single particles
is also a function of the locations where the single particles are being illuminated.

It should be noted that:

e the mid-point of the PMT is located at around +6 mm and the mid-point of
the CCD camera is located at around -6 mm in the x axis. The thickness of the

glass window in the CCD camera is around 0.7 mm,

o the flow of single particles is parallel with the y axis with the flow direction

from -y to +y,
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o The propagation of the beam is parallel with the z axis with the propagation

direction from -z to +z.
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Figure 3.3: The two-dimensional intensity distribution across the x-y plane in the
scattering volume. The projections of the intensity at the x and y axis are shown at
the top and left figure, respectively. The beam propagates through the plane.

3.3 Monodisperse aerosol generation

The ideal aerosols to test particle size measuring instruments are monodisperse aerosols
whose particles are of known stable size and refractive index. A simple way to gener-
ate this type of aerosol is by nebulising suspensions containing monodisperse spheres
with known chemical and physical properties. Droplets generated from the nebulisa-
tion may contain a number of these spheres. These droplets are called “non-empty”
droplets. “Non-empty” droplets which contain single spheres are called singlets and,
when these droplets evaporate, spherical solid particles remain. Other “non-empty”
droplets may contain multiple spheres and, when the droplets evaporate, clusters
of spherical particles are formed. The nebulisation can also produce droplets which
do not contain any sphere. These droplets are called “empty” droplets. The term

“empty” does not imply that the droplets do not contain any particles: they are
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likely to contain substances other than the spheres, such as surfactants added by
suspension manufacturers to stabilise the suspensions, the impurities from water in
the suspensions, or particles due to the leaching of the suspension storage container
wall [Krarnes et al|, 1991; LaFranchi et al., 2003]. When “empty” droplets evaporate,
substances they contain solidify and form particles called residual particles. Residual
particles can cause a background of small particles in the size distribution of gener-
ated monodisperse aerosols. When generating monodisperse aerosols by nebulisation,

it is important to have:

o a high ratio of the number of singlets to the number of “non-empty” droplets,

otherwise known as the singlet ratio;
 residual particles whose sizes do not overlap with the size of the spheres.

The expected singlet ratio and the expected size distribution of residual particles
in nebulising suspensions can be calculated from the probability of generating singlets
as well as “empty” and “non-empty” droplets. Raabe modelled the probability of the
number of spheres being in a nebulising droplet using the Poisson distribution, with
the expected number of spheres in the droplet as the average number of spheres
contained in the volume of the droplet [Raabe, 1968]. If the volume fraction of the
spheres in the suspensions is F' then the average number of spheres with the size dg

contained in a droplet with the size dy can be calculated as

_ dy ’
—e o

where Ny is the average number of spheres. When suspensions are prepared by dilut-

ing stock suspensions with the dilution factor Y, then Equation @ can be modified

3
¥ Fstc dd
N, = S .
s (d> 353)

where Fi. is the volume fraction of the spheres in stock suspensions. The probability

into

of having Ny number of spheres in a droplet can then be expressed as

NS]VS e_Ns

Pa(N) N

(3.4)

Raabe further formulated the dilution factor needed to generate more than 90% of

singlet ratio as
Fstc dg) 613.51n20'g(1 —0.5 61n20g>

Ry 21 :
Y d3

(3.5)
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where R, is the singlet ratio; d, and o, are the count median diameter and the
geometric standard deviation of droplet size distribution generated by nebulisers.
Based on the singlet ratio, the ratio of “empty” droplets to total droplets, called the

“empty” droplet ratio, Ry, can be calculated. Raabe expressed the ratio as

N 1— Ry
RO =1- 691n20'g (1 — 0.5 eln20'g)' (36)

Equations @ and @ are valid for o, < 2.1 and Ry > 90%.

The suspensions used in the calibration were prepared by diluting four stock sus-
pensions, which contain monodisperse PSL beads and trace amount of surfactants.
The surfactants were added by the suspension manufacturers to prevent the coag-
ulation of the PSL beads. Some manufacturers specify the range of the surfactant
mass fraction they added while others do not. The physical properties of the beads
suspended in the stock suspensions as well as the range of surfactants mass fraction
are listed in Table @ Since the mass density of the beads, water and surfactant
are similar, the mass fraction listed in the table can be approximated as the volume

fraction of the beads and surfactants for the corresponding stock suspensions.

Table 3.1: Some physical properties of PSL beads and surfactants contained in the
four stock suspensions used in the calibration. The refractive index of the beads is
1.59 and the mass density is 1.05 g cm 3. The mass density of water in the suspensions
is 1.005gcm™3. The mass density of the surfactant in the stock suspensions is not
specified, however, commonly used surfactants to prevent PSL bead coagulation such

as Triton™ X-100 have a surfactant mass density of 1.07 gcm™3.

Samp. | Product Suppliers Mean size & std | Mass fract. (%)
code name (nm) (%) | Bead | surfactant
1 LB11 Sigma-Aldrich 1,100 5 10 up to 0.5
2 42744 ThermoFisher Sc. | 1,800-2,200 3 2.6 | trace amount
3 5200A Duke Scientific 2,000 5 10 trace amount

4 LB30 Sigma-Aldrich 3,000 5 10 up to 0.5

Equations @ and @ can be used to illustrate the dilution factors for the four
stock suspensions used in the calibration that can generate more than 90% singlet
ratio when nebulising the diluted suspensions. In the calibration, a TOPAS ATM
220 nebuliser was used and it generated droplets whose sizes are distributed with d,

and o, around 240 nm and 2.1, respectively. Using these specifications along with the
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stock properties listed in Table @, the relation between the singlet ratio and dilution
factors can be calculated using Equation @ The results are shown in Figure @
The corresponding “empty” droplet ratios was also calculated, based on Equation
@, and the results are shown in the same plot as the singlet ratio; its values can be
read on the secondary vertical axis of the figure. As indicated by the figure, more
than 90% of singlet and “empty” droplet ratio are likely to be generated when the

four stock suspensions are diluted with dilution factors greater than 3.
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Figure 3.4: Singlet ratio and “empty” droplet ratio in nebulising suspensions diluted
from four stock suspensions each containing PSL beads with the sizes : 1,000 nm,
1,800 nm, 2,000nm and 3000nm. The ratios are plotted as a function of dilution
factors, Y. In (a), the singlet and “empty” droplet ratios are plotted for the dilution
factors between 1 and 200. In (b), more detailed singlet and “empty” droplet ratios
at dilution factors between 100 and 200 are plotted. In (a), the vertical scale is linear
while the horizontal scale is logarithmic and in (b) both scales are linear.

Dilution factor is one of the factors that determine the size of residual particles.
The selection of the dilution factor to be used in the calibration is based on the fol-
lowing relation. When “empty” droplets evaporate and are transformed into residual
particles, the size of the residual particles is a function of the initial size of the “empty”
droplets and the concentration of substances contained in the “empty” droplets. If
the substances are only surfactants and the shape of the residual particles is assumed

spherical, the size of the residual particles, d,s, generated from the evaporation of
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“empty” droplets with the size of dyg is

I 1/3
dres = ddO { ;/tc} . (37)

Equation @ can be used to illustrate the size of residual particles generated in the

nebulisation of suspensions diluted from stock suspensions listed in Table @ In the
illustration, residual particles are formed by evaporating three initial sizes of “empty”
droplets: 1,000 nm, 9,000 nm, and 20,000 nm. The three sizes are selected as TOPAS
220 ATM nebuliser generates droplets whose sizes are mostly smaller than 20,000 nm.
In the illustration, the volume fraction of the surfactants is assumed to be 0.5% and
the stock suspensions are diluted with the dilution factors between 1 and 200. The
results are shown in Figure @ As indicated in the figure, higher dilution factors lead
to smaller sizes of residual particles when evaporating “empty” droplets of the same
size. It is essential to have residual particles that are much smaller than the PSL
bead size contained in the diluted suspensions to avoid ambiguity when analysing the
corresponding SPARCLE responses. As the smallest PSL bead used in the calibration
is 1,000 nm, a dillution factor higher than 150 is essential in order to have residual
particles smaller than 700 nm. However, some of the stock suspension manufacturers
specify the surfactant volume fractions to be in the range between 0.1% and 0.5%,
while other manufacturers only state the fraction as trace amount of surfactants. As
a consequence, the actual size of residual particles might deviate from those shown

in the figure.

3,000 —— 5,000 nm
' —— 9,000 nm
2,000 —— 20,000 nm
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Figure 3.5: The size of residual particles generated from the evaporation of three sizes
of “empty” droplets as a function of dilution factor. In this calculation, the dilution
factor is between 1 and 200. It was assumed that the materials constituting the
residual particles were surfactants added by suspension producers with the surfactant
volume fraction of 0.5%.
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If the dilution factors of the stock suspensions have been determined and the size
as well as the volume fraction of the beads contained in the stock suspensions are
known, the probability of generating “empty” droplets from nebulising the diluted
stock suspensions can be calculated. Based on Equation @, the probability is

Pd(o) = e_NS> (38)

where P;(0) is the probability of a droplet to be an “empty” droplet and N is calcu-
lated based on Equation @ Equation @ can be used to illustrate the probability
of “empty” droplets generated in nebulising suspensions diluted from the four stock
suspensions used in the calibration. In the illustration, the dilution factor of 150 and
the bead volume fraction of the four stock suspensions listed in Table @ are used.
The probabilities are calculated as a function of droplet size and the results are shown
as solid lines in Figure @ As indicated in the figure, the probability of generating
“empty” droplets smaller than 2,000 nm is high. Meanwhile, the probability decreases
for generating “empty” droplets bigger than 2,000 nm decreases with the rate of de-
crease being determined by the size of the beads contained in the suspensions. As
shown in the figure, the rate of decrease is higher when the nebulising suspensions
contain smaller beads.

The probability discussed above can be used to derive the expected size distribu-
tion of residual particles generated from nebulising the suspensions and drying the

generated droplets. The steps in the derivation are:

1. determining the expected size distribution of “empty” droplets by multiplying
the probability of generating “empty” droplets as a function of droplet size with

the size distribution of droplets generated by nebulisers,

2. determining the expected size distribution of residual particles by applying

Equation @ to the size distribution of “empty” droplets.

The size distribution of droplets generated by TOPAS 220 ATM nebuliser is shown as
a dashed line in Figure @ Based on the droplet size distribution, the expected size
distribution of residual particles were calculated and the results are shown in Figure
@. The results are plotted for residual particle size between 300 nm and 1,000 nm
as the detection limit of the OPC used in the calibration is 300 nm. As can be seen
in the figure, smaller residual particle sizes are expected when nebulising suspensions
containing smaller bead size.

The droplets generated from nebulisation should be perfectly dry in order to
transform them into solid particles. The drying should be longer than the expected
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Figure 3.6: The probability of “empty” droplets as a function of droplet size. The
probabilities are calculated based on droplets generated from four suspensions each
containing different sizes of PSL beads. The dashed line is the size distribution of
droplets generated using TOPAS 220 ATM nebuliser.
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Figure 3.7: The expected size distribution of residual particles generated by nebulising
suspensions each contains different size of PSL beads.

lifetime of the droplets. The lifetime of droplets is determined by their initial size
as well as the temperature and relative humidity of the air around them. In this
calibration, droplets were dried at ambient temperature, between 20° C and 25°C,
and in relative humidity of less than 50%. In this condition, the lifetime of droplets
with the size of 20,000 nm is around 0.3 s [IFerron and Soderholml7 |199d]. As droplet
sizes generated by TOPAS 220 ATM nebuliser are mostly smaller than 20,000 nm,
the residence time of droplets in the dryers used in the calibration should be at least

0.3s.
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3.4 Calibration setup

The main components in the calibration of SPARCLE were a particle generator and a
manufacturer calibrated OPC. The particle generator consisted of a nebuliser and two
dryers which generates particles in two steps: by firstly, nebulising suspensions into
droplets and then drying the droplets to produce solid aerosols. The solid aerosols
were then delivered into SPARCLE and the OPC. The flow rate of solid aerosols
flowing out of the nebuliser was higher than the sampling flow rate of SPARCLE
and the sizer combined. The excess flow was then channeled into an overflow line.
The nebuliser and the sizer as well as other devices used in the calibration are listed
in Table @ The setup of the calibration is depicted in Figure @ Also shown in
the figure are humidity sensors installed at each outlet of the dryers to monitor the

humidity level of the air.
Table 3.2: The devices used in the SPARCLE calibration.

No Devices Series
1 | Nebuliser or Atomiser TOPAS ATM 220
2 Humidity sensor HIH-4602-A/C
3 Dryers Home made diffusion dryers
4 Particle sizer Grimms OPC 1.108
- seanats el H
SPARCLE Diffusion D[f)frf::rh;n

Dryerzﬁ-:-—::\..\ /"'"\

OPC line
Humidity
Sensor 2

Figure 3.8: The experiment setup for the calibration of SPARCLE.

Excess air

In the calibration, several parameters were acquired. Some parameters were ac-
quired synchronously by trigger signals and others were acquired periodically with
time interval of either one second or six seconds. The acquired parameters are sum-
marised in Table @

During the calibration, the residence time of droplets in the dryers should be

sufficient to perfectly dry the droplets. This time can be calculated based on the
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Table 3.3: Parameters acquired during the calibration of SPARCLE.

Acquisition
No Parameter Data format
mode
1 Humidity 1 Periodic One value
2 Humidity 2 Periodic per second
One array
3 | Aerosol size distribution Periodic
per six seconds
4 | Light scattering patterns Sync.
2.000 values
5) Trigger signals Sync.
evenly distributed
6 Amplified PMT Sync.
in 4 ms of acquisition
7 SPARCLE flowrate Sync.
time.
8 Laser power Sync.

dimension of the air path inside the dryers and the flow rate of the droplets. The flow
rate was the same rate of air flowing out of the nebuliser outlet. In the calibration,
the flow rate was fixed at 2 litres per minute or around 33.3 x 10~ %m3s~!. This flow
rate can be achieved by setting the air pressure at the nebuliser inlet of around 2 atm

or 2.02 x 10° Pa. The time-of-flight of the droplets, t4, can be expressed as

7T7“12) hD
Qa

where (), is the flow rate of the droplets and rp and hp are the inner radii and the

ta = (3.9)

length of the dryers, respectively. As the inner radii of the dryers are around 7mm
and the total length of the dryers is around 1,000 mm, the time-of-flight was expected
to be around 3s. This time-of-flight is longer than 0.3 s, the minimum time-of-flight
needed to perfectly evaporate droplets with the size of 20,000 nm as discussed in the

previous section.

3.5 Particle loss in the calibration setup

In the calibration setup, particles can be lost while being transported to SPARCLE
and the calibrated OPC. The loss is a combination of the losses in all transport seg-

ments that connect the nebuliser to the two instruments. The loss in each segment
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can be calculated using PLC software. Prior to the calculation, the transport seg-
ments were grouped into two lines: SPARCLE and OPC lines. A line is defined as
a combination of transport segments that connect the nebuliser to an instrument.
Some segments may be shared between the lines as illustrated in Figure @ The
segments of each line are tabulated in Table @ The next step is to run the PLC
software to calculate the loss in each segment and then calculate the combined losses
in all the segments comprising the lines. The calculation was done for particles with
sizes between 1nm and 10,000 nm which are transported through the two lines. The
results of the calculation are shown in Figure .a as percentages of the number of
particles with sizes between 1 nm and 10,000 nm being lost at the end of the lines in
comparison with the number of particles of the corresponding size entering the lines.
As shown in the figure, particle loss of more than 35% was expected for particles with
sizes bigger than 3,000 nm. Particle loss of more than 10% was expected for particles
bigger than 2,000 nm transported through the two lines. The same percentage of loss
was also expected for particles smaller than 40 nm transported through the OPC line
and for particles smaller than 50 nm transported through the SPARCLE line. For
particles in the size range between 100 nm and 2,000 nm, the loss was expected to be

less than 10%.
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Figure 3.9: Transport line in the experiment setup

Since some segments are shared between the two lines, the size distribution of
the particles flowing into the SPARCLE sensing volume can be derived from the
corresponding distribution measured by the OPC. One shared segment is the segment
at the outlet of the nebuliser. If the size distribution at this segment is N (d), then

the particle size distributions at the end of the two lines are related through equations:

Ns(d) = Na(d) [1 = ns(d)], (3.10)
No(d) = Na(d) [1 —no(d)], (3.11)
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Section Flow rate | Tube length | Tube dia. | Inclination | Curvature
(10-°m’s) | (m) (1072 m) ©) ©)

OL | SL | OL SL OL SL OL| SLL |[OL| SL |OL | SL

1 0.03 6 90 0

2 0.02 6 90 90

3 0.16 3 0 0

4 0.03 3 90 90

5 0.1 3 90 0

6 0.5 15 90 0

7 0.1 3 90 0

8 0.03 3 90 90

9 0.05 3 0 0

10 333 0.04 6 0 0

11 0.11 3 0 0

12 0.03 3 90 90

13 0.1 3 90 0

14 0.5 15 90 0

15 0.4 3 90 180

16 0.2 3 90 0

17 0.05 3 0 90

18 0.27 3 0 0

19 0.05 3 90 90

20 0.06 3 90 0

21 20.0 0.06 3 70 0

22 20.0 0.3 0.2 0.06 3 3 50 90 0 0

23 20.0 0.3 0.34 | 0.01 3 0.5 0 90 0 0
24 | - ]20.0 - 0.05 - 3 - 90 - 90 -

Table 3.4: Parameters of each segment of OPC Line (OL) and SPARCLE Line (SL)
in the experimental setup. The tube diameter in each segment is considered to be
constant from the beginning to the end of the segment.

91




102 @)

(3,000, 35)
(50, 10)

1014 /({2,000 , 10)

1094 -
—— OPC line

—— SPARCLE line

Particle loss (%)

i
i
——él-__-/__x

Ns/No
= ! f
o
]
]
i
i
i
i
i
i
i
i
]
]
]
]
(]
(]
A SO —

]

|

1

1

|

1
0.1 1 3 5 10
Particle size (x103nm)

Figure 3.10: Particle loss calculation in the calibration setup. In (a) the loss of
particles whose size is between 10nm and 10,000 nm transported in the OPC and
SPARCLE lines are plotted. (b) shows the number ratio of corresponding particles
exiting the end of the both lines.

where No(d) and Ns(d) are the size distributions at the end of the OPC and SPAR-
CLE lines, respectively; no(d) and ns(d) are the percentage of particles lost when
transported through the OPC and SPARCLE lines, respectively. Substituting the
two equations to eliminate N (d) resulted in the number ratio of particles at the end

of the two lines expressed as

= . (3.12)

A plot of Equation for particles with sizes between 10 nm and 10,000 nm is shown
in Figure (b) As shown in the figure, the number ratio of particles with sizes
between 100 nm and 3,000 nm is nearly equal to one. It means that within this size
range, the size distribution of particles going into the SPARCLE sensing volume are

nearly the same as those measured by the OPC.

3.6 Calibration procedure

Two main considerations in setting up the SPARCLE calibration procedure were:
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1. to prepare nebulising suspensions which lead to high singlet ratio,
2. to ensure that generated aerosols were not contaminated by foreign materials.

The steps to prepare the nebulising suspensions were to disperse stock suspen-
sions and dilute them. The dispersal was needed since prolonged storage of stock
suspensions could lead to the deposition of PSL beads. The dispersal can be done
by the ultra-sonication of stock suspensions for about one minute. After the disper-
sal, two drops of stock suspensions were diluted in grade-1 water with the volume
of 80cm?®. The volume of the drops could not be precisely determined due to the
relatively large size of the mouth of the stock suspension containers. The radius of
the mouth is around 0.4 cm. If each drop could be approximated as spherical then
the volume of each drop was approximated around 0.25cm?. Using this estimation,
the total volume for the two drops was estimated around 0.5 cm?3. Hence, the dilution
factor was % = 160. This dilution factor led to a high ratio of singlets as well as
a high ratio of “empty” droplets as shown in Figure @ There was an alternative
to use an auto-pipette to sample the stock suspensions out of the container to have
a better estimation of the drop volume. However, due to the risk of contamination,
this alternative was not performed.

The step to prevent contamination was to clean both the nebuliser chamber and
nozzle using grade-1 water prior to the measurements. The cleanliness of the chamber
and the sprayer can be indicated by the ability to generate either zero or extremely low
number of particles when nebulising grade-1 water. The contamination was considered
to be minimum when less than 10 particles per 100 ml of air were detected during the
nebulisation. On the other hand, if more than 10 particles per 100 ml were detected,
the cleaning of the sprayer and the chamber was repeated. When the chamber and the
sprayer had been cleaned, stock suspensions were then diluted in the chamber. The
diluted suspensions were dispersed by gently shaking the chamber. Once the diluted
suspensions were dispersed, measurements could be started. In addition to these
steps, the background levels of the PMT and the CCD camera were recorded before
and after the measurements by recording their outputs with an air filter installed in

the SPARCLE inlet.

3.7 The calibration results and discussion

During calibration, SPARCLE was used to measure the responses to four monodis-

perse aerosols generated by nebulising four suspensions diluted from four stock sus-
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pensions listed in Table Ell The aerosols are encoded according to the code of
the stock suspensions they were generated from. The suspensions were prepared as
described in the calibration procedure. The results of the calibration are eight pa-
rameters acquired for each aerosols sample. The parameters are those listed in Table

@. The number of data for parameters which were acquired synchronously is 10,000
data.

3.7.1 Relative humidity

The relative humidity (RH) of the four monodisperse aerosols during the calibration
runs are shown in Figure . The RHs on the outlets of the first and the second
dryer are indicated by red and green lines, respectively. The RHs were less than
50% during all measurements. With these RH levels, droplets were expected to be
perfectly dried as discussed in Section @
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Figure 3.11: The relative humidity (RH) of the aerosols measured on the outlet of
the dryers. The red lines are the RHs at the outlet of the first dryer and the green

lines are those at the second dryer. The sample codes of the aerosols are shown in
the top right of each plot.

3.7.2 The SPARCLE sampling flowrates

The SPARCLE sampling flowrates in measuring the aerosols during the calibration are
shown in Figure . In general, the flowrates fluctuated with a standard deviation of

less than 10% of the corresponding average flowrates. The average flowrates were not
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the same for all the aerosol measurements and this is to be expected as the pump flow
is running without feedback control. For example, the average flow rates in measuring
samples 1 and 4 are 161 x 1072 m3s™! and 135x 107 m3®s~!. The discrepancies could be
due to the slight differences in voltages applied to the pump, since the measurements
were not done consecutively. Each measurement was undertaken in one working day

and the power supply of the pump was switched off between measurements.
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Figure 3.12: SPARCLE flow rates when measuring the four monodisperse aerosols.

3.7.3 Laser power stability

The power of a fraction of the laser beam was measured when measuring each aerosols
to indicate the stability of the laser’s power. The results are shown in Figure .
As can be seen in the figure, the power was relatively stable with standard deviations

of less than 1% of the average power.
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Figure 3.13: The power of a fraction of the laser beam when measuring the four
monodisperse aerosols.

3.7.4 The size distribution of the monodisperse aerosols mea-
sured by the OPC

The average size distribution of the four monodisperse aerosols during the calibration
are shown in Figure . Based on the figure, the distributions peaked around the
corresponding PSL bead size. The distribution of particle size around PSL bead size
were determined by at least three factors. First, there is a variation of the PSL
bead size due to the manufacturing tolerance. Second, some amount of surfactants
in singlets might be adsorbed on the surface of solid PSL beads when the singlets are
perfectly dry. Third, the sizing resolution of the OPC around the size of PSL beads
is low.

As shown in Figure 3.14, PSL aerosol particles of 1,800 nm, 2,000 nm, and 3,000 nm
were generated. In addition to the PSL particles, small particles distributions due to
solidification of empty droplets for three calibration runs encoded as 2, 3 and 4 were
observed. Small particle distribution were not seen in the run encoded as 1. The small
particles could be residual particles which were generated due to the solidification of
“empty” droplets containing surfactants as explained in Section @ The presence of
the small particles resulted in the deviation of the geometric mean size, dq, of the

size distribution from the size of the PSL beads and widened the geometric standard

96



deviation, o,. The absence of small particles in the aerosols containing PSL beads of
size 1,100 nm might be due to the size of the corresponding residual particles which
are smaller than the detection limit of the OPC. Smaller size residual particles are
likely when the nebulising suspensions contain smaller beads as explained in Section
@. In the size distribution of the aerosols containing PSL beads of size 3,000 nm,
the number of small particles is much larger than that of the PSL beads. This may
be due to the nebuliser that generates only a small portion of droplets larger than

3,000 nm as indicated in the droplets size distribution shown in Fig. 3.6.
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Figure 3.14: The average size distribution of the aerosols as measured by the GRIMM
1.108 OPC. The corresponding mean size of PSL beads contained in each aerosol are
indicated by the red lines. The geometric mean size, d,, of the size distribution are
indicated by the green line. In addition to that, the geometric standard deviation,
0,4, and the particle number concentration of the aerosols are calculated and shown
in the figure.
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The OPC measures size distributions by sampling 100 cm® volume of air sam-
ple. Based on this sample air volume, the particle number concentration of the four
aerosols can be calculated from the measured size distributions. The calculations indi-
cate that the number concentration for the four aerosols are around 100 particles cm =3
or less. As illustrated in Table El!, the SPARCLE coincidence error in detecting par-

ticles contained in the aerosols is expected to be around 2% or less.

3.7.5 PMT signals

One example of PMT signals measured during the calibration is shown as a red line
in Figure . As shown in the figure, initially the PMT signals were at the back-
ground level. They then decreased for some time before the signals came back to the
background level. This signal variation creates a pulse shaped signal distinguishable
from the background. The pulse indicates an increase of light going into the PMT.
The increase can be regarded as light scattered by particles transiting in the sensing
volume, since the measurement of PMT signals when clean air was transported to the
sensing volume did not produce pulse shaped signals. Hence, the pulse shape of the
PMT signals provide indications of when particles are being illuminated by the laser
beam and the intensity of the light they scatter. The pulses can be used to trigger
the CCD camera to start integrating the scattering light. This is done by trigger
signals which are generated when the pulses pass a threshold level. A threshold level
is the level at which the pulses can be distinguished from the background. Since the
variation in background can be as high as 0.4V, based on 15-minute-observations of
PMT signals when no particles were present in the sensing volume, the threshold level
was set 0.4V lower than background. One example of trigger signals generated based
on the pulse which passed the threshold level is plotted as an orange line in Figure
.15

A pulse in PMT signals created by scattering light can be characterised by two
parameters: pulse depth and pulse width. The pulse width can be associated with the
time duration at which transiting particles scatter light with the scattering intensity
distinguishable from the background. Meanwhile, the pulse depth can be associated
with the highest intensity of scattering intensity. In determining the width and the
depth of a pulse, the noise in the pulse was filtered out using the Savitzky-Golay
method. A demonstration of the filtering is shown as a green line in Figure . The
pulse width was determined by the duration at which the intensities of filtered pulses
were at least 0.07V lower than mean background. The voltage 0.07V is chosen as
the standard deviation of background is 0.07V, as indicated in Figure El].a. The
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pulse depth was determined by the highest difference between the filtered pulse and
mean background. An illustration of pulse width and pulse depth determination is
shown in Figure . The determination of the parameters using filtered signals can
introduce biases. In the case of shot noise that trigger the data acquisition system,
the corresponding pulse may be characterised by a shallow PMT pulse depth with
the depth shallower than the threshold level.
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Figure 3.15: One example of PMT signals measured during the calibration. The
signals are in the shape of pulses which can be characterised by pulse widths and
pulse depths. The pulse is plotted as a red line and it contains noises in the form
of very high frequency signals. The noise can be removed by applying a Savitzky-
Golay filter. The filtered signals are plotted as a green line. Also shown in the figure,
trigger signals which are generated when PMT signals are a threshold level smaller
than background. The threshold level was set at 0.4 V. Once generated, trigger signals
trigger the CCD camera to start integrating scattering light. The integration time is
1,000 ps and the timing of the integration is indicated in the figure.

During calibration, a data set of 10,000 PMT signals were recorded when measur-
ing SPARCLE responses to each aerosol. The pulse width and depth of each signal
was calculated with respect to the mean background measured before and after the
aerosol measurement. The distribution of the pulse width and depth contained in
the PMT signals for the four aerosols are shown in Figure a-d. In each figure,
the distribution of pulse width and pulse depth are shown in the top and right, re-

spectively. The two-dimensional distribution governed by the distribution of pulse
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width and pulse depth is shown in the lower left in each figure. As can be seen in the
top figures, the distributions of pulse width have a single peak, while the shapes of
the distributions vary among data sets. The shapes are determined by at least two

factors:

o sampling flow-rates. Sampling flow-rates determine the shape since the distri-

bution of air speed in the sensing volume is a function of sampling flow-rates
as discussed in Section ,

o particle size and refractive index. Particle size and refractive index also deter-
mine the shapes since the determination of pulse width is based on scattering
light intensity being distinguishable from background, and the aforementioned

intensity is a function of particle size and refractive index.

The distribution of pulse depth as shown in each figure varies between data sets. In
contrast to single-peak distributions seen in pulse width distributions, the pulse depth
distributions have at least two peaks. The depths at which the distributions peaked
also vary among the data set. For example, the distribution of pulse depth when
measuring an aerosol with the mean particle size of 2,000 nm peaked at around the
threshold and around 1.5V, while when measuring an aerosol with the mean particle
size of 3,000 nm, it peaked at around the threshold, around 2V and around 4 V. There

are at least three factors that determine pulse depth distributions:

» the spatial distribution of the beam intensity as discussed in Section . The
distribution implies that scattering intensities are functions of the location at

which particles are being illuminated,

o the variation of the particle size and refractive index contained in each aerosol.
As specified by the manufacturers, the PSL bead size contained in the stock
suspensions vary. Also, small particles were generated in the calibration and

their refractive indices are not known,

o the bias introduced by the application of the threshold. The application fil-
ters out pulses whose depth is much smaller than the threshold, while those
whose depth is slightly smaller than the threshold might still trigger the data

acquisition system due to the variation of background.
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Figure 3.16: The two dimensional histogram of the pulse width and the pulse depth
contained in PMT signals when measuring the four aerosols. The top figures and the
right figures are pulse width and depth distributions, respectively.
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3.7.6 CCD camera readings

Some examples of CCD camera readings when measuring the four aerosols in the
calibration are shown on the right in Figures — and the corresponding PMT
and trigger signals are shown on the left. In the figures, the background of the
CCD camera readings have been removed. For further analysis, three parameters
are defined based on the measurements by the PMT and the CCD camera. The
first parameter is a fraction of the pulse area that spanned along the CCD camera
integration time. The fraction of the pulse area is denoted by A and is shown as the
green area in the figures on the left. The second parameter is the total scattered light
measured by the CCD camera denoted by S and it is calculated by accumulating all
the CCD camera pixels readings after the background is removed. The calculation

can be expressed as

§= 37 (V) — heer(py)], (313)

where V(p;) and Vhaek(pj) are the readings of pixel p; when measuring scattering
light and background, respectively. In this work, V. (p;) is calculated by averaging
CCD camera readings for 200 background measurements. The plot of Vhae(p;) is
shown in Figure as a blue line. In the same figure, CCD readings for a single
measurement of background are plotted as a red line. The single measurement is
denoted by 1}, (p;). The third parameter is the signal-to-noise ratio, SNR, of the
CCD camera readings. SNR is calculated by dividing S with the total readings of the

CCD camera readings when measuring the background:

5, [v (p;) — Vonck (pj)]
2

The S and A shown in the figures vary for each data set. As A and S are

SNR = , (3.14)

Vl;ack (p] ) - VbaCk (pj )

measured concurrently, it is expected that the two parameters are positively related.
This type of relation is confirmed from the results shown in the figures where higher
A leads to higher S. For example, the A in Figure .a is 44.8 x 107%V's and the
corresponding S in Figure .b is 1.00, while a higher A shown in Figure .m,
with A = 990.3 x 107%V's, corresponds with a higher S which is S = 8.23 as shown
in Figure .n.

The ratio SNR can be used to evaluate whether light scattering patterns measured
by the CCD camera can be distinguished from the background. Visual evaluation of
scattering patterns shown in Figures — suggests that the scattering patterns
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Figure 3.17: The CCD readings when measuring the background. The red line is the

reading for single measurement of the background. The blue line is the average of
CCD readings for 200 background measurements.

can be visually distinguished from the background when the SNR of the correspond-
ing CCD camera readings are larger than 0.3. On the other hand, the patterns in

CCD camera readings with SNR lower than 0.3 can hardly be distinguished from the
background.
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Figure 3.20: The CCD camera readings and the corresponding PMT signals measured
as responses to the third aerosol particles. The mean size of the PSL bead in the
aerosol is 2,000 nm.
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Figure 3.21: The CCD camera readings and the corresponding PMT signals measured
as responses to the fourth aerosol particles. The mean size of the PSL bead in the
aerosol is 3,000 nm.
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To understand the relation between A and S, the two parameters were calculated
for all data sets. The results are presented as two-dimensional histograms of A and
S for each data set and are shown in Figure .a—.d. As shown in the figures, a
linear fit indicates that S is proportional to A with a different coefficient of propor-
tionality for each data set. Linear correlation between A and S in data sets which
contain various pulse widths suggests that the ratio of scattering light measured be-
tween the CCD camera and the PMT are slightly sensitive to the variation of the
position of particles being illuminated in the sensing volume. Since the data sets
were the results of the measurements of particles of difference size, the difference of
the coefficient of proportionality among data sets could indicate that the coefficient
is determined mainly by particle size. The indication is supported by the similarity
between the coefficient of proportionality and the ratio of PMT signals and CCD
camera readings discussed in Section . The similarity is summarised in Table
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Figure 3.22: The two dimensional histograms of S and A calculated from the mea-
surements of the four aerosols. In the top and right figures, the distribution of A and
S are projected from the histogram, respectively.

PSL bead mean size Slope Particle size | Ratio, see Sec. 2.1.9
(nm) x103 Vs (nm) x103V~'s
1,100 9.0 1,080 9.0
1,800 6.5 1,785 6.5
2,000 8.5 2,000 8.5
3,000 8.5 2,990 8.5

Table 3.5: A comparison between the slope of A-S two-dimensional histogram
the ratio of PMT signals and CCD camera readings calculated in Section 2.1.§.

3.8 A modified SPARCLE forward model

s and

Some findings in the calibration require a modification to the SPARCLE model in-

troduced in the second chapter. The model assumes that the beam intensity in the

sensing volume is evenly distributed while the intensity measurement shows that it is

not. The intensity varies along the x axis and, hence, the intensity that illuminates
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particles is a function of projected particle positions on the x axis. The modification
was performed by accommodating the beam intensity distribution and introducing
the probability of single particles traversing particular points in the x-z plane in the
sensing volume. Since the beam intensity and the speed of air in the sensing volume
are functions of locations, the positions at which single particles are illuminated is one
of the factors that determine the intensity of the light they scatter and the duration
of the scattering. If the probability of single particles traversing particular points is
known, the distribution of pulse widths and depths can be simulated. In the modified
model, the probability is modelled to be spatially distributed and proportional to the
speed of air in which single particles are suspended. The spatial probability density

function can be calculated as

(3.15)

where p(x, z) and v(x, z) are the probability density of single particles and the speed
of air at a particular point (z, z), respectively; @, is the flow rate of air sample; Q is

a normalisation factor. The integration of p(x, z) for an infinite area is unity:

/: /_Zp(a:,z) dodz = 1. (3.16)

The probability of particles passing through an infinitesimal area, dA = dx dz, can
be calculated as
P(dA) = p(x, z) dz dz, (3.17)

where P(dA) is the probability.

An illustration of the probability density across the x-z plane when sampling air
with the sampling rate of 170x 1072 m?®s~! are shown in Figure .a. The probability
density shown in the figure was calculated based on the speed distribution as shown
in Figure @b The distribution of the beam intensity at the same plane is plotted
in Figure @b Note that single particles flow through the x-z plane. As shown

in the figure, there is a high probability of single particles traversing points around

the axis of the symmetry of the sampling pipe and, simultaneously, being illuminated
by a high intensity of light. There is also the probability of single particles being
illuminated by a low intensity of light, when single particles traverse points where
coordinate components in the x axis are either bigger than around 0.25 mm or smaller
than around -0.25 mm.

Based on the probability density, beam intensity, and air speed distributions in

the sensing volume, SPARCLE responses to the four aerosols used in the calibration
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Figure 3.23: The probability density and beam intensity distribution across x-z plane
in the sensing volume. The scale of the probability density is not normalised and the
scale of the beam intensity distribution is an arbitrary unit. The projection of the
sampling pipe in the plane is shown by the dashed line. The flow of single particles
is through the plane.

can be simulated. The formula used in the simulation are detailed in Appendix @

The simulation can be summarised as follows:
o the simulations were done for the four data sets acquired in the calibration,

o the simulations were done for the points that are positioned in the plane and

the position component in the x and the z axis are from -1 mm to 1 mm,

 at each point, the probability of single particles traversing the point is calculated
based on Equation using the mean flow rate of each data set.

e at each point, the scattering intensity measured by the PMT was calculated.
To simplify the calculation, the distributions of particle size in the four aerosols
are assumed to be bimodal distributions that peaked at the mean size of the
PSL beads and a selected residual particle size contained in the aerosols. The
bimodal distribution is shown in Figure M with the bimodal distribution
plotted over the size distribution measured by the OPC. The uncertainty for
PSL bead size is 5% of the mean size and it is included in the calculation. In
the calculation, the refractive index of particles is 1.59 and the position of the

PMT projected in the x axis is 6 mm,
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o the temporal resolution of PMT measurements are modelled as a series of the
measurement of light scattered by single particles while they travel parallel the
y axis located before, at, and after the x-z plane. The temporal resolution
can be simulated based on the distribution of the beam intensity in the y axis
and the distribution of air speed at the point of interest. The speed of single
particles is the same as the speed of air in which they are suspended and the
speed is the same while they travel parallel the y axis in the sensing volume.

The uncertainty of the flow rates is 10% and it is included in the calculation,

e based on the previous step, the pulse width and depth at each point can be

determined,

o the distribution of pulse depths can be developed by accumulating the probabil-
ity of pulses whose depths are within certain depth ranges. The same technique

is applied in developing the distribution of pulse width.

The simulation results are shown in Figure @ with the simulated distribution
of pulse width and depth shown on the left and right, respectively. In the figures,
the simulated distributions are scaled up to fit with the measurements. The results
suggest that in general the distributions calculated from the simulation have the
same shape as those generated from the measurements. Some slight deviations are

identified and are summarised as follows:

e in Figure .h, a different number of peaks is identified between the simu-
lated and the measured distribution. In the simulated distribution, more than
three peaks are identified, while the measured distribution seems to have only
three peaks. This deviation might be due to the uncertainty of photoelectrons
being produced by the PMT which are not included in the simulation. This
uncertainty is proportional to the square root of incoming photon number and,
potentially, smears out peaks located at high voltages in pulse depth distribu-

tions,

o for the pulse depth distribution shown in the right figures, the measured distri-
butions show lower number of counts compared to the simulated distribution
for pulses with depths smaller than the threshold. This deviation is expected
since applying the threshold in the measurements make pulses with depths shal-
lower than the threshold less likely to be detected by the SPARCLE acquisition

system.
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Figure 3.24: The bimodal distribution of PSL and residual particles used in the
simulation of pulse depth and width. The size distribution of PSLs and residual
particles is plotted as brown and green lines, respectively. To note, later calculations
in the next section show that SPARCLE is not sensitive to particles smaller than
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Figure 3.25: The distribution of pulse widths and pulse depths. The blue areas are the
measured distributions generated from the calibration data. The dashed lines are the
distributions calculated from the simulations. The simulated distributions have been
scaled up to fit with the measured distributions. The scaling factor for each simulation
was searched manually and the fit was evaluated visually. The simulations assumed
that the size distributions of aerosol particles are bimodal distributions which peaked
at two sizes. The measured distributions can be approximated as the combination of
the simulated distributions for the two sizes. The two sizes are listed in the figure.

116



3.9 SPARCLE probability to detect particles

Using the forward model described in the section above, the probability of SPARCLE
to detect particles with particular size and refractive index can be derived. The
probability can be calculated by integrating the probability density of pulse depths
deeper than the threshold level,

P(d,m) :/ P(Vaepth) AVaeptn, (3.18)

Vo

where P(d,m) is the probability of SPARCLE to detect a particle whose the size is
d and the refractive index is m; p(Vaeptn) is the probability density to generate pulse
depth Viepen(d, m) as a response for light scattered by the particle. The probability
density is expressed in Equation A.73; Vp is the threshold level. To illustrate, the
probability density of pulse depth when a particle with the size of 2,000 nm and the
refractive index of 1.59 sampled by SPARCLE is plotted in Figure . The plot was
normalised that the area under the plot with pulse depth from 0V to infinity is unity.
The probability of detecting the particle can be calculated by integrating the area
under the plot with pulse depth deeper than the threshold. Visually, the probability
is the area in the figure colour-coded as yellow. In this illustration, the area is around
0.7. So, the probability of the SPARCLE detection system to detect a particle with
the size of 2,000 nm and the refractive index of 1.59 is 0.7.

The probability of SPARCLE to detect particles whose sizes range from 100 nm to
3,000 nm was calculated. The probability of SPARCLE are plotted in Figure . As
shown in the figure, the probability is zero for SPARCLE to detect particles smaller
than 640 nm. This size is considered as the SPARCLE detection limit. The detection
limit is slightly lower than the wavelength of the laser used in SPARCLE which is
around 651 nm. Another implication of the probability is that there will be a bias in

measured particle size distributions in comparison with actual size distributions.
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Figure 3.26: The probability density of pulse depth generated due to light scattered
by a particle with the size of 2,000 nm and the refractive index of 1.59.
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Figure 3.27: The probability of the SPARCLE detection system to detect particles
whose sizes range from 100nm to 3,000 nm. The detection limit of the SPARCLE
detection system is defined as the smallest size that SPARCLE can detect. The
detection limit is indicated as a green dashed line.

3.10 The particle detection rate of SPARCLE

The number of particles detected in a unit time when SPARCLE samples air is a
function of the flow rate of the sampling and sampled aerosol concentration. Suppose
that SPARCLE samples air with size distribution N,(d) and total number N,, the

corresponding particle concentration of the air is

No
o = —, 3.19
po = (3.19)
No(d

o
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where p, is the concentration; V, is the volume of the air. Due to the particle lost in
sampling and transporting the air to the SPARCLE sensing volume and the probabil-
ity of detecting particles, the size distribution expected to be measured by SPARCLE,
denoted by Ns(d), is

Ns(d) = No(d) [1 = ns(d)] [1 — ne(d)] P(d, ), (3.21)

where ng(d) and n(d) are the particle lost due to the sampling and transporting.
Then, particle concentration expected to be measured by SPARCLE, denoted by ps,

can be calculated as

ps — Zd#j(d). (3.22)

When the air is sampled over time period t; with flow rate (Jg, the volume of air
that being evaluated by SPARCLE is V5 which is equal to the difference between
the volume of air being sampled by SPARCLE over ¢, and the volume of air being
“overlooked” by SPARCLE due to the dead time of the SPARCLE detection system

in detecting Ny number of particles,

Vs = Qs (ts — tdeaa Vs). (3.23)

So, ps can also be expressed by

Ns

= 3.24
= (3.24)

ps
ps QS (ts - tdead NS) ‘
Using Equation and , the detection rate of SPARCLE, denoted by Wg, can

be calculated as

(3.25)

Py = -5 (3.26)

_ Qs ps
1+ QS Ps tdead .

Equations and were used to calculate the expected SPARCLE detection

rate in the calibration runs. In the calculation, particle concentration pg were calcu-

Vg (3.27)

lated based on the size distribution measured by the OPC. During the calibration,
particles were generated and channeled to the SPARCLE inlet hence, particle lost
7s can be omitted in the calculation using Eq. . According to Figure , the
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ratio between particle number flowing through the OPC and that flowing through
SPARCLE are nearly unity or 7, =~ 0. So, Equation ﬂ can be reduced into

Ng(d) = No(d) P(d). (3.28)

Equation was applied to the size distribution measured by the OPC and the
results are shown in Figure . In the figure, the size distribution of the aerosols
measured by the OPC is shown in blue while those of expected to be detected by
SPARCLE is shown in red. Using the size distributions, po and ps were calculated
and listed in the same figure. Using calculated ps and measured Qg, the rate of
detection was calculated using and the results are listed in Table @ The
measured detection rates were also listed in the same table. Based on the table, the

measured rates are in a good agreement with the calculated rates.

sample Qs 0s Ug(particles minute™!)
code | (cm®minute™) | (particles cm?®) | calculated | measured
1 9.7 62 99.9 83.7£23.5
2 10.2 11 57.8 61.6 + 1.56
3 12.0 36 93.9 100.5 +1.43
4 8.1 17 64.1 66.0 + 0.93

Table 3.6: The calculated and measured SPARCLE detection rate during the cali-
bration runs.
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Figure 3.28: The size distribution of the aerosols measured by the OPC and the size

distribution expected to be detected by SPARCLE. Note that the volumes of the air
3

sample in the evaluation of the size distributions were 100 cm™.
3.11 A demonstration of retrieving the size of par-
ticles from the selected calibration data

Based on the modified SPARCLE forward model described in Section 3.8, retrieving
the sizes of particles from selected calibration data can be demonstrated. In the
retrievals, a data sample is selected from each data set of the four measurements
of aerosols in the calibration. The data samples are plotted as red lines in Figures
with the data of PMT signals plotted in the left figures while those of CCD

camera readings are plotted in the right. The parameters of the forward model are
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varied so that the outputs of the model fit with the data samples. The parameters
are particle size and the position of single particles in the x and z axis while the
refractive indices of particles are set to be the same as those of the PSL beads. The
goodness of the fit was determined from the standard deviation between measured and
calculated CCD camera reading. The simulation of the PMT signals is as described
in the previous section. The simulation of the CCD camera readings is based on the
integration of scattering light for 1,000 ps, taking into consideration for the variation
of illuminating light intensity during the integration time. The variation corresponds
to the distribution of the beam intensity parallel with the y axis since single particles
are travelling parallel with this axis during the integration time. This simulation is
different from that in Chapter 2 where the illuminating light intensity was assumed
to be constant during the integration time. The outputs of the modified model
are expected PMT signals and CCD camera readings. The formulae used in the
simulation of PMT outputs and CCD camera readings are detailed in Appendix @
and @ The outputs are plotted as blue lines in Figures and the corresponding
parameters used in the model are also indicated. The retrievals of the four data
samples are summarised in Table @ As shown in the table, the retrieved sizes
slightly vary from the corresponding mean sizes of PSL beads with the variation from
0.5% to 3.6%. The errors in the retrieved sizes were estimated by evaluating the size
range that lead to the standard deviation between measured and calculated CCD

camera reading less than 0.0016.

Sample | Mean bead size | Retrieved size | Deviation
code (nm) (nm) (%)
1 1,100 1,140£100 3.6
2 1,800 1,795+10 0.5
3 2,000 2,045+30 2.2
4 3,000 3,020+20 0.6

Table 3.7: Summary of the demonstration of particle size retrieval using four examples
generated during the calibration.
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Figure 3.29: A demonstration of particle size retrieval using the four examples gener-
ated during the calibration. In this demonstration, the refractive index of the particles

was assumed to be 1.59.
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3.12 Summary

The calibration of SPARCLE was carried out to evaluate its performance. In the cal-
ibration, SPARCLE’s responses to four monodisperse aerosols containing PSL beads
with the mean size of 1,100 nm, 1,800 nm, 2,000 nm, and 3,000 nm were measured. The
monodisperse aerosols were generated by nebulising suspensions resulting in droplets
containing PSL beads. The droplets were then dried to form solid particles.

Prior to the calibration, the sensing volume was aligned and the distribution of the
beam intensity illuminating the sensing volume was evaluated. The sensing volume
was aligned slightly differently to that designed in Chapter 2, however, the effect of
that difference to the intensity measured by the detectors is negligible. From the
evaluation of the beam intensity, it was found that the cross-section of the beam in
the sensing volume was not a simple rectangular shape as designed in Chapter 2.
Based on this observation, the distribution of the beam intensity along the y axis
can be modelled as a nearly Gaussian distribution which peaks at y = 0 with the
standard deviation of 0.1 mm. Meanwhile, the intensity distribution along the x axis
was measured.

During the calibration, several variables were acquired. Some of them were ac-
quired periodically, while others were acquired synchronously. The latter was ac-
quired from trigger signals generated when PMT outputs satisfy a threshold level.
Simultaneously, the size distribution of the particles was also measured by a certified
OPC.

Based on the calibration results, a revised forward model of SPARCLE is proposed
to modify the model described in Chapter 2. The main changes in the revised model

are:

« that the probability of single particles flowing through particular points in the
x-z plane is not homogeneous but a function of the speed of the air in which

the particles are suspended and,

o that the beam cross-section is not a simple rectangular shape but constructed

based on the observation and measurement of the beam.

The outputs of the PMT and the CCD camera were simulated using the modified
model and the results indicate that the simulations are generally in good agreement

with the measured outputs.
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Chapter 4

SPARCLE aerosol test
measurement

After being calibrated, SPARCLE was used to sample and measure test aerosol sus-
pended in a confined fume hood. The scheme of the sampling and measurements
was straightforward: draw the test aerosol particles to the SPARCLE sensing volume
and collect the corresponding SPARCLE responses. The test aerosol is droplets of a
mixture of water and soap generated by spraying the mixture next to the SPARCLE
inlet. The mixture was selected since it evaporated slower than droplets composed of
pure water. The slow evaporation is due to the hydrophobic component of the soap
molecules line up on top of the water to form a layer of hydrophobic components.
This layer slows down the evaporation of water underneath. The confinement was
necessary to ensure the aerosol did not disperse immediately after being generated.
The size distribution of the test aerosols was monitored by a calibrated OPC. The
temperature and the relative humidity during the measurements were 22° C and 45%,

respectively.

4.1 The composition of the test aerosols

The soap used in the generation of the test aerosol is a commercial Fairy washing up
liquid. The main ingredients of the liquid are listed in Table El! [Fairy, 2021]. As
listed in the table, the proportions of the solvents are not specified by the manufac-
turer and the refractive indices of the main ingredients vary between 1.33 and 1.44.
The refractive index of the soap liquid was measured using HHTEC Refraktometer
[HHTEC, 2021] and the measured refractive index was around 1.37.
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no ingredients functions | prop. (%) refractive index
1 water not 1.33
solvents
2 ethanol specified 1.36
sodium dodecyl 1.44
3 cleaning 20 - 30
sulphate [Besio et alJ, 198§]
agents
A N,N-Dimethyldodecan-1-amine 510 1.378
N-oxide [Sigmaaldrich, 2021]

Table 4.1: The main ingredients of commercial Fairy washing liquid.

4.2 The size distribution of the test aerosol

The OPC measured the size distribution of the test aerosol continuously during the
test aerosol measurement. The results of the OPC measurement were acquired every
6 seconds. The time series of the measurement results are depicted in Figure @ As
shown in the figure, the size distribution fluctuated during the measurements. This
fluctuation corresponds to the spraying of the droplets which was done sporadically
during the measurement. The average size distribution of the aerosol is shown in
Figure @ As can be seen from Figure , the majority of the particles were smaller
than 1,000 nm, although particles with sizes between 1,000 nm and 3,000 nm were
present in smaller particle number. On the other hand, there were relatively few
particles bigger than 3,000 nm. The expected size distribution that can be detected by
SPARCLE is shown in the same figure. The expected size distribution was calculated
using Equation based on the SPARCLE probability of detecting particles shown
in Fig. 3.27 and the SPARCLE sampling and transport efficiency shown in Fig. 2.15.
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Figure 4.1: The distribution of the test aerosol as a function of time as measured by
the OPC. The vertical axis is not linearly scaled. The axis is arranged according to
the bin width of the OPC. The number of particles are colour coded based on the
figure bar on the right.
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Figure 4.2: The average size distribution of the test aerosol as measured by the
OPC and that of expected to be detected by SPARCLE. The air sample volume was
100 cm?®. The particle concentration as measured by the OPC and that of expected
to be detected by SPARCLE are listed in the figure.

127



4.3 SPARCLE sampling flow rates and laser power
stability

During the test aerosol measurement, SPARCLE sampled particles continuously. The
number of samples collected by SPARCLE was 5430. The SPARCLE flowrate in
sampling the particles was monitored and the results are presented in Figure @.a.
Based on the figure, the flow rate fluctuated with the average and the standard
deviation of the flow rate 146 x107?m3s™! and 25 x1072m3s™!, respectively. To
determine the stability of the laser power during the measurement, the power of a
fraction of the laser beam was measured. The results are presented in Figure @.b.
Based on the figure, the power fluctuated slightly with the average and the standard
deviation of the measured power 9.97 x 1073 mW and 12.7 x 107 mW, respectively.
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Figure 4.3: The sampling rates and the power of a fraction of the laser beam during
the test aerosol measurement. The sampling rates and the power as a function of
samples are shown in (a) and (b) respectively. The rate and the power fluctuated
during the measurement. The average and the standard deviation of the rate and the
power are indicated in the figure.

4.4 SPARCLE responses

The responses of SPARCLE for all samples in the test aerosol measurement were
measured. The responses are composed of PMT outputs and CCD camera readings.
The responses were then analysed in a similar manner to that of the calibration

responses:

1. analyse the distribution of the width and the depth of pulses contained in the
PMT outputs,
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2. evaluate the relation between the total reading of the CCD camera, S, with the
corresponding pulse area, A, measured at the same time frame with the CCD

Camera readings.

4.5 The distribution of pulse width and depth

The distribution of the width and the depth of the PMT pulses are shown in Figure
@. The top figure projects the distribution of the width. As shown in the figure, the
shape of the distribution is similar to that of the monodisperse aerosols measurement
in the SPARCLE calibration shown in Figure 3.16. A small discrepancy is identified
in the number of short pulses which are shorter than 500 pus. In contrast to the mea-
surement of the monodisperse aerosols, the measurement of the test aerosol generated
a larger number of these short pulses. One probable explanation is that these short
pulses corresponded to the light scattered by very small particles that were smaller
than the detection limit of SPARCLE. These short pulses can induce large variation
in the background that occasionally lead to trigger the SPARCLE detection system.
The test aerosol size distribution shown in Figure @ indicates that a large portion
of the test aerosol particles was smaller than 650 nm.

The distribution of the depth is projected in the right figure. The shape of the
distribution is different from that of the monodisperse aerosol measurement. The
distribution in the test aerosol measurement peaks around the threshold and then
decreases smoothly as the depth increases. Meanwhile, those in the monodisperse
aerosol measurement shown in Figure 3.16 peak at various pulse depths: one of them
is around the threshold and the others are at depths deeper than the threshold.
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Figure 4.4: The two-dimensional histogram of the distribution of the width and the
depth of pulses contained in the PMT outputs. The width distribution is projected
on the top figure while the depth distribution is projected in the right.

4.6 The relation between S and A

As discussed in Chapter 2, the comparison between S and A for all data samples
can be used to characterise SPARCLE measurements. The distributions of S and A
in the test aerosol measurement were derived from the CCD Camera readings and
the PMT outputs, respectively. The results are shown in Figure @ As can be seen
in the figure, the relation between the distribution of S and A fluctuates around a
line. The fluctuation is higher than for the measurement of the monodisperse aerosols
discussed in Chapter 3. The high fluctuation can be explained by the wide range of

the particle size of the test aerosol as shown in Figure @
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Figure 4.5: The two-dimensional histogram of the distribution of S and A. In the top
and right figures, the distributions of A and S are projected from the two-dimensional
histogram, respectively. A line is drawn and the slope of the line is indicated in the
figure.

4.7 The particle detection rate of SPARCLE

The rates of SPARCLE in detecting particles in a unit of time during the test aerosol
measurement were calculated using Equation . The calculation were done in each
minute of the measurement. The results for the first 50 minutes of the measurement
are shown in Figure @ This limited time window was selected for visual clarity.
In Fig @.a, the particle concentrations of the test aerosol as measured by the OPC
are shown as blue dots. The expected concentrations to be measured by SPARCLE
are also shown in the same figure as red triangles. In Fig @.b, the calculated and
measured SPARCLE particle detection rate are shown as blue dots and red triangles,
respectively. Based on the figure, the measured rate is in general inline with the
calculated rate with deviations in some points. The results indicate that SPARCLE
can measure transient aerosol distribution which last for few minutes particularly

shown in the time between 40 and 50 minute.
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Figure 4.6: The particle detection rate of SPARCLE. (a). The particle concentration
as measured by the OPC and that as expected to be detected by SPARCLE. (b) The
calculated and measured SPARCLE detection rate.

4.8 The demonstration of the particle size and re-
fractive index retrieval of the test aerosol mea-
surement samples.

The retrieval of particle size and refractive index was performed using two samples
of the SPARCLE test aerosol measurements. Using the modified forward model
described in Chapter 3, the expected outputs of the PMT and the CCD Camera for
various variables were calculated. The calculated outputs which fit the two samples
were then selected. The measured and the calculated outputs of the PMT and the
CCD Camera are depicted in Figure @ As shown in the figure, the retrieved sizes
of the two samples are 3,245 nm and 2,615 nm, while the retrieved refractive index is

1.44 for the two samples.
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Figure 4.7: The demonstration of the size and refractive index retrieval from the test
aerosol measurement. The variables to be varied in the calculation of the outputs are
particles size and refractive index as well as the position of the particles on the x-z
plane.

4.9 Summary

A measurement of test aerosol was carried out using SPARCLE. The test aerosol was
manually generated by spraying a mixture of water and soap. The size distribution
of the generated aerosols was monitored by the OPC. The result of the OPC mon-
itoring show that the shape of the size distribution is a skewed distribution with a
large proportion of small particles. The expected SPARCLE rates of detection were
calculated based on the size distribution measured by the OPC. In general, the ex-
pected rates were in a good agreement with measured SPARCLE detection rates. A
simple demonstration of retrieving particle size and refractive index from SPARCLE
responses to the test aerosol was performed. The method of the retrieval was vary-
ing four variables in SPARCLE forward model manually and selecting the variables
that lead to the best fit between SPARCLE responses and the output of SPARCLE
forward model as the solutions. Two SPARCLE responses were selected for the re-
trieval and the solutions were found. The plots of the outputs of SPARCLE forward
model calculated using the solutions indicates the fitness between the outputs and

the responses.
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Chapter 5
SPARCLE retrieval

The retrieval of particle properties using the measurement of light scattered by par-
ticles is not a trivial process. The relation between scattered light and particle prop-
erties is highly non-linear. In the case of homogeneous spherical particles, analytic
retrieval of their size and refractive index can be performed if the Mie amplitudes of
scattered light, S1(0,d,m) and Ss(6,d, m), are known continuously from 6 = 0° to
0 = 180° [Ludlow and Everitt, 2000]. As SPARCLE measures scattered light with
a different range of 6, the analytical retrieval is impractical. Therefore, numerical
methods are considered in the retrieval of particle size and refractive index from
SPARCLE measurements. Ideally, no prior assumption about a particle would be
used in retrievals. For example, particle shape was retrieved from light scattering
patterns (LSPs) measured as a function of azimuth and scattering angle at various
particle orientations [Kim et all, 2014]. Retrievals based on other types of measure-
ments require a priori assumption about particle properties, such as particle shape or
composition.

There are at least three techniques to retrieve particle properties numerically: op-
timisation, machine learning, and parametric techniques. Optimisation is based on
the comparison between a measurement and a forward model. The forward model
includes the physics of light scattering as well as the instruments’ expected response
to the scattering. Particular particle properties are selected as the retrieval solu-
tion when the forward model fits the measurement. The computational cost of op-
timisation techniques can rapidly increase as a function of the number of particle
properties [Strokotov et alj, 2011; Wang et all, 2016]. One way to reduce the cost
is by building look-up tables consisting of expected forward model for various parti-
cle properties [Kolesnikova et all, 2006; Wojtkiewicz et al., 2013]. The optimisation
with pre-calculated look-up tables has been applied for the retrieval based on light

134



scattered by non-spherical particles such as red blood cells [Caramanica, 2012] and
rod-shaped bacteria [Konokhova et al, 2013].

One of the methods in machine learning that has been used in the retrieval of
particle properties is the neural network method. This method does not include
any knowledge of the physics involved but used a known set of scattering patterns
to train the algorithm. It is expected that constructed neural networks are able to
train themselves over a large set of measurement and solve high-dimensional problems
[Galushkin, 2007]. However, the performance of neural networks is difficult to predict
and the structure of a neural network may require laborious fine tuning [Berdnik
and Loiko, 2015]. Neural networks have been applied to retrieve spherical particles
[Ulanowski et al, 1998; Berdnik et al,, 2006] and red blood cells [Apostolopoulos
et al), 2013].

In the parametric approach, instruments’ outputs are compressed into a small
number of parameters. Parameters can be extracted from LSPs [Quist and Wyatt],
1985; Maltsev and Lopatin, [1997], from time-resolved signals [Zhang et al), 2016],
or from Fourier transformed LSPs [Min and Gomez, 1996; Yu et al), 2012]. One
widely-used parametric method is spectral sizing based on LSPs [Steiner et al/, 1999;
Jakubczyk et al), 2013]. This method builds a nearly linear relation between the size
of spherical particles and the characteristic frequency of the LSP for a limited particle
size range. Another study proposes an integral of the LSP as a second parameter to
estimate the size and refractive index of spherical particles over a limited size and
refractive index domain [Fiorani et al), 2008]. However, the accuracy of the approach
has not been tested.

The retrieval of particle size and refractive index from SPARCLE measurements
discussed in this chapter uses a simple optimisation method. In the optimisation, the
solutions for the SPARCLE retrievals are searched over a particular domain defined
based on a priori knowledge of the sampled particles. The sampled particles are
assumed to be homogeneous, isotropic, and non-absorbing spherical particles. To
reduce the computational cost of the retrievals, a look-up table of the PMT signals

as a function of particle size and refractive index was pre-calculated.

5.1 The retrieval problem

The problem to retrieve target quantities from measurements can be divided into
two distinct problems: the forward problem and the inverse problem. The forward

problem is the calculation of the measurements based on the target quantities. The

135



inverse problem is the estimation of the target quantities from the measurements
with associated errors. The measurements are assembled into a measurement vector
denoted by y. The target quantities are assembled into a state vector denoted by x.

The elements of x and y are expressed as

x ={x1, 29,23, ...}, (5.1)
Y ={1, y2, Y3, ---Un}, (5.2)

where s is the number of the target quantities; h is the number of the measurements.
The s-dimensional space and h-dimensional space of the state and measurement vec-
tors are called state space and measurement space, respectively. The vectors x and
y can be related as

y = F(x,b) + €, (5.3)

where F(x,b) is the forward function that describes the physics of the measurements;
€ is the measurement errors; b is the known parameters of the forward function. Since
b is already known, the dependency of F on b is not necessary explicitly shown and
Equation @ can be simplified into

y =F(x) +e. (5.4)

A state vector is regarded as a retrieval solution, denoted by x, when X minimises

a cost function y? defined by

X =ly-Fx)]"Ssy-Fx), (5.5)

where S is the measurement uncertainty covariance matrix [Rodgers, 2000]. The

element of S is the covariance between the errors of two measurements:
Sij = COV(El’, Ej), (56)

where ¢; and ¢; are the errors of y; and y;, respectively. There are various method to
find x. The simplest method is a simple brute-force method where a range of each
element of x is divided into p segments with equal increment so that state space is
described by discrete points which form the vertices of p® hypercubes. The value of
x? is then evaluated at the vertices of each hypercubes. This method yields a coarse
map of the behaviour of x? as a function of all elements of x. The vertex whose >
is minimum is selected as x. To indicate the goodness of the fit between y and F(x),

a parameter y2 is introduced. The parameter is defined as

Xo =", (5.7)



where v is the number of the degree of freedom calculated by
v="h-—s. (5.8)

A vector y can be considered as a good approximation of F(x) when x? evaluated at
x is between 1.0 and 1.5 [Bevinton and Robinson| [1992].

5.2 A state and a measurement vector in SPAR-
CLE retrieval

A state vector in SPARCLE retrieval is assembled from the variables in the SPARCLE

forward function. As discussed in Chapter 3, the variables are:
1. the position of the particle in the x-z plane denoted as (z, z),
2. the diameter and refractive index of the particle denoted as (d, m).

The depiction of the variables determining the light measured by the CCD camera
and the PMT is shown in Figure El] The state vector can be expressed as

x ={z,z,d,m}. (5.9)

A measurement vector in SPARCLE retrieval is assembled from the measurements
by the PMT and the CCD camera. To reduce the computational cost, the PMT
signals are represented by six signals that characterise the PMT signals. The first is
the minimum PMT signal to represent the PMT pulse depth and the next five are the
signals sampled at the same time-frame as the integration time of the CCD camera
with equal time interval to represent the PMT pulse shape. The five signals are at
200 ps, 400 ps, 600 ps, 800 s, and 1000 ps after the integration start time. Meanwhile,
all CCD camera readings are included in the measurement vector. The elements of

the measurement vector are summarised in Table lil]
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Sampling

Figure 5.1: A depiction of the variables in the calculation of the outputs of the CCD
camera. a particle with size d and refractive index m is located in the x-z plane.
The plane is indicated by the transparent blue colour. The projection of the particle
position in the x and z axis are denoted as x and z, respectively. There are 3,000 pixels
in the CCD camera and the pixels are denoted by 7 with j as an integer number from
1 to 3,000. The vector position of pixel j is denoted as ;. The scattering angle of
scattered light measured by pixel j is denoted by ;. The azimuthal angle of scattered
light measured by the pixels are the same and is denoted by ¢. Since the distance of
the consecutive pixels are known, the position vector of all pixels can be derived from
the position of a pixel which the location is precisely known. The pixel is denoted as
Jret and located in the x-y plane. The projection of the vector position of j..¢ on the x
axis is denoted by x..s. The determination of j..; and . is detailed in Appendix .

Table 5.1: The elements of a measurement vector

measurement Description

Y1 a PMT pulse depth
Y2 a PMT signal sampled at 200 s after the start of the integration time
Ys a PMT signal sampled at 400 s after the start of the integration time
Y4 a PMT signal sampled at 600 s after the start of the integration time
Us a PMT signal sampled at 800 ps after the start of the integration time
Ys a PMT signal sampled at 1000 s after the start of the integration time
Y7 a CCD camera reading from the first pixel
Us a CCD camera reading from the second pixel

Y3006 a CCD camera reading from the 3000"" pixel
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5.3 The retrieval error vector

An error vector € is assembled using the errors associated with y and F(x). In
this work, F(x) is assumed to be exact, hence only the errors associated with y
are included. One way to calculate the errors is by analysing the PMT and the
CCD camera measurements of known light intensity. The standard deviation of the
measurements can be considered as the errors. In this work, the background light
in the scattering chamber was used for the error analysis. The true intensity is
approximated by averaging a number measurements of the background. The standard
deviation of the measurements can be calculated with respect to this approximated
true intensity. There might be a correlation between the error measurements of the
PMT and the CCD camera since the two instruments were connected to the same
power supply. However, for simplicity, the correlation was assumed to be negligible.

The PMT measurements of the background were used to determine the measure-
ment error of the PMT. The error is denoted by epyr. In the measurements, 2,000
PMT signals were sampled with the sampling time interval of 21s. The signals are
plotted as a red line in Figure @.a. The average of the signals is shown as a blue
line in the same figure. The distribution of the signals with respect to the average
is plotted as a blue histogram in Figure @.b. The standard distribution of the his-
togram is 0.07 V. The standard deviation is regarded as the measurement error of the
PMT: eppyt = 0.07V.

34 — background
) — ave. back.

w
[}

PMT signals (V)
(%)
o

M
[+-]
L

2.6

0 500 1000 1500 2000 2500 3000 3500 4000
time ps meas. error (V)

Figure 5.2: A determination of epyr from a number PMT background measurements.
In (a), the background and their average are plotted as a red line and a blue line,
respectively. In (b), the distribution of the measurement error of the background is
shown as a blue histogram. The standard distribution of the histogram is indicated
in the figure.
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The CCD camera measurements of the background were used to determine the
measurement error of the CCD camera. The background was measured 100 times
with the integration times of 1 ms. The average of the measurements is shown as a
blue line in Figure .a. Single background measurements are plotted as a red line
in the same figure. As shown in the figure, the readings in the single background
measurements vary from those averaged from the 100 background measurements.
To illustrate, the distribution of readings at 100" pixel with respect to the average
reading at the same pixel is shown in Figure @.b. The standard deviation of the
distribution is 0.06 x 10~2. The standard deviation is regarded as the measurement
error associated with 100" pixel. Similar analysis were done for other pixels: 1,000
and 2,000™" pixel. The results are shown in Figures @.C and @.d. The errors
associated with the pixels are assembled into a vector and the vector is denoted by

€ccp with its elements expressed as:

€ccp = {6,176/2762’,7"762'7"76;,000}7 (510)
where €/ is the error associated with 7' pixel. The errors are plotted in Figure @.a
with respect to the pixels. The distribution of the errors is plotted in Figure @.b. As
shown in the figure, the errors vary with the mean of the variation around 0.06 x 10~2.

The measurement vector was obtained by removing the background content

Y = Ymeas — Yback: (511)

where y_ ... is @ measurement vector that still contain background; y,,. is a back-
ground vector derived by averaging 100 background measurements. The vector y,
can be approximated as a true background vector which does not contain errors.

Hence, an error vector associated with y can be written as
€ = €meass (5.12)

where €05 1s an error vector associated with y, ... The vector €,,c,s can be estimated
from the errors associated with the background €p,q. If the source of the errors is
assumed to be the uncertainty of the number of electrons generated by photons coming
to the detectors, then the elements of €,0.s can be estimated as

meas

emess — | [ cback g 1 < < 3006, (5.13)

)
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Figure 5.3: A determination of €ccp from the background measured by the CCD
camera. In (a), the approximated true background derived from 100 measurements
of the background is plotted as a blue line. A single measurements of the background
is plotted as a red line. In (b), (c) and (d), the distribution of the measurement errors

associated with three pixels: 100", 1000*®, 2000*" pixels. The standard deviation of
the distribution is indicated in each figure.
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Figure 5.4: The elements of eccp. In (a), €eccp is plotted as a function of the pixel
number. In (b), the distribution of eccp is shown a blue histogram.

where y"° are the elements of y, ...; ¥’ are the elements of y,,.; €2 are the

1 (2
elements of €p,. Vector €p,q is assembled from the measurement errors of the

detectors, and its elements are expressed by

Eback EPMT for 1 S 1 S 67
i /

, (5.14)
€ g for 7 <4 < 3006.

The covariance of errors e?“k and e';‘ad‘ for 1 < 4,5 < 6 can be determined from
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the correlation between yP2* and y}’ad‘ sampled by the PMT. In SPARCLE measure-
ments, the PMT signals were sampled with a sampling interval much longer than the
response time of the PMT: the sampling interval is 2 s while the response time is
around 2ns. Due to this large difference, each sampled signal can be considered as
an independent measurement. Hence, the errors are uncorrelated to each other. The

covariance of the errors can be written as

if
COV( back back) {0 if 7 #L for 1 < )< 6. (515)

1€ 2
epyr AL 1 =7,

The covariance of errors e?a"k and e']?“k for 7 < 4,7 < 3006 can be determined
from the correlation of the errors associated with (i — 6)™ and (j — 6)™ pixels in the

background measurements by the CCD camera. The covariance can be calculated by

L
1
Cov(ebaek, cback) — - Z( Dok — P (ebg — €*F) for 7 <4, j <3006, (5.16)

where L is the number of the background measurements; ¢ is an integer number

baCk baCk are the errors in /"™ measurement associated with

back back

between 1 and L; € and €

(i—6)™" and (j—6)™ plxels respectlvely, € " and €, are the mean errors associated
with (i — 6)™ and (j — 6)'® pixels, respectively. The results are shown in Figures @
as red and blue histograms for two cases: ¢ # j and ¢ = j. As shown in the figure, the
error covariance in the case of 7 # j are small. For simplicity, the error covariance are
regarded as zero. Hence, the covariance of the errors €** and €2** for 7 <4, j < 3006

can be written as

0 if
COV( back Eback) { e 7& ]’ for 7 <14 ] < 3006. (517)

! (€))? ifi=j,
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Figure 5.5: The distribution of Cov(ePak, e}?aCk) for two cases: i # j and i = j where
7 <1,j < 3006.

5.4 The retrieval scheme

The scheme of the retrieval is a simple brute-force two-step method. A two-step
procedure was used to reduce the overall computational cost. Applying a simple
brute force to find % that minimise x? expressed in Eq. @ can be computationally
expensive when y? is evaluated at large number of vertices in the 4-dimensional state
space. The procedure for the cost reduction is focused on the reduction of the vertices
number. The reduction is based on dividing y? into independent components and
x? can be evaluated at the vertices that minimise one of the components. Finding
the vertices should be computationally cheap. Moreover, the division can only be
performed when the errors between the components are uncorrelated. It was decided
that y? was divided with one of the components related to the fit of PMT pulse depth.

The value of x? can be divided into two components: x% and x2 written as

X" =XD + & (5.18)

where x3 is the component of x? based on the fit of PMT pulse depth expressed as

1
b = 5— 1 — Fi1(x))?, (5.19)
€pMT

where Fy(x) is the first element of the forward function F. The values of F(x) were
computed prior to the retrieval. The evaluation of x3 results in a coarse map of x3
as a function of x. The map may contain many local minima. Then, the values of
x? are evaluated at the vertices around the minima. The steps can be summarised as

follows:
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1. apply a brute-force method to find the minima of x3 in the 4-dimensional state

space,

2. select the vertices around the minima whose the corresponding x3 < 9. The
criteria x3 < 9 is derived by setting y; — F1(x) < 3 epyr assuming that y; is a
measured pulse depth that distributed normally around F (x) with the standard
deviation of the distribution is eppyr. The assumption implies that a state vector
x is excluded in the solution searching when Fy(x) differ more than 3 epyr from
the measured pulse depth. Since F;(x) are pre-calculated, the determination of
X3 can be quickly done. In this step, particle size and refractive index and the

position of the particle at the x coordinate were estimated,
3. evaluate x? at the vertices selected from step 2,

4. select the minimum 2, denoted as *y?, and select the vertex corresponding to

xx? as the retrieval solution X,
5. test the goodness of the fit by calculating a parameter *x? defined as

*X

2
= 2 5.20
o = (5.20)
The degree of freedom is calculated by
v=nh—s,
= 3006 — 4,
= 3002. (5.21)

5.5 An illustration of SPARCLE retrieval

The retrieval scheme described can be illustrated using a set of SPARCLE responses
containing PMT signals and CCD camera readings. The PMT signals and the CCD
camera readings are plotted as a red line in Figure @.a and @.b, respectively. The
solution is searched over a limited range of 4-dimensional state space. The ranges of
d and m are defined based on the ranges of PSL size and refractive index specified by
the manufacturers. The range of z is limited to |z| < 0.50 mm since the laser beam
intensity is very low for |z| > 0.50mm as shown in Figure 3.22.b. The range of z
is limited to |z| < 0.75mm since the probability of single particles passing through
a point in the x-z plane where |z| > 0.75mm is very low as shown in Figure 3.22.a.

The limited range of the state space is summarised in Table @ The space is divided
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into discrete points which form the vertices of hypercubes with the length of the
hypercubes in each x; listed in the same table. There are no hard and fast rule for
selecting the length of the hypercubes. A smaller length results in more computational
cost while a larger length may overshoot the local minima. Various length had been
trialled and those listed in the table are the length that optimised the computational
cost and the ability to detect local minima. The value of x3 is evaluated at the
vertices of each hypercubes. This evaluations result in a map of x3 as a function
of x. The plot of x% for various d and m and constant z and z is shown in Figure
@(a). The plot indicates that local minima can be identified when the lengths of

the hypercubes in the dimensions d and m are 1 nm and 0.01, respectively.
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Figure 5.6: A pair of SPARCLE responses used to illustrate a SPARCLE retrieval.
In (a), the measured and forward model PMT signals are plotted as a red line and a
blue line, respectively. The sampling flow-rate of SPARCLE, @), is indicated. In (b),
the CCD camera measurements and forward model LSP are plotted as a red line and
a blue line, respectively. The elements of the state vector that are used to model the
LSP and the PMT signals are indicated. The values of x\? for the fit between the
forward model and SPARCLE responses is also indicated.

The solution % is searched by evaluating x? at the vertices whose x3 < 9. To
illustrate, particle size range to be evaluated if the particle refractive index is 1.59
and the particle position is at -0.22 mm is between 1800 nm and 1825 nm since the
corresponding x% are less than 9 as indicated in Fig. @(b) The value of x? is then
evaluated at the size range and the vector x that lead to the minimum x? is selected
as x. To illustrate, the map of x? for various d and m and constant z and z are shown
in Figure @(a). As seen in the figure, there are many minima identified with the

global minima indicated at the cross-point of the two black dashed lines and a white
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Table 5.2: The boundaries of the 4-dimensional state space and the

hypercubes for the retrieval illustration.

length of the

x; | variables min max hypercube length
x T -0.50 mm | 0.50 mm 0.01 mm

I z -0.75mm | 0.75 mm 0.01 mm

I3 m 1.45 1.65 0.01

Ty d 1,000nm | 3,500 nm 1nm

dashed line in the figure. The cross section of the map for the horizontal and vertical

black dashed lines and the white dashed line are shown in the top, middle and bottom

of Fig. @(b), respectively. The minima at the figures are indicated and the vertex

corresponding to the minima is selected as x. The values of F;(x) for 1 < i < 6 and
7 <4 < 3006 are plotted as a blue line in Figure @.a and @.b, respectively, with

*x? indicated in Figure @.b.
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Figure 5.7: (a) The map of x3 calculated from the fit of a PMT pulse depth shown in
Figure p.G.a with the forward model of PMT pulse depth for various particle size and
refractive index located at a fixed particle position. For visual clarity, the size range
is limited from 1,700 nm to 1,900 nm. The particles are positioned at x = —0.22 mm.
The values of x3 are approximated independent of z. (b) The cross section of the
map at m = 1.59 indicated by a yellow dashed line in (a). The value of % = 9 is
indicated by a green dashed line. The size range to be evaluated is indicated by the
range between the black dashed lines.
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Figure 5.8: (a) The map of X2 calculated from the fit of a pair of SPARCLE responses
.a and p.6.b with the forward model of SPARCLE responses for

shown in Figure

various particle size and refractive index located at a fixed particle position. The
particles are positioned at = —0.22mm and z = —0.43. (b) The cross sections of
the map indicated by the horizontal and vertical black dashed lines and the white
dashed line in (a).
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5.6 Retrieving particle size and refractive index
from SPARCLE calibration responses

The retrieval scheme was applied to retrieve particle size and refractive index from
the responses of SPARCLE to the four solid aerosols in the calibration runs described
in Chapter 3. The solutions were searched over different ranges of the 4-dimensional
state space. The ranges are listed in Table @ The state space were divided into
hypercubes with the length of the hypercubes listed in the same table. Due to the
time constraint in working this thesis, the retrievals were performed only for limited
number of SPARCLE responses whose SNR > 2.5. The SNR limit 2.5 is selected
due to apparent scattering signals for SPARCLE responses whose SNR higher than
or equal to 2.5 as shown in Figures 3.18 - 3.21. The selection introduces a bias since
SPARCLE responses whose SNR can be the responses to either residual particles or
PSL particles illuminated by low light intensity.

Table 5.3: The boundaries of the 4-dimensional state space in retrieving particle size
and refractive index from the responses to aerosols generated in the calibration runs
and the length of the hypercubes in the state space.

x; | variables min max hypercubes length applied In the retrieval
from the responses to
x T -0.50mm | 0.50 mm 0.0l mm all aerosols
I z -0.75mm | 0.75mm 0.0l mm all aerosols
I3 m 1.55 1.65 0.01 all aerosols
1,000nm | 1,190 nm 1nm 15 aerosol
N 4 1,680nm | 1,900 nm 1nm 274 gerosol
1,960 nm | 2,140 nm 1nm 3' aerosol
2,900 nm | 3,150 nm 1nm 4" aerosol

The values of *x? from the retrieval are presented as two-dimensional histograms
as a function of the SNR of the SPARCLE responses. The histograms are shown in
Figures @.a - @.d with the distributions of xx? and the SNR projected at the right
and top, respectively. A dashed red line is plotted in each figure to indicate xx? = 1.
The detail of the aerosols are indicated in the box at the top right of each figure.
As seen in Figures @.a and @.b, most of *x? values are smaller than or equal to

two. The two dimensional histograms in the figures indicate that the values of *y?2
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is weakly affected by the SNR. This results indicate that the estimated € using the
background measurements is a good approximation of true error. Meanwhile, most
of xx? values as shown in Figures @.C and @.d are smaller or equal to twenty. The
distribution of *x? values are greater for larger SNR. There are at least two possible

explanation for this feature:

1. the particle size range of the aerosols are larger than the size range over which

the solutions were searched,

2. a global minimal may be located off the vertices of the hypercubes. The hyper-
cube size should be smaller for bigger particle size and refractive index due to
higher sensitivity of LSPs to the changes of particle size and refractive index.
Based on Mie theory, the derivative of scattering light amplitudes is a function
of d and m |Grainger et all, 2004]. It implies that the patterns of light scat-
tered by smaller particles with lower refractive index can be less sensitive to
the changes of particle size and refractive index than those scattered by big-
ger particles with higher refractive index. The differences in the sensitivity are
illustrated in Figure which shows various LSPs generated from the light
scattered by various size of particles with the same refractive index. In (a),
the LSPs generated from the light scattered by three particles with the sizes
1.100 nm, 1.120 nm and 1,140 nm are nearly similar, while, in (b), (c¢) and (d),
the LSPs generated from the light scattered by particles with sizes bigger than
1,800 nm can be easily distinguished,

Due to these possible caused, the retrieval of particle size and refractive index for some
responses failed to find the solutions expressed by high values of xx?. To illustrate,
the values of *x? of some retrieval results are shown in Figures .a - .h. As
shown in Figures .a and .d, the forward models fit with the measurements

2
v

retrieval results show that the forward models do not fit with the measurements as
shown in Figures .c and .d and the goodness of the fits are indicated by xx?
bigger than five.

and the goodness of the fits are indicated by *x- lower than two. Meanwhile, other
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retrieval solutions. The value of x? is indicated in each figure
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The retrieved d and m are presented as two-dimensional histograms shown in
Figures .a - Figure .d with the distribution of retrieved d and m projected at
the right and top, respectively. The detail of the aerosols are indicated in the box at
the top right of each figure. The ranges of the values of d and m where the solutions
for the retrievals were searched is indicated by the range between two red lines in
the projected distributions. The mean d and m specified by the manufacturers are
denoted as dps;, and mpgr,, respectively, and they are indicated by the black lines
in the projected distributions. To evaluate the distribution of retrieved d and m,
two parameters are calculated: the mean of the distributions denoted by d and m,
respectively, and the standard deviation of the distributions denoted as o4 and o,,,
respectively. In the figures, d and m are plotted as green lines while ¢; and o,,
are indicated. Additional parameters are derived from d, m, o4 and o, for further

evaluation of the distributions. The parameters are:

1. the ratios w and P=7estl that indicate the deviation of d and m from
PSL mpsL

dpst, and mpgy,, respectively,
od

2. the ratios = and %” that indicate the the ratio of the standard deviation of

retrieved d and m to d and m, respectively. Ratio % can be compared with

o4
dpsL

ratio provided by the manufacturers.

The retrieval results are summarised in Table @

Table 5.4: A summary of the retrieval results.

aerosol details retrieved properties
aerosol | dpsL, _— d o W;g—;’LSL‘ | %] . - % | 7
code | (nm) (nm) | (nm) % % % %
1 1,100 1,093 | 44 0.63 | 4.03 | 1.607 | 0.024 1.07 1.07
2 1,800 150 1,796 | 18 0.22 | 1.00 | 1.600 | 0.023 0.63 0.62
3 2,000 2,044 | 31 220 | 1.51 | 1.586 | 0.022 0.25 0.25
4 3,000 3,000 | 48 0.62 | 1.62 | 1.603 | 0.019 0.8 1.1
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Figure 5.12: Retrieval results from the responses to aerosols generated in the calibra-
tion run.
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The retrieval results from the responses to the aerosols encoded as 2, 3, and 4 are in
agreement with those specified by the manufacturers. The shape of the distributions
of the retrieval results are nearly symmetrical and peak around the means of the
distributions. The deviation of d from dpgy, is less than 2.20% of dpgr,. The retrieved
d distribute around d with the ratio %4 less than 1.62%. This ratio is less than the
uncertainties of dpgy, as specified by the manufacturers, which is less than 5% of dpgt,.
The deviation of the retrieved m from mpgy, is less than 0.8% of mpg;,. The retrieved
m distribute around m with the ratio %= less than 1.1%.

The retrieval results from the responses to the aerosol encoded as 1 show a large
uncertainty. The shape of the distribution of the retrieval results are not symmetrical
with the mean of the distribution further away from the peak of the distribution. The
ratio % is larger than 4%. This ratio is in the order of the uncertainty of dpgy, as
specified by the manufacturer, which is less than 5% of dpgr,. Although the ratio is still
within the specified uncertainty, the ratio is higher than those in the distribution of
the retrieved d from SPARCLE responses to aerosol code 2, 3, and 4. The distribution
of m also shows a similar feature: the ratio 22 is higher than those in the distribution
of the retrieved m from the SPARCLE responses to aerosol code 2, 3, and 4. The
larger ratios can be resulted from the larger variation of particle size and refractive
index of the aerosol. However, there may be a bias introduced by the retrievals. The
retrieval used LSPs to retrieve particle size and refractive index and, as previously
shown in Figure b0, the LSPs for various particle size around 1,100 nm are difficult
to distinguished. This feature can result in a map of x? that contains many local

minima with similar values of x2.

5.7 Retrieving particle size and refractive index
from the responses of SPARCLE to test aerosols

The retrieval scheme was applied to the SPARCLE responses to test aerosols from the
measurement described in Chapter 4. Due to the time constraint of this thesis, the
retrievals were only performed to limited number of the responses whose SNR > 4.15.
The solutions were searched over particular ranges of state space. The ranges are
summarised in Table @ To note, the hypercube length in the size dimension is
10nm. This length is longer than that used in the section above. The values of *x?
from the retrieval are shown in Figure . As shown in the figure, most of the
values are smaller than two. Some solutions failed to be found and it is indicated

by large values of *x?. Some examples of the solutions are illustrated in Figure
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with the solutions and the values of x? indicated in the figure. As seen in the figure,

the forward models fit with the measurements with x? between around 1.6 to around
1.8.

Table 5.5: The range of the state space and the hypercube length in the state.

x; | variables min max hypercube length
xr T -0.50 mm | 0.50 mm 0.01 mm

I z -0.75mm | 0.75 mm 0.0l mm

x3 m 1.30 1.70 0.01

Ty d 1,000nm | 3,500 nm 10 nm

10
8_
sel B
74 ‘N =136 samp]es‘

4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00

50

40

30

20

10

0 T T T T -
4.00 425 450 475 5.00 5.25 5.50 5.75 6.00 0 20 40 60
SNR Count
ml 8 . . IZ—
0 1 2 3 4 5 6 7 8 9
Counts

Figure 5.13: The histogram of SNR and the values of x2.
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Figure 5.14: Some SPARCLE responses to test aerosols and the forward models
calculated using retrieval solutions. The value of x? is indicated in each figure
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The distribution of retrieved d and m are shown in Figure . As seen in
the figure, the shape of the distribution of retrieved m is nearly symmetrical with
a peak easily identified at around 1.48. The mean and the standard deviation of
the distribution are 1.47 and 0.060, respectively. The mean is close to the refractive
index of sodium dodecyl sulphate, one of the main ingredients of the test aerosol listed
in Table 4.1. The refractive index of sodium dodecyl sulphate is 1.44. One of the
interpretation of the results is that the water and ethanol contents in the test aerosols
quickly evaporated and solid particles formed which were mainly composed of sodium
dodecyl sulphate. More investigation is needed to explain the difference between
m and the refractive index of sodium dodecyl sulphate. One possible explanation
is due to the bias in the retrieval that assuming the aerosols were non-absorbing
aerosols. The patterns of light scattered by absorbing and non-absorbing particles
can be significantly different as illustrated in Fig. . The colour of the liquid soap
used to generate the aerosols was green suggesting that the aerosols might absorb a

portion of the illuminating red laser beam.
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Figure 5.15: LSPs scattered by three particles of the same size and different refractive
index. The size of the particles is 2,500 nm and the refractive indices are indicated.

The shape of the distribution of retrieved d seems to be different from the shape
of the size distribution measured by the OPC shown in Figure @ The difference

may due to three reasons:

1. the size resolution of the histogram is different with the bin size of the OPC. In
the size range between 1,000 nm and 1,600 nm, the bin size is 600 nm while the

size resolution of the histogram is 100 nm,
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2. the OPC was calibrated using dolomite particles whose refractive index is 1.60.

This may introduced a bias when measuring particles with different refractive

index,

3. the number of the responses in the retrievals are limited. In selecting responses

with SNR > 4.15, a large portion of the responses which may correspond to

the light scattered by particles smaller than 1,500 nm could have been omitted

resulted in decreasing number of retrieved particle size smaller than 1,500 nm.

To compare the distribution of the retrieved d and the size distribution measured
by the OPC, the retrieved d were distributed according to the bin size of the OPC.
The distribution is plotted as a blue histogram in Figure . The expected size
distribution to be detected by SPARCLE derived from the distribution measured by
the OPC is plotted in the same figure as a red histogram. As seen in the figure, the

shape of
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5.8 Summary

The problem to retrieve target quantities from measurements consists of two distinct
problems: the calculation of SPARCLE measurements from target quantities called
the forward problem and the estimation of the target quantities from the measure-
ments with associated errors called the inverse problem. The target quantities are
particle size and refractive index and the position of the particle on the x-z plane.
The target quantities are assembled to form a state vector. The measurements by
the PMT and the CCD camera were assembled to form a measurement vector. To
reduce the computational cost, only six signals that characterise the PMT signals are
included in the measurement vector. A state vector that minimises a cost function is
selected as the solution. The cost function is calculated using the difference between
the forward function and measurement vector with the associated errors.

A scheme to retrieve particle size and refractive index from SPARCLE responses
has been developed. The scheme is a simple brute-force two-step method. The two-
step procedure was used to reduce the overall computational cost. The first step is
estimating the solution using the fit of PMT pulse depth. The second step is selecting
the solution based on the estimation.

The retrievals were applied to the SPARCLE responses to the aerosols generated
in the calibration runs whose SNR are higher than or equal to 2.5. The retrievals
from the responses to aerosol particle size bigger than or equal to 1,800 nm result
in the distributions that are nearly symmetrical with the mean of the distributions
around the values specified by the manufacturers. The mean distributions of retrieved
particle size are less than 2.20% of the size specified by the manufacturers. The mean

distributions of retrieved refractive index are less than 0.8% of the refractive index
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specified the manufacturers. The standard deviation of the distributions of retrieved
particle size is less than 1.62% of the mean of the distribution. The retrieval from
the responses to aerosol particle size around 1,100 nm result in the distribution that
is asymmetrical with the mean of the distribution further away from the peak of the
distribution. The mean distributions of retrieved particle size is 0.63% of the size
specified by the manufacturers. The mean distributions of retrieved refractive index
is 1.07% of the refractive index specified the manufacturers. The standard deviation
of the distribution of retrieved particle size is 4.03% of the mean of the distribution
indicating a larger uncertainty of retrieved size compare to those in the retrieved size
from the responses of the bigger aerosol particle size.

The retrievals scheme were also applied to limited number of the SPARCLE re-
sponses to the test aerosol whose SNR are higher than or equal to 4.15. The distri-
bution of the retrieved particle size is in a good agreement with the expected size
distribution derived from the size distribution measured by the OPC. The distribu-
tion of retrieved refractive index is nearly symmetrical with a clear peak at around
1.48. The mean and the standard deviation of the distribution are 1.47 and 0.060,
respectively. The mean is close to the refractive index of sodium dodecyl sulphate,

one of the main ingredients of the test aerosol. The refractive index is 1.44.
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Chapter 6

Conclusion and future researches

6.1 Conclusion

This work demonstrates the ability of the second generation of SPARCLE to measure
the size distribution and the refractive index of spherical homogeneous non-absorbing
particles. Particle size and refractive index were retrieved simultaneously using a pair
of SPARCLE responses consisting of the PMT signals and the CCD camera readings.

The PMT is an extremely sensitive detector and in a simplified model where:

1. the illuminating light is evenly distributed in the sensing volume and the power

of the illuminating light is around 4 mW,

2. the noise sources are limited to the Rayleigh scattering from air particles inside

the scattering chamber and the dark currents of the detectors,

the PMT is expected to detect single particles as small as 300 nm with signal to noise
ratio equal to 100. Based on the same model, the CCD camera can measure light
patterns scattered by single particles as small as 800 nm with signal to noise ratio
equal to 100. These limits are depicted in Figures @ and @ However, it was found
that the illuminating light was not evenly distributed and, also the illuminating light
was reflected by the sampling pipe contributed to higher background noise. The light
distribution is shown in Figure @ while the background noise is shown in Figure @
The deviation to the simplified model results in the changes of the PMT detection
limit: the smallest particle size it can detect is 640 nm.

Measurement biases introduced by SPARCLE instrument were identified. The
dimensions of the sampling pipe and the rate of air sampling introduce biases in the
sampling and transporting particles to the sensing volume. The efficiencies in the

sampling and transporting particles are functions of particle size. The efficiencies are
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shown in Figure . Other bias is due to the distribution of the illuminating light and
the air velocity in the sensing volume. The air velocity distribution is shown in Figure
. The distribution lead to a probability distribution of particles being illuminated
at a particular position in the sensing volume. The probability distribution is shown
in Figure . Since the illuminating light is spatially distributed, the detection of a
particle of particular size and refractive index depends on the particle position that
the scattered light triggers the SPARCLE data acquisition system. The positions were
calculated for particle size from 100 nm to 3000 nm with the refractive index of 1.59.
By integrating the probability of particles being illuminated at these positions, the
probability of detecting particles as a function of particle size can be developed. The
probability of detecting particles is shown in Figure . Other bias is introduced due
to the dimensions of the sensing volume. The dimensions determine the probability
of more than one particle in the sensing volume at the same time called coincidence
errors. The coincidence errors is expected to be less than 15% when sampling air with
particle density less than 1,000 particlescm ™. According to Table @, SPARCLE is
expected to measure particle size distribution of most types of troposphere regions
with coincidence errors less than 15%.

To test its performance, SPARCLE was calibrated using four monodisperse solid
aerosols. The aerosols contain PSLs beads whose the mean sizes as stated by the
manufacturers are 1,100 nm, 1,800 nm, 2,000 nm and 3,000 nm. The refractive index of
the PSLs is 1.59. By calibrating SPARCLE using these particle sizes, its performance
to measure particles in the accumulation mode can be evaluated. The aerosols were
generated by atomising liquid suspensions containing the PSLs and, then drying the
droplets. The size distribution of the aerosols were monitored by the OPC. The OPC
was calibrated by the manufacturer using Dolomite particles whose refractive index is
1.60. The size distributions as measured by the OPC are shown in Figure . Based
on the figure, the aerosols were not only contain PSLs beads but also contain residual
particles whose size is smaller than 800 nm. The residual particles were generated
from the solidification of surfactants when “empty” droplets were completely dried.
Particle size and refractive index were retrieved using limited number of SPARCLE
responses to the aerosols. The results indicate that SPARCLE is able to measure
the aerosols with the size deviation less than 2.2% and the refractive index deviation
less than 1.07% of the size and refractive index specified by the manufacturers. The
retrieval results are shown in Figure These results are in the same order with
the performance of DWOPS instrument described in Subsection . However, one
of the main differences between SPARCLE and DWOPS is that SPARCLE does not
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require an ad hoc scaling factors to retrieve particle size and refractive index from its
responses.

SPARCLE was used to measure a test aerosol. The test aerosol is a polydisperse
aerosol generated by spraying a mixture of water and liquid soap. The measurement
was performed in an enclosed fume hood. The refractive index of the liquid soap is
1.37. One of the main ingredients of the liquid soap was sodium dodecyl sulphate
whose the refractive index is 1.44. The size distribution of the test aeorosol was mon-
itored by the OPC. The retrieval of particle size and refractive index was performed
using limited number of the responses of SPARCLE to the test aerosol. The distribu-
tion of the retrieved refractive index is nearly symmetrical and peaks at around 1.48.
This result indicates that the test aerosol was dried shortly after it was generated and
solid particles mainly composed of sodium dodecyl sulphate was formed. The distri-
bution of the retrieved particle size is a skewed distribution with larger number of
smaller particles. The shape is similar to the expected size distribution shape derived
from the distribution measured by the OPC.

6.2 Future works

Based on the results in this work, there are several suggestions for future works.
The future works can be divided into three types of developments. They are the

development of

1. the instrument of the second generation of SPARCLE,
2. SPARCLE retrieval scheme,
3. the miniature of SPARCLE,

4. aerosol generation,

6.2.1 The development of the SPARCLE instrument

In this work, some limitations of SPARCLE instruments were identified. The limi-
tations and their corresponding suggestions to improve the instrument are listed as

follows:

1. the detection limit of SPARCLE was 640 nm when using a red laser diode whose
wavelength was around 651 nm. The detection limit can be lowered down to
detect particles smaller than 640 nm by using a light source with a shorter

wavelength,
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2. the distribution of the beam intensity in the scattering volume along the x-axis
shown in Fig. 3.23(b) leads to the distribution of PMT pulse depth as a response
to the light scattered by particles with particular size and refractive index as
discussed in Sec. 3.8. Ideally, PMT pulse depth is a single value as a response
to a particle of particular size and refractive index. This response characteristic
can be used to constraint state vectors to be evaluated in retrieving particle
size and refractive index. For example, PMT pulse depths as responses to
particles illuminated with an homogeneous beam intensity can be similar to
that shown in Fig. 2.6. As shown in the figure, a PMT pulse depth can be
generated as a response to particles of various sizes. Then, the searching for
the retrieval solution can be constraint into these particles sizes. If the beam is
spatially distributed along the x-axis, then a large range of particle size should
be included in the searching since bigger and smaller particles can lead to the
same PMT pulse depth when they are illuminated by lower and higher light
intensity, respectively. The single values of PMT pulse depth can be achieved
by having an homogeneous beam intensity along the x-axis. The homogeneous
beam can be approached by having a nearly homogeneous beam around the
axis of the symmetry of the sampling pipe with sampled particles was designed
to flow around the centre of axis. As shown in Fig 3.23, the beam used in
SPARCLE was not homogeneous and sampled particles could flow further away
from the axis of the symmetry as a function of SPARCLE sampling flow rate.

There are at least two likely causes of the distribution of the beam:

(a) it was caused by the characteristic of the laser diode beam. One way
to alleviate this cause is by trying various laser diodes and use the one
that leads to nearly homogeneous beam intensity around the axis of the

symmetry,

(b) it was caused by multiple reflections of the beam when propagating through
the lenses and window glasses known as a ghosting effect. One way to al-

leviate this cause is by using non-reflective lenses and glass windows.

Particles can be expected to flow around the axis of symmetry when SPARCLE
is designed to operate in a relatively high sampling flow rate. As can be seen
in Fig. 2.17, the distribution of particle speed is more concentrated around the
axis of symmetry for higher sampling flow rate. However, this design leads to
shorter particle transit time and higher laser diode power may be needed to

increase the intensity of scattered light integrated by the CCD camera,
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3. the CCD camera weakly measured the patterns of light scattered by particles
whose size were 1,100 nm and refractive index was 1.59. This can be due to
limited sensitivity of the CCD camera to detect the patterns. One option is to
replace it with a new line sensor. The CCD camera was produced by Thorlab
Inc. nearly 12 years ago. Since then, the technology of linear diode array has

developed and become available with reasonable price.

4. the light scattered by particles smaller than 1,000 nm might be too weak to be
measured by the CCD camera and retrieving particle size and refractive index
using the scattered light may failed. One option is to use the responses of the
PMT for the retrieval. However, the illuminating light is spatially distributed
and this distribution introduces an ambiguity in retrieving particle size and re-
fractive index using the responses: the responses to bigger particles illuminated
by lower light intensity can be similar with the responses to smaller particles
illuminated by higher light intensity. To alleviate the ambiguity, the illuminat-
ing light should be manipulated such that it evenly distributed in the sensing

volume.

6.2.2 The development of SPARCLE retrieval scheme.

A simple retrieval scheme has been developed in this work. The simple retrieval
suffers a main drawbacks: it was time consuming since the solution was searched by
a brute-force method over a relatively large domain. In addition to that, the grid size
for the search needs to adjusted as a function of particle size and refractive index to
prevent overshooting the minima. One option to develop the retrieval scheme is to
use a gradient-search method where the solution is searched by updating an initial
guess of solution to the state along the direction of x? gradient. This method can find
the solution quickly provided a good initial guess. The initial guess may be derived
from the PMT pulse depth, PMT pulse width and the characteristic frequency of the
LSP.

6.2.3 Mini SPARCLE

The development of SPARCLE to the dimensions that can be carried by a simple
unmanned aerial vehicle opens the possibility to measure the vertical distribution of
particle size and refractive index in ambient air. This type of measurement can be
a reference for the retrieval of particle size distribution based on satellite observa-

tion. One main component in the second generation of SPARCLE that is relatively
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heavy and takes a relatively large space is the PMT. In designing mini SPARCLE;,
the PMT can be replaced by PIN-25DP photovoltaic series produced by OSI Opto-
electronics Inc. [Optoelectronics, 2021]. The photo sensitive area of the photovoltaic
has a diameter around 28 mm, almost similar to the diameter of the PMT window.
The photovoltaic can detect light as low as 1071 W. This sensitivity makes the pho-
tovoltaic is expected to detect the power of light scattered by particles bigger than
500 nm as shown in Figure @ The shape of the photovoltaic is nearly cylinder with
the diameter around 30 mm and the length around 26 mm. The photovoltaic weighs
less than 0.5 kg.

6.2.4 Aerosol generation

Some limitations of the aerosol generation in the SPARCLE calibration were identi-
fied. The limitations and their corresponding suggestions for the improvements are

listed as follows:

1. the aerosols generated in the SPARCLE calibration still contained residual par-
ticles as shown in Fig. 3.14. This drawback can be alleviated by using PSL

solution stocks which do not contain surfactants,

2. the OPC used to measure the aerosols had a relatively low size resolution in the
size range between 1,000 nm and 4,000 nm. The low size resolution introduced
a high uncertainty of the size distribution of the generated aerosols. An OPC

with a high size resolution is currently available commercially,
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Appendix A

The forward model of SPARCLE
measurements

The forward model describes the light scattered by a particle in the sensing volume
and the response of the detectors to the scattered light. The forward model is com-

posed of two main steps:

1. calculating the power of the scattered light over the detectors’ photo-active

area,

2. convert the power into detectors’ outputs based on detectors’ specification and
the SPARCLE data acquisition system setup.

In the calculation of the power in Step 1, variables to be considered are:
1. the position of the single particles in the sensing volume,
2. the size and refractive index of the single particles,
3. the wavelength and the intensity of the light that illuminates the single particles,

4. the area and the position of the detectors’ photo-active area over which the

power is evaluated,

5. the transit time of the single particles in the sensing volume. This variable is

essential for the calculation of the measurements by the CCD camera.

Two coordinate systems are used in the forward models. The first coordinate
system is the Cartesian coordinate system shown in Figure @ The Cartesian co-
ordinate system is centred at the intersection between the axis of the symmetry of

the sampling pipe and the horizontal plane of the beam. The horizontal plane is
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the plane that divides the beam height in half. The second coordinate system is the
Spherical coordinate system shown in Figure . The coordinate system is centred
at the single particles travelling in the sensing volume. The two coordinates have

different purposes. The Cartesian coordinate system is used to specify:
« the position of the single particles and the detectors,
 the distribution of the beam intensity,
 the distribution of the speed of air in the sensing volume.

While the Spherical coordinate is used to specify the direction of scattered light.
The response of the detectors to the scattered light is modelled as a result of
the transfer of the power of scattered light to the detectors. The calculation of the
power is done by integrating the scattered light Poynting vector which propagates
perpendicular to the detectors’ photo-active area. If the area is denoted as Ag, then

the power of the scattered light transferred to the area, P, is calculated by
g:/sm&, (A1)
Aq

where dffd is the vector of the infinitesimal area of Ag; 5; is the Poynting vector of

scattered light and calculated as

— ]_ — —
&zéﬁ%ﬁxﬂg, (A.2)
where E, and ]:75* are the electric field and the magnetic field conjugate of scattered

light, respectively. The vectors E, and FIS* can be derived based on Mie theory and
they are detailed in Appendix @ The formula for ES and FIS* are listed in Equation

. Applying the formula to Equations @ and @ resulted in

S 1
Py(r,0,¢,a,m) = |]€—;|Re /r_2 []Sl(cos 0, c,m)|* sin® ¢+
(A.3)
|Sa(cos 8, o, m)|* cos® ¢] P AqdAg
where:
. S, is the Poynting vector of the laser beam illuminating single particles;
e k is the wavenumber of the laser beam calculated as k = 27” where A is the laser

wavelength;
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o 1,6 and ¢ represent the direction of the scattered light scattered over dAq. They
also represent the location of the detectors’ photo-active area in the Spherical

coordinate. While 7 is the unit vector of r;

o 57 and S, are the angular distributions of the scattered light calculated based
on Mie theory;

+ « is the size parameter of single particles calculated by a = %%, where a is

particle size;
o m is the refractive index of single particles;
. Ad is the unit vector of surface Ajy.

Since the beam propagated parallel with the z axis, the Sy, can be calculated from
the beam intensity distribution on the x-y plane and the measured power of the beam.

The §b is formulated as

al Ly(,y)
S, = Y PR A4
| b|(x7y) f]x(x7y> dl’dy b ( )
where I(z,y) is the beam intensity distribution on the x-y plane; P, is the measured
power of the beam. The distribution Iy (z,y) is modelled as separable in the x and y

axis as described in Chapter 3:

Ix(x,y) = [X(l‘) [}’<y)7 (A5)

where I (z) is the measured distribution along the x axis as shown in Figure @

and I, (y) is the distribution along the y axis modelled by Equation @ Inserting
Equations @ and @ into Equation @ results in

PS(l.? y? 7/.7 0? ¢7 af? m) =

L(x) Iy (y) B

A, k2 Re

Y

1 .
/ s []Sl(cos 0, a, m)|? sin® ¢ + |Sy(cos 0, a, m)|? cos? ¢} 7. AqdAq

(A.6)

where Ay, is equal to [ Ly (x,y) dz dy.
The particle is modelled to travel in the sensing volume parallel with the y axis.
As described in Chapter 2, the speed is distributed normally around the axis of the

symmetry of the sampling pipe. The distribution is expressed as

e G )

v(z,2) =aye 2v? (A7)
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where v(z, 2) is the speed of single particles; a, is the maximum speed; oy is the speed
standard deviation. Modelling the air flow in the sensing volume by OpenFOAM
software results in various a, and o, for various SPARCLE sampling flow rates. The
results are summarised in Table @ The modelling also indicates that the speed of
single particles in the sensing volume is approximately constant. Based on the speed,

the travelling time of single particles for a distance Ay can be calculated as

Ay
At = A.
®2) = 1o (48)
Flow rates Qy oy
No
(x107%m?s!) | (scem) | (ms™!) | (mm)
1 306 18.3 1.03 0.36
2 170 10.2 0.53 0.4
3 56 3.8 0.16 0.48

Table A.1: The speed distribution of air in the sensing volume as expressed in Equa-
tion . The unit scem is standard centimetre cube per minutes unit, a unit of the
outputs of the flow meter used in the calibration.

SPARCLE samples the air with the rate varied from the flow rates shown in
Table [A:l! The speed distributions for the sampling are linearly projected from the

distribution of similar flow rates shown in the table. For example, the sampling flow

rates in the calibration vary slightly from 170 x 1072 m3®s~!. The speed distribution

of the sampling flow rates are then approximated by linear projection of the a, for

the similar flow rate 170 x10™? m3s~!.

Similar flow rates are called reference flow
rates denoted by Q™! while the corresponding a, are denoted by a. The projection

is expressed as

ca Qcal re
as = o ar, (A.9)

The speed distribution of the flow rates used in the calibration is summarised in Table

a2
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Qcal acal o
v \4
Sample code

(x10?m3s™1) | (scem) | (ms™!) | (mm)
1 161 9.66 0.50 0.4
2 169 10.14 0.53 0.4
3 200 12.0 0.62 0.4
4 135 8.1 0.42 0.4
Table A.2: The speed distribution of air in the sensing volume for the sampling rates
iar:leEh_e (()3&51;bration. The flow rates are derived from Equation with Q™ = 170 and

A.1 The forward model of the PMT signals

The PMT in the SPARCLE design is set to continuously measure the power of light
scattered over the PMT window and to convert the power into electrical currents.
The SPARCLE data acquisition system then converts the currents into voltages and
samples the voltages with a particular sampling time. The PMT signals can be

denoted by voltages as a function of time:
V(t). (A.10)

The conversion of the power of scattered light into the voltages can be denoted by

A
V(t) = P(t) [ ;]ZIZLIT] G(PMT Rlo Gamp, (All)

where
o P(t) is the power of light scattered over the PMT window;

e nput is the quantum efficiency of the photo-cathode on the PMT window;

. ’\T% is the conversion factor of light power into electrical currents with the

unit of A is nm,
o Gpyr is the gain of the PMT;
e Ry, is the load resistor installed on the PMT outlet;

e Gamp is the amplification factor of the amplifier.
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Some events during the PMT measurements can be expressed using the notation V'(t).
For example, the event of triggering the CCD camera is denoted by V(¢ = t1) where
tr is the time when a PMT signal reaches a threshold voltage V.

The notation is used to denote the sampled and calculated PMT signals. Once
triggered, the SPARCLE data acquisition samples 2,000 number of PMT signals with
the sampling time interval: At = 2ps. The data acquisition is programmed to
sample 499 PMT signals before the trigger. The sampled PMT signals are numbered
in the order of when they are sampled and the PMT signal which triggers the data
acquisition is programmed to be the signal number 500. In the time domain, the
PMT signals span from 1,000 us before the trigger and 3,000 ps after the trigger. The

notation of sampled PMT signals using integer numbers p is

Vmea<tp)a

where

p=1,2...,2000;
t, = 2ps,4ps...,4000 ps.
The sampled signal which triggers the data acquisition system is denoted by

vmea (tT) )

where
Vmea<tT) = Vmea(thSOO);

Vinea (tp=500) = V.
Sampled signals before and after triggers are denoted by Vipea(tp<500) and Viea(tp=500),
respectively.

The PMT signals can be calculated based on the light scattered by single particles
which travel parallel with the y axis in the sensing volume. In the calculation, the
single particles travel from points (z,y = —0.5mm, 2) to points (z,y = +0.5mm, z)
and the power is calculated when the single particles are illuminated at the points
where coordinate y is linearly distributed with spatial interval Ay = 0.01 mm. With
Ay = 0.0l mm along the path of -bmm< y <5mm, the number of points to be
evaluated is 101 points. The time needed for single particles to travel between the
points, At, can be calculated based on the speed of single particles flowing parallel
with the y axis using Equation @ Once At is known, the plot of calculated signals
as a function of time between the points can be done. Then, the calculated PMT
signals can be overlaid to the sampled PMT signals if a triggering voltage can be

identified from the calculated PMT outputs. The overlay can be done by coinciding
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the triggering voltage with Vjyea(t1). If calculated PMT signals do not fit with sampled
PMT outputs, then the calculation is repeated by using various particle position
coordinates x and z, size parameter «, or refractive index m until they fit.

Mathematical notations are introduced based on the description in the previous
paragraph. With calculated PMT signals indexed using integer numbers ¢, the signals
are denoted by

Vear (2, 2, 0, m; y (1),
where
qg=1,2...,101;
to(z, 2,q) = tr + (g — qﬂ%; (A.12)
—0.500mm < y(t,) < —0.500mm; Ay = 0.01 mm;

In the calibration, tt was equal to 1000 ps; Index gt is the index when
‘/cal(x7 Z, O, My y(t/qT)) ~ VT'

The above expression means that at time ¢/, the data acquisition system is calculated
to be triggered. However, Veal(7, 2, o, m; y(t;)) & Vr may not be unique as a function

of . As a consequence, t;_ should be selected from a set of #,., where u is a set

geu
of integer numbers that leads to Vea(z,z,a,m;y(t))) < Vp. Since the system is

triggered once Vr is reached, tflT is selected as the earliest time in the set of ¢/.,. In
mathematical notation, the selection is expressed as
qr = min{u € Z}, (A.13)

where 7Z is a set of all integers. Once ¢t has been determined, the time frame of
the calculation, t;, can be determined by applying ¢r to Equation . Then,
Veal(, 2, ,m; y(t;)) can be overlaid on Viyea(tp).

The algorithm to calculate Va (7, 2z, a, m; y(t;)) is detailed as follows:

1. get the sampling rate when sampled PMT signals,
2. select particular x, z, a, and m,
3. generate y, with y; = —0.5mm and y,0; = +0.5mm and Ay = 0.01 mm,

4. calculate the power of light scattered to the PMT window, P (z, 2, a, m; y(t))).

The calculation is computationally expensive and an approximation is applied to

reduce the computational cost. The approximation is based on PPMT (2, 2, o, m; y(t,))

that are slightly invariant by the variation of z. The details of the calculation

and the approximation will be discussed in the next paragraph,
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10.

convert PPMT(z, 2, a,m;y(t))) into Vea(z, 2, o, m; y(t),)) using Equation
determine ¢ using Equation ,

calculate v(x, z) using Equation @,

calculate t; (7, z) using Equation ,

overlay the plot of Vea(z, 2, a,m;y(t))) as a function of ¢, with the plot of
Vmeal(t,),

if the two plots do not fit to each other, repeat the calculation with various z,

z, a and m until they fit.

As mentioned in Step 3, the calculation of Py (x, z, a, m; y(t})) is computation-

ally expensive and an approximation is applied to the calculation. The algorithm of

the calculation as well as the approximation is detailed as follows:

1.

the area of the PMT window is divided into a grid comprising N number of
squares and the power of scattered light over the PMT window is approximated

as the summation of all of the power of light scattered over the squares,

the area of each square is

~ Apur
AA =R (A.14)

where Apyr and AA are the area of the PMT window and each square, respec-

tively,

in the calculation, N is set to be a large number, hence, the area of each square
will be very small. Due to this very small area, the intensity of light scattered

over the area can be approximated to be homogeneous,
each square is indexed by j with j is integer numbers from 1 to N,
the Spherical coordinates of square j are r;, ¢; and ¢;,

the power of scattered light falls over square j is:

I(x) Iy(y) By
Ay, k2

1
)
Ty

Py(x, 2z, a,m; y(ty)) = Re

[|Sl(a, m, cos 6;)|* sin® ¢;+

Y

Sy (e, m, cos 0;)|* cos? gb]] A AA

(A.15)
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where Spherical coordinate variables r;, §; and ¢; can be calculated based on
Cartesian coordinate variables: z, y, and z since the position of the PMT is
fixed; Aj is the unit vector of the area of square j; 7; is the position vector of

the midpoint of square j,

. the power of scattered light over the PMT window is approximated as

N
Peyr (7, z,a,m;y(t;)) ~ Z ]Dj($727@am§y(t;))- (A.16)

j=1

. the calculation of Peyr(7, 2, a,m;y(t;)) for particular =, y, 2 is computation-
ally expensive, therefore, the calculation of Ppynr(z, 2, ,m;y(t;)) for all y(t))
will be overwhelmingly expensive. An approximation to reduce the computa-
tional cost is applied by considering that the variation of the scattering solid
angles subtended by the PMT window for various single-particle positions in
the sensing volume is very small. The variation is less than 3%. The variation

was calculated by considering that:

o the boundaries of the coordinates (z, vy, z) of any point in the sensing vol-
ume are -0.5mm < x <0.5mm, -0.04mm < y <0.04mm, and -0.5 mm <
z <0.5mm,

« the centre of the PMT window is placed at x = 6 mm and the area vector of
the PMT window is parallel with the x axis. The diameter of the window

is around 25 mm,

. since the variation of the scattering solid angle is very small, coordinates (r;, 6;, ¢;)
in Equation can be approximated to be invariant to the variation of x, vy,

z. The approximation can be written as

PPMT([L’, 2, O M y(t:])) = [X(x) Iy(yq) Psum(Oé, m)? <A17)
where
1 .
Py (a, m) Ab k2 Z Re E“Sl o, m, cosd; )\ sin? b+

(A.18)
Sy (e, m, cos 0;)|* cos qﬁj] 7. A; AAj]

To empasize, Pym(c, m) is invariant for the variation of z, y, and z.
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A.2 The forward model of CCD camera readings

In the SPARCLE design, CCD camera is set to measure the angular distribution of
the power of light scattered by single particles travelling in the sensing volume. The
measurement, of the angular distribution is performed by 3,000 photo-active pixels
contained in the line sensor of the CCD camera. The line sensor integrates the
light and converts it into electrical voltages ranging from 0V to -2,3V. Then the
voltages are normalised by the CCD camera into values between 0 and 1 with 0 and
1 corresponding to voltages 0V and -2.3 V, respectively. The normalised voltages are

CCD camera readings that can be denoted as

Vnea (D) ;2" where {p € Z|1 > p > 3000}, (A.19)

tr

where 7 is the time the CCD camera is triggered to start integrating scattered light;

tint is the integration time.

tr+tint

tr can be calculated by calculating expected CCD camera

The voltage Vimea(p)
readings for light scattered by single particles travelling parallel with the y axis in

the sensing volume. The calculated reading is denoted by

Vst (p) |12 Hime, (A.20)

tp

The conversion of the light integrated by the line sensor into normalised voltages is

expressed by
(A.21)

. K ()\) SCCP(A
Gy o = Wy o EALE )
P

where
« Wi(p) i;“mt is the energy of scattered light integrated by pixel p.
e )\ is the wavelength of the laser. The wavelength is 651 nm,
« K()) is photopic luminous efficacy and K (A = 651 nm) & 73 lumens Watt ™!,

o SYCDP()) is the sensitivity of the line sensor in the CCD camera. For A = 651 nm,
SCP(\ =651 nm) ~ 3700 VIux ts

« A, is the area of each pixel,

e 11 is the normalisation factor of the CCD camera. For the CCD camera, 11 =
2.3V.
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tr+tint

The calculation of Vea(p)|in is coupled with Ve (7, 2z, &, m; y(t,)). The coupling is

apparent due to:
o the two detectors measure the light that is scattered by the same single particles,

o the CCD camera is triggered to integrate the light based on the PMT output
that satisfies the threshold.

This coupling can be used to determine various intensities of the laser beam that illu-
minates single particles during the CCD camera integration time. The determination
is based on the sampled PMT signals that can be mapped into the location where
the single particles are illuminated.

The power of scattered light measured by each pixel can be denoted by
PS('I’ Y, z,a,m; Tp’ ep’ ¢p)

The pixels are lined up parallel with the propagating direction of the illuminating
light, so ¢, = ¢ for all pixels. Since the location of the CCD camera is fixed, parameter

rp can be calculated for particular ¢, and ¢. Parameter r, can be expressed as
Tp = Tyt & + Yret Y + Zret(D) 2 (A.22)
where
e 1x, is the projection of the pixel position on the x axis,

» Yy is the projection of the pixel position on the y axis. In this setup, R, ~

0.4mm,

e 2,(p) is the projection of the pixel location on the z axis. The z,(p) can be
calculated based on the pixel whose z coordinate is zero. If the pixel is denoted
as j™4 then

‘mid

Zref(p) - (j j) w <A23>

where w is the width of each pixel.

The determination of @, and j™9 is detailed in Appendix . The notation of the

angular distribution of the power can be simplified as:

Pi(z,y, z,a,m; 0,).
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Once triggered, the CCD camera integrates P; and the energy collected from the

integration can be denoted as

tr

tr+tint

W (z, 2, a,m; 0,)[/2 e = / Pi(x,y(t), z,a, m; 6,) dt. (A.24)
tp

The calculation of W (z, z, a, m;6,)[;2 "™ as shown in Equation can be ap-

proximated numerically,

W (x, 2, a,m; 0,) [T ime = ZP z,y(t:), z, o, m; 0,) At, (A.25)

where
{i € Zli % At <ty A i > 0}, (A.26)

If At in Equation is the same with the time interval used in the calculation of
Veal(, 2,0, m; y(t;)), Equation can be written as

W(x, 2, a,m; 0,2 = Pz, 2,a,m;0,) AtZ]y(y;:HqT), (A.27)

where

* Yi—irqp 18 the various y coordinates used in the calculation of Vear(, 2, o, m; y(t7))
that represent the coordinates of single particles projected on the y axis when

the CCD camera is integrating scattered light,

o Pi(x,z,a,m;0,) is calculated based on the consideration that the pixel dimen-
sion is small relative to distance to the sensing volume so the intensity of light

scattered to each pixel is homogeneous. Pi(z, z,,m;6,) can be calculated as

I.(z) R
Pz, z,a,m;0,) = % Re []Sl(a,m,cos 0,)|° sin® ¢+

1
2
"p

(A.28)
Sy (cr, m, cos B,)]? cos® gzﬁ} fp.flA ,

where A and A is the pixel area and the unit vector of the area. In the SPARCLE
design, A=z Note, A in Equation and will cancel out.

Some corrections to Equation may be needed since a slab of glass is installed
in front of the line sensor. The corrections are the power reduction and the lateral
displacement of scattered light propagating through the glass. The power reduction
can be calculated by evaluating the transmittance of scattered light through the glass.
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Meanwhile, the lateral displacement shifts 6, into ¢, The corrections are applied to
where the correction due to the transmittance is applied first:

O (z, 2z, o, m; 0,) g“i‘“ = Veal(z, 2,0, m; 6,) g”i‘“ T (6,, m*), (A.29)

and the lateral displacement correction:

cor
cal

(z,2,a,m;0,) prttnG — O (1 2 a,my R(6,))[FE T (A.30)

tr cal tt

where T is the transmittance of scattered light; m# is the refractive index of the glass;
R is the lateral displacement function that maps 6, into 0.

The transmittance of light when incident on an interface of two mediums is a
function of light polarisation, the refractive index of the two mediums and the incident
angle of light defined as the angle between the propagation direction of light and the
normal of the interface. In the SPARCLE design, the light scattered to the line sensor
is polarised perpendicular to the scattering plane. The incident angle of the light on

the surface can be calculated as
0, = |90° — 6. (A.31)

The propagation of the light through the glass passes two interfaces. The first interface
is between the air and the glass then the second interface is between the glass and
the air. In each interface, the transmittance of light is calculated. The calculation is

done based on Fresnell equation:

cos ), — \/(mg)2 — (sin 6 )
cos O, + \/(mg)2 — (sin 6)?

T (6),m?) = [1 - ] : (A.32)

During their propagation through the glass, scattered light is laterally displaced
and the propagation direction with respect to scatterer is changed. The displacement
affects the mapping of pixels to scattering angles. With no displacement, the mapping

is expressed as

cos b, = T’;—.Z. (A.33)
7]
Due to the displacement, the mapping is altered into
— A_’ . A
CcoS 6; = M (A34)

(7 + Ary)|
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where A;’p is the lateral displacement of scattered light propagating toward pixel p.

The lateral displacement can be calculated based on Snell’s law and resulted in

A_f“p = Dsin0),

1 — (sin6i)?2
ity ]z (A.35)

- o) = (sin )7

where D is the thickness of the glass. Note, the thickness of the glass is 0.7 mm and the

distance between the glass and the line sensor is not specified and, for this correction,

is assumed to be 1mm; the refractive index of the glass is 1.5. The algorithm to

tr+tint

tr is detailed as follows:

calculate Ve (z, 2, o, m; 6,,)

1. use the same w, 2, o, and m as well as At, y/, Ay and gr as those used in the

calculation of Ve (7, 2, a, m; y(t,)),
2. generate integer numbers p from 1 to 3,000,

3. set ¢ = 8° and t;,; = 1000 ps,

4. calculate r, and 0,, using Equations |A.2j, |A.23.|7 and |A.3ﬁ,

5. determine {i} based on equation ,

6. calculate At Iy(Yr—iiqr)s

7. calculate Py(z, z, a, m; 6,) based on Equation ,

8. calculate W(z, z, a, m; 6,,) E*ti““ using Equation ,

9. calculate Vi (z, 2, a,m; 6,) g“im based on Equation ,
10. overlay Via(z, z, a, m; 6),) EH‘“ with Vinea(0)) EH‘“,

11. if the two plots do not fit, Veu(z, 2,0, m;6,) g”i““ and Vea(w, 2, a,m; y,(t;))

calculations are repeated with various z, z, a and m.

A.3 Mie scattering theory

SPARCLE is designed based on the measurement of light scattered by single particles.
In this report, it is assumed that the particle is an homogenous spherical particle. The
light scattered by such particles can be explained by the Mie scattering theory devel-
oped by Gustav Mie in 1908 Mi¢ [1908]. In his derivation, Maxwell’s equations were

applied to derive the electromagnetic field of scattered light as a result of interaction
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between plane wave incident light and a particle. The solution is in the form of an
infinite series of spherical harmonic functions. An excellent mathematical treatment

of this theory can be found in Bohren and Huffman [1983] and is reproduced below.

A.3.1 Mie amplitude

The transverse component of scattering electric (E) and magnetic (M) field by a

spherical particle with size a as a function of the distance from the particles r, scat-

tering angle 6, azimuthal angle ¢, size parameter o = an and refractive index m is

derived as:
ol P
By ~ EO_'CP cos(¢) S (0, a,m),
—{
ol P
Egp ~ EO_'CP sin(¢)S1 (0, a, m),
—{
H E ¢’k cos(¢)S2 (6, a,m)
s¢p O—iwa,u 2\V, &, )
(P
¢ K in(6)Si(0,a,m),

—(Pwp

(A.36)

Hs@ ~ Eo

where P = kr; S1(0,z, M) and S5(0,z, M) are infinite series expressed as:
Sy(0,x, M) =)

n=1
)

S0, 2, M) =)

n=1

2n+1

G 1) anTn(c0s 0) & ama(cosO)] (A.37)

2n+1

nln 1) [by 7, (cos 0) + a, T, (cos 0)] (A.38)

where the angular functions 7 and 7 are Legendre polynomials defined as:
Pl(cos0)

’

Tp(cos ) = (%P;(COS 0),

mn(cos ) =

and Mie coefficients are given by
_ Un(@)Y) (M) — My, (2)¢n (M)
" Gy (Ma) — MG (x)¢n(Mx) |
o Mun()dh, (M) — ()0 (M)
b MG(2)d (M) = M (x)yn(Mz)’

where ¢ and ( are the Ricatti-Bessel functions, defined as:

(A.40)

(2), (A1)

Colx) =/ = H, 1(x), (A.42)



with J, 1 (x) is the half-integral-order spherical Bessel function, and H, ,1(z) is the
half-integral-order Hankel function of the second kind. In this work, the calculation
of S and Sy were done by writing Phyton codes based on the IDL codes written by
[Grainger et all, 2004].

A.3.2 Poynting vector

The magnitude and the direction of the energy of electromagnetic wave are specified

by the wave Poynting vector. The Poynting vector is expressed as
S=FExH*. (A.43)

Most instruments are not sensitive to the high oscillation of the instantaneous Poynt-

ing vector. They respond to the time averaged Poynting vector expressed by
— ]_ — —
§ = 3ke [E X H*]. (A.44)

The time-averaged Poynting vector of scattered light can be expressed using the

amplitude in Equation [A.3;

S = sRe (B ),

S, = %Re [(Bupéo + Essé) x (Hlpéo + Hizes)] (A.45)
S, = %Re [(EwH:, — EyHY) é] .

The power of scattered light P, transferred to detector active area A can be calculated

as

P, = / §.dA (A.46)
A

A.4 Modelling the distribution of the pulse depth
and width

As described in Section @, the distribution of the PMT pulse depth and width during
the calibration can be modelled by the probability of generating the pulses which is
a function of the PMT pulse depth and width. The probability can be developed by
the following steps:
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. mapping the probability density of single particles traversing each point in the
sensing volume. The probability density is denoted by p(z,y, z). Since single
particles are flowing parallel with the y axis, the probability can be reduced

into two-dimensional probability which is denoted as p(z, z),
. calculating Vi (z, z, , m; y(t')) at each point in the sensing volume,

. identifying the pulses in Viu(x, z, o, m;y(t')) and calculating their depth and
width. The depth and width are denoted by Vieptn (2, 2, o, m) and Tyiaen (2, 2, o, m),

respectively,

. calculating the probability density of generating pulses with the depth V' by ac-
cumulating the probability density of particles traversing points where particle
illumination leads to generating pulses with the depth V. This accumulation

can be denoted by
P(Vaeptn (@, m) = V') = Qdeptn /p(m, z) Z 0(x —x;)0(z — z)daedz, (A.47)

where the integration is evaluated over the x-z plane; Qqepen is the normalisation
factor; ¢ is delta Dirac function; (z;, 2;) is a set of the coordinate positions of

single particles projected on the x-z plane where particle illumination leads to
Vieptn (74, 23, a,m) = V. (A.48)

To note, the integration of p(Vgeptn) from zero to infinity is unity
/ P(Vaeptn)dV = 1, (A.49)
0

. calculating the probability of generating pulses with the width ¢ by similar
technique described in the previous step: the probability of particles traversing
points where particle illumination leads to generating pulses with the width ¢

accumulated. The accumulation can be denoted by
P(Twiatn (o, m) = t) = Quiatn /p(x, z) Z §(x —x;)6(z — z;)dedz, (A.50)
J

where Qyian is the normalisation factor; (z;, z;) is a set of the coordinate posi-

tions of single particles projected on the x-z plane where
Tian (), 2, o, m) = t. (A.51)

To note, the integration of p(Tyiqm) from zero to infinity is unity

/ P(Twiamn)dt = 1. (A.52)
0
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However, calculating Vea (z, 2z, a, m; y(t')) for all coordinates (x,y, z) in the sensing
volume and then evaluating the corresponding pulse depth, Vieptn(z, 2, o, m), and
width, Tyiaen (2, 2, a, m), are computationally expensive. An approximation to reduce
the cost of the computation can be done by identifying features in the beam intensity
distribution.

The distribution of the beam intensity parallel with the y axis, I, (y), is modelled
to peak at x-z plane and, as single particles are travelling parallel with the y axis,
the light intensity they scatter is highest when they are at the x-z plane. The highest
intensity corresponds to the pulse depth in PMT outputs. Hence, the depth of pulses
contained in PMT outputs can be determined by evaluating V.. (z, z, o, m;y = 0).
Furthermore, the beam intensity is constant in the direction parallel with the z axis
and this constant reduces the dependance of the depth on the z component. In
mathematical notation, the pulse depth distribution across the x-z plane denoted by

Vdepth can be expressed as
%epth(.T,Oé,m) = Mlal(vaam;y = O) (A53)

Veal(x, a,m;y = 0) can be calculated by

A npMT
1.24

‘/cal(x7 o, My = O) - PPMT(J:7 a,m;y = 0) |: i| GPMT RIO Gamp; <A54)

where
Poyr(z, a,myy = 0) = Ix(x) 1;(0) Py (ar, m). (A.55)
As I,(0) = 1, Equation can be simplified into

Peyr(z, 0, msy = 0) = I (x) Pagm(a, m). (A.56)

So,

A
Vdepth(x7 «, m) - ]X(‘r) Psum<a7 m) [ ;II_?I;IZIT

An interesting feature in Equation is that once Pym(c,m) is calculated for

single particles with size parameter o and refractive index m then the corresponding

i| GPMT Rlo Gamp' <A57)

Viepth (@, a, m) for various = can be generated by using Iy (x).

Another feature of I,(y) can be used to simplify the calculation of the width of
pulses as a function of the points on the x-z plane where single particles are being
illuminated. Since single particles are travelling parallel with the y axis, the width
of pulses corresponds to how long the single particles being illuminated with the in-

tensity of the illuminating light proportional to I;(y). In this work, I, (y) is modelled
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to be nearly Gaussian. However, in the determination of the width of pulses, the
distribution can be approximated as Gaussian distribution. To reflect the measure-
ments done by SPARCLE, the pulses that are included in the calculation of pulse
width distribution are those whose depth is deeper than or equal to threshold V7.
Other pulses whose depths are shallower than V1 are considered to be overlooked by
SPARCLE.

The width of pulses can be determined by identifying two special positions of single
particles during their travelling in the sensing volume. The two positions are the
positions where particle illumination lead to PMT outputs which can be statistically
distinguished from background. The statistical criteria for the distinction is when the
difference between the outputs and background is equal to the standard deviation of
the background. The positions are denoted by yr, and yy and are shown in Figure @
The difference with background is denoted by V4,. The width of pulses are determined

Voltages

time

Figure A.1: The scheme of PMT pulses. The points related to pulse width calculation
are indicated. The pulse is shown as a red line while the background is shown by a
dashed blue line.

based on evaluating the travelling time between the two points. With pulse width
denoted as Tyiqtn, the determination of Ti,;q¢n is expressed as

Ay, (a, m)

Y

Twidth(xa zZ,Q, m) = (A58)

v(zx, 2)
where

Ayp = yu — yv. (A.59)
The determination of y;, and yy as demonstrated in the figure can be expressed

mathematically as

yr = min{Y'} and yg = max{Y'}, (A.60)
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where y, is the various position of single particles projected on the y axis which
satisfying
Veal(z, 2,0, m5y € yp,) > Vi, (A.61)

Also, the pulses should trigger the data acquisition system and the triggering requires

Veal(z, 2z, 0, m;y = 0) > Vr. (A.62)

Since the pulses are approximated to be symmetrical with respect to the time when

the pulses valleyed at y = 0, Ay, can be calculated as
Ay, (a,m) = 2yp(a,m). (A.63)

yg can be determined through the comparison between PMT outputs when single

particles at y = yg and y = 0:

‘/Cal(xazaaam;y:yH) _ Vb
Vcal(ZU,Z,a,m;?/:O) Vvdepth(xaozvf'n)7
Vo
[ pr— pr— 5
y(y yH) Vdepth(xv «, m)
2
_ 1| yg(em) Vi
e 2 |: oy ] = b , A.64
Vdepth(l‘y «, m) ( )
A EECED) RN S
PR [ = In ,
2 oy Vieptn (T, a, m)
Ve ) )
yu(a,m) = @\/2111[ aepih (2, @ m)}
W
Hence, pulse width is formulated as
20y \/2 In [_Vdepth‘(/:’a’m)]
Twiatn(z, z, 0, m) = ) (A.65)

v(x, z)

The interesting feature in equation is that once the distribution of pulse depth
over the x-z plane is calculated, the corresponding distribution of pulse width can be
derived.

The distribution of pulse width as a function of the position where particles being
illuminated can be used to calculate the probability density of generating pulses as a
function of pulse width using Equation . A numerical formula is derived from the
equation to developed a histogram of the probability density as a function of pulse

width. The first step in developing the histogram is to divide the entire range of pulse
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width into a series of successive pulse width interval and determine the probability
in each pulse width interval. The interval must be contiguous and cover the entire
pulse width. The upper width limit of each interval coincides with the lower width
limit of the next-higher interval. If pulse width fall exactly on the interval limit, it is

grouped in the higher interval. The numerical formula is expressed as

p(Ti(a,m)) = Quidtn Zp(xj/, zi) Az Az, (A.66)

j/
where 7 is the integer numbers to index pulse width intervals; j’ is the integer numbers
to index the points on the x-z plane which particles illumination lead to generate
pulses with width between the interval limit and, mathematically, 7' can be expressed

as
{j, S Zlf_T]L < Twidth(xj’u Zjry O m) < T’JH}, <A67)

where TjL and T]H are the lower and upper limit of the pulse width interval j, respec-
tively.

The probability density of generating pulses as a function of pulse depth can be
developed with techniques similar to that described in the previous paragraph. A nu-
merical formula derived from Equation to develop a histogram of the probability

density of generating pulses as a function of pulse depth is

p(Vi(o,m)) = Qdepth Zp(xi/, zi) Az Az, (A.68)
where 7 is the integer numbers to index pulse depth intervals; ¢’ is the integer numbers
to index the points on the x-z plane which particles illumination lead to generate
pulses with depth between the interval limit and, mathematically, i’ can be expressed
as

{i" € Z|VE < Vigiawm (i, a,m) < VY, (A.69)

where VI and V! are the lower and upper limit of the pulse depth interval i, respec-
tively.

The size of PSL beads contained in the stock suspension varies around specified
mean size and this variation should be included in the calculation of pulse depth and
width distribution. The variation can be denoted by F(« — ay; 0,) where a, and o,
are the size parameter and its variation calculated based on the spesified mean size

and size variation of PSL beads, respectively. Using this notation, the probability of
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generating pulses with width 7" can be expressed as:

P(Twian (0o, m) =T) = QWidth/ [/p(x, Z) Z(S(x—xj/) d(z—zy)drdz| Fa—ao; 0,) da,
j/

(A.70)
The numerical expression for the above equation to develop the histogram of the

probability density of generating pulses is expressed as:

P(Tj(ao, 1)) = DQuiaen Y _ [Z play, 27) Az Az | Fla — ao; 0,) Aa, (A.71)
« 7’

The similar techniques is applied to pulse depth and resulted in equation

P(Vaeptn (o, m) = V) = Qdepth/ [/p(:v,z) Zé(x—xi/) dz—zp)dz dz] Fla—ay;0,) da,
’ (A.72)

The numerical expression would be:

p(Vi(ao, m)) = Qdeptn Z [Zp(xi/, zi)Ax Az | F(a — ao;0,) Aa. (A.73)

SPARCLE sampling flow rates during the calibration varied as mentioned in Chap-
ter 2 and this variation affected the distribution of pulse width measured in the cal-
ibration. The calculation of pulse width as expressed in Equation need to be

modified to inclused the sampling rate variation. The modified equation is

Fla—o;04) F(Q—Q0; 0q) Aa AQ,

(A.74)
where ) is SPARCLE sampling flow rates; (), and ag are mean flow rates and their

p(Tj(aoa m, Q)) = Quidth Z Z [Zp(l’y, Zj/)Al‘ Az
Q «a J’

variation, respectively.
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Appendix B

Determining the position of the
PMT and the CCD camera

As discussed in Chapter 2, the detectors in SPARCLE are designed to be placed with
the mid-point of the detectors around 6 mm from the sensing volume. However, more
precise position in the order of sub-millimetre for the position of the CCD camera is
needed since the LSPs measured by the CCD camera are sensitive to the uncertainty
of the CCD camera position in the order of sub-millimetre. Meanwhile, the same
level of precision for the PMT position may not be needed since the measurement of
scattering light by the PMT is not sensitive to the uncertainty of the PMT position
in the order of sub-millimetre. The insensitivity is due to a small variation of the
solid angle of scattering light subtended by the PMT window for the variation of the
PMT position in the range from 5.5mm to 6.5mm. The variation is less than 5%.
The small variation can be qualitatively explained by the diameter of the PMT which
is much larger than the distant between the PMT and the sensing volume.

Practically, the sub-millimetre precision of the CCD camera position is difficult
to achieve through spatial measurements. The first reason is that the centre of the
Cartesian coordinate, which is created by the cross-section between the sampling pipe
axis of symmetry and the laser beam, can not be determined precisely. The second
reason is that the thickness of the sealing layer installed between the CCD camera
and the scattering chamber can not be determined precisely as well. The thickness
of the glass window installed in the CCD camera is specified by the manufacturer
as 0.6 mm, however, the distant between the surface of the glass window to the line
sensor may not be the same value.

The relevant position of the CCD camera is the position of a pixel in the line
sensor used as a reference to determine other pixel positions. The pixel is located at

the x-y plane and indicated as j.f in Figure El] The projection of the position of jef
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in the x axis is denoted as z,¢ and indicated in the same figure. The sub-millimetre
precision of the projection of the position of j..; on the y axis is not necessary since
the uncertainty of the projection in the order of sub-millimetre has negligible effect to
the uncertainty of the azimuth angle of scattering light. For example, the projection
located between —0.5 mm and +0.5 mm on the y axis is related to the azimuth angle of
scattering light between 0° and 8°. This small range of azimuth angle has a negligible
effect to the pattern of scattering light.

One way to obtain the precise position of the CCD camera is by retrieving it
through a retrieval method similar to that described in Section @ with e and Jief
included as state vector elements in addition to x, z, d and m. The retrieval is applied
to search the solution for a pair of SPARCLE responses to the aerosol generated in
the calibration with the mean size of the aerosol 1,800 nm. The variation of the values
of Zret, Jret, T, 2, d, and m over which the solutions were searched are summarised in
Table El] To illustrate, the map of x? for various @, and j.¢ with d = 1,809 nm,
m = 1.59, x = —0.22 and z = —0.43 in the searching of the solution for a SPARCLE
response shown in Figure @ The map is plotted in Figure El! The values 2o = 7.3
and j..f = 1420 indicated by the crosspoint of the two dashed lines shown in the figure
are selected as the solution. The retrieval is also performed to other 99 responses to
the same aerosol with SNR > 4.15. The solutions were obtained and the mean of .
and jyer are 6.9 mm and 1419, respectively. The position of the CCD camera and the
PMT used in SPARCLE forward model is summarised in Table @

Table B.1: The range of variables in the searching for j..f and x .

variables min max hypercube length
x -1 mm 1mm 0.01 mm

z 0 mm 1mm 0.01 mm

Jref 1300 1696 4

Trof 6.0 mm 7.9 mm 0.1mm

d 1,760nm | 1,840 nm | 1nm

m 1.55 1.65 0.01
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Figure B.1: The map of x? for determining j,ot and @t

Table B.2: The position of the detectors installed in SPARCLE.

variables | values description

TPMT 6.0mm | the position of the PMT window projected on the x axis
Pref 1419 a reference pixel illustrated in Fig. @

Trof 6.9mm | the projection of p.f on the x axis illustrated in Fig. Ell
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Appendix C

The amplifier circuit

In the SPARCLE detection system, the PMT signals were filtered and amplified before
sampled by the digital oscilloscope. The filter is a four pole low-pass filter with a cut-
off frequency of approximately by 20kHz which removes the higher frequencies of
shot noise produced by the PMT. The signals was then amplified to provide the -10
to 10 V voltage range expected by the digital oscilloscope. The amplification includes
turn adjustment pots for both zero-offset and gain to allow for changes in background
light levels. The amplifier circuit is shown in Figure @ The transfer function of the
amplifier was tested using sinusoidal signals whose frequencies from 100 Hz to around
200kHz. The tranfer function is shown in Figure @ As shown in the figure, the
gain of the amplifier for the signals whose frequencies lower than 20 kHz is around
500.

600

500 | v & 0ol sanbonglolighiomihiniiily |

b bty

400

Gain
w
[=]
o

200 -

100

0 s .
100 1000 20000 100000 le+06
Frequency (Hz)

Figure C.1: The transfer function of the amplifier.
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