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ABSTRACT

CAVITY ENHANCED INSTRUMENTS FOR DETECTION OF HYDROGEN CHLORIDE

AND AEROSOL OPTICAL EXTINCTION

This thesis concerns the development of cavity enhanced instruments for atmospheric
science studies. Hydrochloric acid (HCI) is an important reservoir species for active halogens
which are thought to participate in cycles that deplete ozone. In order to understand these
halogens and their effect on ozone depletion, a cavity ring-down spectroscopy (CRDS) based
instrument was developed for ultra-sensitive HCI concentration measurements. The instrument
has a (1o) limit of detection of 10 pptv in 5 min and has high specificity to HCl. Aerosols are a
fundamental contribution to Earth’s radiation budget and represent one of the largest
unconstrained unknowns in estimating climate change. The effect of aerosols on climate and air
quality is closely tied to their spectral properties as well as particle chemical composition, size,
and shape. Aerosol extinction coefficient (sum of light attenuation by scattering and absorption
coefficients) is an important optical property for determining aerosol radiative forcing. A
broadband cavity enhanced absorption spectroscopy (CEAS) laser-based instrument for
measurement of aerosol extinction has been created with a minimum detectable extinction
coefficient of 8x10® cm™ for 10-ms collection time. This thesis details the development and

validation of these cavity enhanced spectroscopy based instruments.
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1. INTRODUCTION

1.1 THE ROLES OF GREENHOUSE GASES AND AEROSOLS IN RADIATIVE

FORCING

The atmosphere plays a significant role in the lives of all the inhabitants on planet earth.
The atmosphere is responsible for controlling, protecting, regulating the Earth’s surface by
means of facilitating weather conditions, filtering harmful space radiation, determining
temperature, etc. and ultimately makes life possible and sustainable. Within the numerous
processes of the Earth’s atmosphere, considerable effort has been made in recent years to study
and better understand the effect of atmospheric species on radiative forcing. Radiative forcing
(RF), as technically defined by the Intergovernmental Panel on Climate Change (IPCC), is “a
measure of the influence a factor has in altering the balance of incoming and outgoing energy in
the Earth-atmosphere system and is an index of the importance of the factor as a potential
climate change mechanism” [1]. More simply put, this term refers to an externally imposed
disturbance in the radiative energy budget of the Earth's climate system. These imbalances in the
radiation budget (see Figure 1) have the potential to cause climate change and eventually could
lead to a new equilibrium state of the climate system [2]. The various aforementioned climate

discontinuities versus their respective radiative forcing values can be seen in Figure 1.
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Figure 1 — The 2007 radiative forcings as estimated by the IPCC [1].

A positive forcing (more incoming energy) leads to a warmer system where as a negative forcing

value (more outgoing energy) tends to cool the system down [1].

The concept of radiative

forcing was first developed for one-dimensional radiative convective models and eventually led

to subsequent models extrapolated to three dimensions.

radiative forcing values to determine the change in global mean surface air temperature, AT [3]:

AT = AF

A simple linear relationship uses

1)

where / is the model-dependent climate sensitivity parameter and AF is the global mean radiative

forcing. Considerable strides have been made to understand how the changes in the atmospheric

abundance of greenhouse gases and aerosols alter the Earth’s energy balance. On an ongoing
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basis, new observations and related modeling of greenhouse gases and aerosol are improving

quantitative estimates of radiative forcing [1].

1.1.1 GREENHOUSE GASES

Greenhouse gases are a dominant source of radiative forcing contributions in the
atmosphere. Numerous greenhouse gases occur naturally but increases in their atmospheric
concentration over the last 250 years are largely a result of human activities. The effect of a
greenhouse gas on the Earth’s energy budget is determined by its transient concentration and its
effectiveness at perturbing the radiative balance. Greenhouse gases can be divided into two
major categories: long- and short-lived. Long-lived greenhouse gases (LLGHGS), such as
Carbon Dioxide (CO,), methane (CH,4), and nitrous oxide (N,O), are chemically stable and
remain in the atmosphere for tens to hundreds of years. Since these species are nearly
temporally constant, they become well mixed throughout the atmosphere and reach an almost
quasi-equilibrium concentration distribution.  This constant distribution allows LLGHSs
concentration to be accurately estimated by measuring at a few locations across the globe. The
other major subgroup, aptly named short-lived gases, is chemically reactive and generally
removed from the atmosphere by washout in precipitation or by natural oxidation processes.
Due to constant addition and removal of these gases from the atmosphere, they have a highly
fluctuating concentration distribution. Ozone is a significant short-lived greenhouse gas that is
formed and destroyed by chemical reactions involving other atmospheric species (discussed in
greater detail below). In the troposphere, humans mainly affect ozone concentration by changing
the precursor gases (e.g. HCI) that ultimately lead to ozone creation. In the stratosphere, human

influence has been on ozone-depleting substances, which as their name suggest, affect ozone
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removal rate. As can be seen in Figure 1, 0zone makes a considerable contribution to the Earth’s
energy budget in which it has a positive radiative forcing value in the troposphere and a negative

value in the stratosphere [1].

1.1.2 AEROSOL CONTRIBUTIONS

As can be concluded from an uncertainty analysis (“error-bars” in Figure 1), the effects
of long-lived greenhouse gases on earth’s radiative energy balance is relatively well understood
and accurately measured. Conversely, the uncertainty associated with aerosol radiative forcing is
significantly large and is indicative of the limited physical understanding of how aerosols
interact with the atmosphere. Since aerosols play a major role in the radiative energy balance,
their forcing uncertainty leads to obvious uncertainty in climate change predictions. It has been
proposed that radiative forcing effects of sulfate-containing aerosols could be equal in magnitude
to, and opposite in sign to, the radiative forcing induced by greenhouse gases [4].  For this
reason there is a strong need to understand the role that aerosols play on the radiation balance of
the atmosphere.

Although an aerosol is defined as any mixture of particles and gas phase diluents, the
focus is placed on the particles and, therefore, the term aerosol refers to these particles. There
are various natural and anthropogenic sources from which an aerosol can be created (see Figure
2). Primary aerosols are produced directly at the source whereas secondary aerosols are mostly
formed from gaseous precursors by numerous gas and aqueous phase oxidation pathways.
Examples of primary aerosols are fly ash of industrial origins, sea-salt particles coming off the

ocean surface, or minerals which are a result of wind across an arid landscape.
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Figure 2 - Natural and anthropogenic sources of aerosols [5].

An example of secondary aerosols is provided by sulphate particles which can be created by
dimethyl sulphide emissions of phytoplankton and/or sulphur emissions from the burning of
fossil fuels. The result of so many geographically localized sources leads to aerosol distribution
being spatially inhomogeneous [3].

Once aerosols are created, they undergo complicated chemical reactions in the Earth’s
atmosphere, mixing and reacting with other aerosols or themselves. Finally, aerosols can leave
the atmosphere by either colliding with the Earth’s surface or raining out in a cloud. The length

of time between aerosol creation and deposition can range anywhere from a few minutes to



several weeks which ultimately creates a fluctuating temporal distribution of aerosols in the
atmosphere [3]. Aerosols are a form of direct radiative forcing because they scatter and absorb
radiation in the atmosphere (discussed in more detail later). Aerosols can also modify the
creation and precipitation efficiency of liquid water, ice and mixed-phase clouds, thus causing
indirect radiative forcing related to these cloud property changes. Quantifying the radiative
forcing of aerosols is difficult because aerosol mass and particle number concentrations are
highly unpredictable in space and time; this variability is mostly due to aforementioned shorter
atmospheric lifetime of aerosols compared to other atmospheric species (greenhouse gas, etc.)
[6].

There is, therefore, a high demand for spatially and temporally resolved data of the
atmospheric burden and radiative properties of aerosols since these parameters are needed for
calculating radiative forcing. Satellite observations, as seen in [7], provide a means of
determining regional variations in aerosols; however, they are expensive and quite rare.
Therefore, models must be implemented in order to interpolate and extrapolate the available data
in hopes of determining accurate aerosol radiative forcing values and climate change predictions.
Despite the large uncertainties related to their implementation, models are the primary method

for studying past or future aerosol properties and distributions [6].

1.2 TROPOSPHERIC HYDROGEN CHLORIDE

Chemical reactions involving halogen radical species, such as chlorine and bromine
atoms and their oxides, significantly influence the composition of the earth’s atmosphere. These
species also play important roles in many atmospheric processes such as those that determine

precipitation acidity and the formation and destruction of ozone. In remote regions of the
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troposphere, such as the polar boundary layer, these species are thought to contribute to
destruction of ozone [8], [9]. The ozone depletion, along with formation of new oxidizing agents,
may ultimately lead to a change in the dominant oxidizing agents. In contrast, in marine
boundary layers in populated coastal regions, the halogen species can contribute to ozone
formation [10], [11]. Other atmospheric processes in the marine boundary layer, such as the
oxidation of methane [12], [13] and larger hydrocarbons [14], can also be influenced by these
species. The radical chlorine species also play a key role in ozone destruction within the upper
stratosphere [15].

Hydrochloric acid, HCI, is an important reservoir species for active halogens. Studies of
composite chlorine emissions indicate that HCI is the dominant gas-phase contributor to the
overall chlorine inventory in the lower atmosphere [16], [17]. The principal source of HCI in the
lower atmosphere (marine boundary layer) is thought to be from sea-spray generation, though the
extent of the contribution from anthropogenic activity such as coal burning is not well
understood. Chlorine present in the sea-salt aerosols generated by wind stress at the ocean
surface is converted to HCI by acid-displacement reactions [18], [19]. Typical HCI
concentrations in remote marine environments span from tens to hundreds of parts per trillion
[20], while reaching levels of several parts per billion in coastal urban areas [18], [21]. In the
upper atmosphere (>~40 km), HCI is thought to account for more than 90% of the total chlorine
[15]. However, estimates of HCI production vary considerably and existing measurements are
limited. As is further discussed below, there remains a strong need for improved measurement
techniques for HCI, as is addressed in the present contribution. From an industrial perspective,
high-temperature chlorine corrosion via HCI can be a costly problem for combustion and

gasification plants [22], [23], which provides additional motivation for developing HCI sensors.



1.21 METHODS FOR HCL DETECTION

The understanding of sources and sinks of HCI, as well as the role of HCI in proposed
chemical mechanisms, requires suitable measurement techniques with sufficient accuracy,
sensitivity, and time-response. Currently, the available instruments for such studies are rather
limited. The original method for such studies was to sample gas phase HCI into a solution using
a mist chamber collector, and to analyze the solution by high resolution ion chromatography
(e.g., [24], [25]). The method is attractive owing to its relative simplicity and reliability, but
limitations include relatively slow time resolution (typically 10s of minutes or more) and
potential specificity issues. Although the measured signal is primarily due to HCI, the
measurement can be influenced by contributions from other active chlorine species, such as
CINO,, so that the measurement is often referred to as HCI* [18], [24].

Another method for HCI detection is to use chemical ionization mass spectrometry
(CIMS) [20], [26], [27]. The CIMS instruments allow selective, rapid and sensitive detection
species detection and are amenable to both ground based and aircraft deployments [28]. A
potential limitation of these techniques is their specificity which depends on the details of the ion
chemistry scheme; for example, Marcy et al. have reported sensitivity to water vapor [29]. From
a practical point of view, the CIMS systems tend to require relatively extensive inlet and transfer
lines, which can be problematic for sticky gases like HCI [26]. The CIMS systems also require
periodic calibrations, while the need for a sensitive mass spectrometer significantly increases the
cost of the technique as compared to optical approaches.

Optical absorption based measurements of HCI using infrared laser sources are also
possible. By selecting an absorption line of the target species, i.e. H**Cl, which does not have

nearby interferences from other atmospheric constituents, the optical measurements can be
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highly species specific. Past work has employed tunable diode lasers in a multi-pass Herriot cell
for HCI detection [30], [31]. The system was sensitive, species-specific, allowed rapid-time
response (see Section 2.2.2 — where time response is discussed) and was amenable to airborne
deployment. In order to access the strongest fundamental vibrational band, the system employed
lead salt lasers at 3.4 um paired with mercury-cadmium-telluride (MCT) detectors, both of which

required liquid nitrogen (LN3) cooling.

1.3 OPTICAL PROPERTIES OF ATMOSPHERIC AEROSOLS

The optical properties of aerosols are responsible for numerous remarkable atmospheric
phenomena such as vibrant sunsets and rainbows. Aerosols also cause visibility degradation
associated with atmospheric pollution [32]. Furthermore, there exists a link between climate
change and aerosol optical properties. The radiative properties of atmospheric aerosols depend
on aerosol size distribution and composition. However, in order to calculate the RF of a given
aerosol (and associated uncertainty), various optical properties are necessary. These properties
can be condensed into a small set of four quantities which are a function of wavelength: the mass
light-scattering efficiency, the functional dependence of light-scattering on relative humidity, the
asymmetry parameter, and finally the single-scattering albedo (SSA) [6]. The emphasis of this
thesis is on the measurement of SSA, more specifically its extinction component, which will be
discussed for the remainder of this section.

Owing to the large size compared to molecules, aerosols significantly scatter and/or
absorb incident radiation. Aerosols that primarily scatter exert a net negative direct RF (cools

the earth) whereas partially absorbing aerosol may exert negative RF over dark surfaces (e.g.



oceans, forests, etc.) and positive RF (warms the earth) over light surfaces (e.g. desert, snow,
etc.) [2]. Since optical extinction coefficient (sum of scattering and absorption coefficients [33])
is specific to particulate size and composition, aerosols create temperature gradients in the
atmosphere. Single-scattering albedo (SSA) (parameter that simplifies aerosol extinction) is
technically defined as the ratio of scattering coefficient to total extinction coefficient [34]. (Note,
the terms extinction and extinction coefficient will be used interchangeably). The direct
radiative effect of aerosols is also very sensitive to the small changes in SSA (e.g. a change in
SSA from 0.9 to 0.8 can frequently change the sign of the direct effect as seen in [35];[6]). For
spherical particles, it is common to use Mie Theory in conjunction with material optical
properties to calculate the SSA [36]. Conversely, discrete two-stream approximations are
implemented in order to determine the SSA of non-spherical particles [37]. The Mie solution of
SSA, although exact, has limited utility since various wavelength-dependent optical properties
are needed (index of refraction, scattering angle, size parameter, etc.) and therefore, direct

measurement is preferable.

1.3.1 MEASUREMENT TECHNIQUES

Determination of SSA requires measurement of two out of three of absorption, scattering,
and extinction coefficients, for example, measurement of absorption and extinction separately
[6]. The scattering properties are generally measured by a number of techniques such as
nephelometry, lidar, and passive spectroradiometry of the solar radiation. The measurement of
absolute optical extinction, or alternatively the transmission, is still a considerable measurement
challenge since Rayleigh equivalent (molecular scattering) losses are extremely low for clear air

and can be more than four orders of magnitude larger for polluted air [38]. Aerosol light
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absorption generally cannot be measured accurately and, therefore, is determined by subtracting
the measured scattering from the optical extinction; very careful calibrations are required
because the absorption is often a difference between two large values. There are, however, a few
cases where aerosol light absorption is actually measured directly. An example of this is the use
of photo-acoustic spectroscopy in conjunction with a filter technique to measure absorption
values [6], [39]. However, these results also pointed to strong wavelength dependence in the
light absorption and rendered such results only moderately useful. Other than this synthesis
method, the other techniques commonly used for determining SSA are extinction cell, filter
techniques, irradiance measurements, and black carbon mass by thermal evolution. Airborne
comparisons of these techniques were made [6], [40] in biomass burning plumes and hazes. It
was found that measured regional averages of SSA were within about 0.02 for all techniques
except thermal evolution, however, individual data points were only slightly correlated with
regression coefficient values of about 0.6. SSA is difficult to retrieve from satellites, especially
over oceans as determined in [6], [7], [41]. This issue is related to satellites' viewing geometry,
which limits measurements to light scattering rather than extinction for most tropospheric
aerosols. Accurate values of SSA can be determined from satellite data for some specific

conditions, especially when coupled with ground measurements [6], [42], [43].

1.4 CAVITY ENHANCED MEASUREMENT TECHNIQUES

In order to accurately measure various properties of atmospheric species, cavity enhanced
measurement techniques are commonly implemented (briefly discussed in 1.2.1 and 1.3.1).

Cavity enhanced spectroscopy is generally characterized by the use of high finesse optical
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cavities, which greatly increase the effective path length of interaction between an incident laser
and sample. The sample (e.g. gas or aerosol) is housed within the cavity and a detector at the
cavity output measures the light extinction due to the sample, which can ultimately be related to
various properties. In this thesis, two variations of this method, Cavity Ring-Down Spectroscopy
(CRDS) and Cavity Enhanced Absorption Spectroscopy (CEAS) have been implemented to
measure HCI concentration and aerosol extinction, respectively. These are further discussed in

the following subsections.

1.41 CAVITY RINGDOWN SPECTROSCOPY (CRDS)

Cavity ring-down spectroscopy (CRDS) is an ultra-sensitive laser-based absorption
technique that may be used to measure trace species in the gas phase [44], [45]. The technique is
seeing growing use in a range of fields including combustion diagnostics, plasma diagnostics,
basic spectroscopy studies, and atmospheric trace gas detection. In addition to its sensitivity, the
principal advantages for the use of CRDS in the atmosphere include selectivity, which comes
from spectral discrimination, directly quantitative detection of trace species based on known
absorption cross sections, and the possibility of versatile sensor hardware (small, lightweight,
low power consumption) for field use.

The sensitivity of CRDS is achieved by measuring optical extinction due to the gas
sample (in this case atmospheric air containing HCI) within a high-finesse optical cavity. As
shown in Figure 3, the optical cavity is typically formed from two (or three) high-reflectivity

mirrors.
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Figure 3 - Schematic diagram of CRDS setup. Laser light makes multiple (>10*) passes within cavity. The decay
rate of the cavity light intensity is measured and provides absorber concentration.

The interrogating laser beam is coupled into the optical cavity where it makes multiple passes
between the mirrors. In many spectral regions, mirrors with reflectivity >0.9999 are available, so
that the light makes more than 10* passes within the cavity. The effective path length is
therefore greatly increased relative to single-pass absorption (or even typical multi-pass Herriot
cell measurements). A detector behind the cavity measures the temporal decay (ring-down) of
the light intensity in the cavity. When the laser is resonant with the absorbing sample (e.g. HCI),
there is stronger (faster) decay. The difference between the decay-rate with the absorbing
sample, and without the absorbing sample, gives a measure of the sample concentration. A

conversion of decay-rate into concentration will be given in a subsequent section.

1.4.2 CAVITY ENHANCED ABSORPTION SPECTROSCOPY (CEAS)

An alternative to CRDS is to determine the time averaged power transmission of the
optical cavity, instead of its decay rate, and this method is known by both the names Cavity
Enhanced Absorption Spectroscopy (CEAS) [46] and Integrated Cavity Output Spectroscopy
(ICOS) [47]. These techniques are also being increasingly used in atmospheric science [48-52].
As discussed in Section 1.3.1, these cavity enhanced methods (CRDS and CEAS) are now being
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used to determine extinction from aerosols [33], [38], [53-69]. An attractive feature of these
measurements is that they provide an absolute measurement of loss and do not require
determination of calibration factor, such as collection efficiency. Note that, following the
literature, the term CEAS for extinction measurement will sometimes be used, however, the
technique really provides total loss, i.e. extinction. (The term *“absorption” is often used since in
gas-phase spectroscopy, where there is relatively weak scattering, absorption spectra are
measured.)

Much like CRDS, typical implementations of CEAS have used narrow bandwidth lasers
for cavity excitation with spectra obtained by scanning these lasers. There have also been some
reports of “broad bandwidth” configurations that have used spectrally broad sources to excite the
cavity and then disperse the different frequency components of the light transmitted through the
cavity, typically using either a grating [70-75] or Fourier Transform spectrometer [76-78].
However, in almost all of this previous work the “broad bandwidth” that could be simultaneously
covered by one instrument was limited to a fractional bandwidth of a few percent or less by the
high reflectivity bandwidth of the low loss dielectric mirrors that have been used to construct the
cavity. Dielectric mirrors achieve their high reflectivity, R, by constructive interference of the
modest Fresnel reflection from a large number of interfaces between alternatively high and low
index materials, separated by A/4. An alternative is to use instead Prism retroreflectors to form

the cavity, as shown in Figure 4 [79], [80].
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Figure 4 - Brewster’s angle retroreflector based optical cavity [79-82]

The cavity is formed from two prisms. Light enters and exits each prism (Ro, Rs, R4, R7) at very
near Brewster’s angle and thus P polarized light (polarization vector in the plane of the page)
experiences very low reflective loss. Brewster’s angle, 6, is determined by tan(6s) = n, where n
is the index of refraction of the prism material (and the surrounding air is treated as free-space
with unity index-of-refraction). Within each prism, light undergoes two total internal reflections
(R1, Rz, Rs, Rg) and returns antiparallel to the input ray. With a pair of such prisms, aligned
relative to one another as in Figure 4, one forms a ring cavity. One optic surface (e.g. EF in
Figure 4) has spherical shape to provide focusing as needed for a stable cavity. Light is coupled
into and out of the cavity (A and C) by tilting the input/output prism slightly away from
Brewster’s angle.

In order to utilize the prism cavities for simultaneous broad bandwidth detection, one
must use a spectral light source that covers the full spectral range one is interested in. In
addition, high brightness is desired, since the transmission of a high-finesse cavity is quite low
for continuum light, and high spatial coherence, since one wants to maximize coupling into the
TEMg, mode of the cavity. Some groups have used mirror based cavities with incoherent light
sources such as discharge lamps or light emitting diodes, but a much higher brightness source is

available, a supercontinuum generated by pumping a photonic crystal (PC) fiber [83-85]. With
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such a fiber, ~50% of the light power can be converted from a narrow bandwidth laser, such as
Nd:YAG, into a spectrally broad continuum covering a range from ~400-1800 nm [86]. Further,
since the continuum light is emitted from the core of the fiber (which is only ~4 um in diameter),
it is highly spatially coherent, unlike radiation from lamps or LED’s. Because of the strong non-
linear interaction in the fiber core, only a few kW of peak power is required to generate the
supercontinuum. The Lehmann group was the first to use such a supercontinuum light source for
cavity enhanced spectroscopy and initial results were published in Optics Express [82]. Eg. 2
shows how the absolute extinction strength of a sample inside the cavity, «(v), versus light

frequency, v, can be calculated from the measured spectra of light transmitted:

1(v)

aw) = (@) (1 + ni_Z) (’Oﬂ - 1), )

where 1(v) is the intensity transmitted by the cavity with sample, 1°(v) is the intensity transmitted
by the empty cavity, c is the speed of light, «(v) is the empty cavity photon lifetime (ring-down
time), n the index of refraction of the prisms, L, the single pass path length inside a prism, and L
the path length in the gas. The factor (1 + n Ly/Lg) corrects for the fraction of time the photons
spend in the sample.

Figure 5 shows a schematic of the instrument that Lehmann et al. used for doing broad-
bandwidth CEAS with SiO, prisms. In this experiment, the cavity decay time was 33 us, for

which the factor (¢ «(v))* = 1x10° cm™.
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Figure 5 - Schematic of the ultra-broadband cavity enhanced absorption spectrometer.

The sensitivity of the instrument is determined by this factor times the noise in determination of
the ratio of 1()/1°(v). Figure 6 shows an example spectrum obtained with this instrument, the

electronic band of O, near 695 nm, observed in ambient air.
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Figure 6 - The experimental CEAS of the b 129+-X 329' (v =1 « 0) transition of molecular oxygen in air referenced
to dry nitrogen gas, along with the HITRAN predicted spectrum.

17



1.5 PROBLEM STATEMENT AND THESIS LAYOUT

In the field of atmospheric science, there is a need for sensitive hydrogen chloride
concentration measurements in order to understand its effect on various halogen chemistry and
ozone depletion. Furthermore, there is a need to measure the extinction component of aerosol
single-scattering albedo over various wavelengths for the purpose of determining radiative
forcing. This thesis concerns the development of cavity enhanced instruments for these
atmospheric science studies. In Chapter 2, a cavity ring-down spectrometer measuring HCI
concentration will be presented. This chapter discusses the instrument description and
performance (i.e. limit of detection, sensor verification, and field study demonstration). Chapter
3 will discuss the development of a cavity enhanced absorption spectrometer to the measure
aerosol extinction. This section describes the optical setup and aerosol delivery systems
implemented. Finally, chapter 4 concludes this thesis and offers future improvements for both

SENSOIS.
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2. CAVITY RING-DOWN SPECTROSCOPY INSTRUMENT FOR DETECTION OF

HYDROGEN CHLORIDE

A CRDS laser-based instrument for measurement of hydrogen chloride (HCI) has been
developed and characterized. The instrument uses light from a distributed-feedback diode laser
at 1742 nm coupled to a high finesse optical cavity to make sensitive and quantifiable
concentration measurements of H*C1 based on optical absorption. The instrument has a (1o)
limit of detection of 10 pptv in 5 min and has high specificity to HCI. Validation studies with a
previously calibrated permeation tube setup showed an accuracy of better than ~10%. The
CRDS sensor was field tested in parallel with two other HCI measurement techniques (mist
chamber and chemical ionization mass spectrometry), all of which were in good agreement. The
instrument also allows sensitive measurements of water and methane and minimal hardware
modification would allow detection of other near-infrared absorbers. The remainder of this

chapter discusses the design, development, and validation of the HCI instrument.

2.1 INSTRUMENT DESCRIPTION

The specific design of a spectroscopic instrument for absorption measurements is guided
by the location and strength of the targeted absorption feature. For this instrument, the R(3)
H*Cl line of the (2-0) absorption band (see Figure 7 [87]) was chosen due to its relative strength,
its separation from other atmospheric absorbers, and its accessibility using available near-

infrared (NIR) components.
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Figure 7 - Linestrengths of rotational lines of the 2-0 vibrational absorption band of H*CI and H*'CI from HITRAN.
The CRDS sensor uses the R(3) line of H*Cl at 5739.26 cm™ as indicated by the arrow.

This line has also been selected by other researchers for laser absorption measurements of HCI
[22], [88]. Although the selected wavelength of 1742 nm is slightly outside the standard
telecommunications bands, nearly all of the needed equipment (laser, fiber optics, mirrors, etc) is
available and applicable at this wavelength. The fundamental vibrational band of HCI near 3.4
um has much stronger line strengths, however, the optical equipment needed for that wavelength

region (e.g. difference-frequency generation laser sources [89]) is more expensive and less

commercially developed.
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Separation from the absorption lines of other potential interfering molecules is integral to
successful measurements. Interference due to expected ambient molecules has been considered
including: CH4, CO, CO,, HCI, H;0, NO, and N20. As shown in Figure 8, the absorption spectra

in the vicinity of the targeted HCI absorption line have been simulated.

30 : : 15 . : . , . ,

HyO
0
|
I
o

1.0

204 < 4

k (cm'l) x10%
k cm) x 10°

=
o Q
I

10 0.5 1 T -
1 \
1 \
pa— I \
@] ’ \
Jk P ) / ‘
’ AY
4 .- - 4 N ~
0F ==n L AT 0.0 =z == <
. : . : . : . . : : : : : :
5738.0 5738.5 5739.0 5739.5 5740.0 5739.15 5739.20 5739.25 5739.30 5739.35
Frequency (cm'l) Frequency (cm'l)

Figure 8 - Simulated absorption spectra in the vicinity of the targeted HCI absorption line. Simulated conditions are:
P=0.1 bar, T=295 K, HCI=0.5 ppbv, CH,=2 ppmv, H,0=0.013 (50% Relative Humidity). Left/Right:
Zoomed out/in of HCI line.

The simulations assume typical ambient species concentrations, spectral parameters from
HITRAN, and standard expressions for thermal and collisional line broadening [87]. There is a
tradeoff of operating pressure (i.e. the pressure in the ring-down cell where the optical
measurement is performed) and possible performance at difference pressures have been
examined which can be experimentally achieved by varying the flow cell and pumping
conditions. Reducing the pressure tends to narrow the spectral absorption features and improve

specificity, but at the cost of reduced signal amplitudes and, at sufficiently low pressure (<~0.05
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bar), can introduce operational challenges with the flow system. An operating cell pressure of
0.1 bar was found to be a reasonable compromise in this regard.

The literature contains two slightly differing values for the line strength (cross-section) of
the targeted HCI line (R(3) H**CI). The 2008 HITRAN database reports a linestrength of
1.16x10% cm/molecule for the R(3) H*CI line, which is based on simulation [90]. More
recently, Ortwein et al. experimentally studied the same line and reported it to be 1.25x10%°
cm/molecule [22]. For the instrument presented here, the experimental value from Ortwein et al
is used.

Figure 9 shows the schematic layout of the CRDS system. The light source is a
distributed-feedback diode laser (NEL Lasers, KELD1F5DAAA) in a 14-pin butterfly package
with a center wavelength of 1742 nm, linewidth of a few MHz, and 13 mW of output power
through a single-mode fiber pigtail. Light from the laser is first sent through a 99%-1% fiber-

optic beam splitter.
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Figure 9 - Schematic of the optical components and data acquisition systems of the HCI sensor.
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The 99% leg is used as the main interrogating beam, while the weaker leg is used for the
frequency calibration leg. When the system is first run, the 1% output leg from the fiber splitter
is sent through a low-finesse Fabry-Perot etalon (fused silica, 45 mm long, finesse ~20) and a
photodiode (Thorlabs, PDA10CS) monitors the etalon transmission signal. The relative
frequency of the laser (as determined by the etalon transmission peaks) is plotted against the
voltage sent to the laser controller (ILX Lightwave, LDC-3714C) and fit to a second order
polynomial, which then provides a relationship between (relative) laser frequency and controller
voltage for subsequent use. This frequency determination procedure is done automatically in our
custom LabVIEW software and takes only a few seconds. Owing to the high stability of the
DFB laser, these fit coefficients proved stable over months. In regular operation, the etalon is
replaced with a custom reference cell which is a sealed glass vessel containing a high
concentration of HCI (~0.1%). As the instrument runs, the 1% leg of the beam splitter is sent
through the reference cell, and the photodiode monitors the transmission. Due to the high
concentration of HCI in the cell, a strong absorption feature is observed, even through a path
length of only a few cm. The sensor control software finds the peak of this absorption feature
and centers the laser scan on the HCI spectral feature, thus ensuring any ambient temperature
changes do not cause the laser to drift away from the desired wavelength.

The 99% output leg from the fiber splitter is first sent through an aspheric collimation
lens (Thorlabs, CFC-11X-C, f=11 mm). The aspheric lens is precisely positioned relative to the
beam splitter in order to spatially mode match the beam to the TEMg o mode of the cavity, which
also requires proper separation of the cavity and lens [91]. After the collimation package, a
polarizer and quarter-wave plate are used in series as an optical isolator, blocking reflected light

from going back into the laser, which, even in small amounts, causes noticeable instability in the
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laser. The last element before the high-finesse cavity is the acousto-optic modulator (AOM,
IntraAction, ACM-402AA1). When the data acquisition (DAQ) system detects a resonance out
of the optical cavity, the computer will turn off the AOM, causing the incoming laser to be
rapidly extinguished (time constant of ~300 ns). The optical cavity itself is constructed of two
high-reflectivity dielectric mirrors (Advanced Thin Films), with radii of curvature of 2 m and 1
m, and a separation of 90 cm. The mirror reflectivity, as determined from empty-cavity ring-
down times of ~170 ps, is R=99.9982% (consistent with manufacturer specification).

Indium Gallium Arsenide (InGaAs) photodiodes are widely used for NIR detection,
however, the responsivity of InGaAs diodes drops almost two orders of magnitude at 1742 nm as
compared to the peak. Extended wavelength InGaAs diodes, with lower bandgap energies,
provide higher responsivity farther into the IR, but the dark current also increases significantly.
For detection of the main cavity beam, an extended wavelength InGaAs photodiode
(Hamamatsu, G8421-03) soldered onto a transimpedance amplifier (Analog Modules, 341-4) is
employed. The amplifier has an input capacitance matched to the photodiode, a gain adjusted to
2 x10° V/A, and a bandwidth of 2 MHz. The bandwidth of 2 MHz is approximately 5 times
larger than needed to not distort the ring-down signals, which results in increased noise, as high-
frequency detector dark noise is unnecessarily amplified. Other detector options are discussed in
4.1. The cavity detector voltage signal is digitized by a 2.5 MS/s, 14-bit PCI multi-purpose DAQ
card (National Instruments, PCI-6132), which also controls the AOM. A second DAQ card
(National Instruments, PCle-6321) is used to output the analog voltage signal to the laser
controller, as well as to digitize the reference cell detector signal.

A custom LabVIEW program is used to control the instrument and to handle data

acquisition and processing. First the software sends an analog voltage to the laser controller,
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continuously scanning it from 5739.22 cm™ to 5739.30 cm™ and back. When the photodetector
signal out of the cavity exceeds a pre-determined threshold (indicative of the laser being in
resonance with the cavity), the LabVIEW software turns off the AOM, digitizes the ring-down
signal, and fits the data to an exponential function using an iterative non-linear least squares fit
seeded by a linear least-squares fit [80]. Whenever a ring-down event is recorded, the relative
laser frequency is calculated from the previously discussed etalon calibration. The total DAQ
system is capable of acquiring more than 200 ring-downs per second, which far exceeds what
can be optically achieved (typically ~25 per second). Once the ring-down time is found, it is

converted to an absorption coefficient, k, which still includes the empty-cavity loss, given by

1 (3)

where c is the speed of light and 7 is the ring-down time. The LabVIEW software collects ring-

down signals for a set amount of time (typically 30 s), termed the integration time, after which

the spectrum of recorded absorption values are fit to a Voigt profile, as shown in Figure 10.

Curve fitting to a Voigt profile can be computationally expensive.
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Figure 10 - Example plot of the measured dimensionless absorption values versus frequency in the vicinity of the
HCI absorption feature after 30 seconds of acquisition time. The red line is a Voigt profile fit. The
non-zero baseline is due to the cavity mirror loss. The measured HCI concentration in this case is 6.25

ppbv.

To avoid computer downtime, a table of pre-computed Voigt profiles is used [92]. In the current
implementation, Voigt and Lorentzian spectral widths are calculated from the known gas
conditions inside the sampling cell and used to look up the numerical Voigt profile from the
table. The amplitude and offset of these numerical values are then scaled to achieve a linear
least-squares fit to the data, and ultimately find the area under the Voigt curve. The measured
area under the spectral line, along with the pressure, temperature, and line strength, are used in
conjunction with the ideal gas law and the Beer-Lambert law to find the HCI concentration,

which is given by:

[HCl] = 106258 4 4)
P S Leff
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where T is the temperature of the intra-cavity gas in K, P is the pressure in Pa, kg is Boltzmann’s
constant in J K, A is the area under the spectral line in cm™ (discussed below), S is the line

strength in cm molecule™, and Le is the effective path length in cm. The area under the spectral
line, A, is the integral of the dimensionless cavity loss (CL—T) over frequency in cm™. For CRDS

systems in which the interrogated sample fills the entire region between the mirrors, the effective
path length is the same as the physical distance between the cavity mirrors. However, as can be
seen in Figure 9, the cavity inlet and outlet flows are connected over a shorter path than the
mirror separation distance, and a nitrogen purge (flow rate of 0.4 slpm) is introduced in the
cavity at each mirror surface in order to prevent particles from contaminating the mirror surfaces.
To compensate for the diluted sample, an effective path length replaces the cavity length in Eqgn.
2 [93]. To determine the effective path length, the laser wavelength was tuned to the nearby
water absorption line in Figure 8 and the area of this spectral line was found with the purge flow
on and off. The physical path length (mirror separation) was multiplied by the ratio of these
areas, yielding an effective path length of 86% of the physical length, which approximately
matches the length between the sample inlet and outlet ports.

Details of the flow system are shown in Figure 11. As previously mentioned, the system

is run at 0.1 bar to ensure separation between spectral features.
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Figure 11 - Schematic diagram of the HCI sensor gas flow system. The virtual impactor, indicated on the left, serves
to remove large particles from the main sampling flow. The optical cavity is indicated on the right.

A vacuum was pulled on the system by a dry scroll pump (Varian, IDP2B01) and cavity pressure
was regulated by a combination of a needle valve in the bypass leg and Teflon® needle valve
near the intake. The same combination of valves was used to set the flow rate of sample through
the cavity to 4 slpm, including the purge flow.

The system also employs a simple virtual impactor to remove large particles from the
main sampling flow. Not only are large particles in the sample flow threatening to the highly
reflective mirror surfaces, but they can scatter or absorb intra-cavity light, increasing the
variance in the ring-down time. An inline filter cannot be used in this case, as HCI strongly
adsorbs to surfaces, and will barely transmit through the filter. Instead, the virtual impactor acts
as a particle filter by requiring the flow to quickly turn 180 degrees before being routed to the
cavity. The design requires the flow to be split into two legs as shown in Figure 11.

Due to its strong dipole moment, HCI has a high propensity to adsorb to surfaces, which
constrains the instrument design and limits the detection time response. The adsorption can be
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partially mitigated by reducing the surface area of the flow system and cavity, and by using
Teflon® components. Perfluoroalkoxy, or PFA, a type of Teflon®, was the fluoropolymer of
choice because components can be injection molded from PFA resulting in less porous surfaces
than other fluoropolymer pieces forged from a powder, such as polytetrafluoroethylene (PTFE).
Other cavity-enhanced detection techniques, such as off-axis Integrated Cavity Output
Spectroscopy (ICOS), suffer in time response from the need for increased intra-cavity surface
area. Additionally, the inlet and cavity tubing are heated to 60° C, which causes surface
desorption of the HCI to occur faster, and reduces the amount of moisture available to trap HCI.
It was shown by Roberts et al [26] that even using short lengths of extruded (nonporous)
fluoropolymer tubing will adsorb HCI resulting in an instrument response time of greater than 90

seconds.

2.2 SENSOR PERFORMANCE

This section discusses validation studies and performance metrics for the HCI sensor.
Section 2.2.1 focuses on the base optical sensitivity and the limit of the detection of the
instrument. Section 2.2.2 gives the validation data obtained from a calibrated source. Examples

of ambient HCI concentration measurements from a field study are given in section 2.2.3.

2.21 LIMIT OF DETECTION

The detection limit of a CRDS sensor for measuring trace atmospheric species depends
on the instrument’s optical sensitivity as well as the spectroscopic relation between the optical

absorption and species concentration. Optical sensitivity is generally described in terms of the
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noise-equivalent absorption, kyin. For cw-CRDS systems, kyin values of ~10%°-10™"? cm™ can be
achieved, as has been described in review articles [45], [94]. The minimum detectable

absorption can be evaluated from experimental parameters as [95]:

Dw T

Kmin = ( L (5)

T

where (4t/t)min 1S the minimum measurable fractional change in the ring-down time (typically
limited by technical noise). While longer integration times generally lead to reduced A/, and
improved sensitivity, eventually system drift dominates such that there is an optimum (finite)
integration time. In order to find the ideal integration (averaging) time for the presented CRDS
system, an Allan Variance study was performed using the modified method of Huang et al. [96].
While the algorithm presented by Huang gives the same information as the traditional Allan
Variance, the available data is essentially averaged more, yielding a much smoother Allan
Variance curve. Figure 12 (top plot) shows a sample ring-down data set with the optical cavity

purged with ultra-zero air (purity~99.9997%).
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Figure 12 - (Top) Sample ring-down data when the optical cavity was purged with ultra-zero air. (Bottom) Modified
Allan Deviation of the ring-down data (red solid line) as compared to the idealized data without drift,
i.e. time-1/2 dependence (blue dashed line).

The minimum in the Allan Variance of ~0.01 ps (bottom plot), which occurs at an optimal
integration time of ~30 seconds, divided by the mean ring-down time, gives (At/t)min 0f 5.3x10°
®, Using R=0.99982 and L=90 cm, results in an optical sensitivity (1) of 1.1x10™ cm™ in 30
seconds. From the HITRAN spectral simulations discussed earlier, an optical sensitivity of
1.1x10™ cm™ corresponds to a theoretical HCI detection limit of 10 pptv. The aforementioned
value would apply if the laser were fixed at a single frequency on the spectral line peak. Due to
practical considerations, such as drifting cavity loss and changing laser frequency, the laser is

swept over of the broadened spectral line, thereby capturing the baseline, but at the cost of lower

detection sensitivity. Based on the optimal integration time of 30 seconds, a HCI concentration
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measurement was also performed while purging the cavity with ultra-zero air, as shown in Figure

13.
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Figure 13 - Measured HCI concentration values (top) and their associated Allan Deviation curve (bottom) with the
optical cavity purged with ultra-zero air.
The modified Allan Variance algorithm discussed earlier was also used to find an HCI limit of
detection of 17 pptv (lo) after 1 minute and 10 pptv (lo) after 5 minutes. These sensitivity
(precision) values compare very favorably against the typical atmospheric abundances that the
instrument is designed to measure (10s-100s of ppt to several ppb, see Section 1.2). The
sensitivity of the present instrument is somewhat better than that of past work using infrared
lasers and Herriot cells (~100 ppt in 30s [31]) with the main differences being that the current
work allows several orders of magnitude better optical absorption sensitivity (owing to the use of
CRDS versus multi-pass cells), but probes weaker lines (2-0 band as opposed to 1-0 band). From
a practical point of view, the present instrument has the important advantage of using uncooled
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NIR diode lasers as opposed to lead-salt lasers implemented by Scott et al. that require LN2

cooling.

2.2.2 VALIDATION DATA

Given the directly quantitative nature of CRDS, typical calibration studies are
unnecessary; however a test with an HCI calibration source was performed in order to validate
the accuracy of the instrument. Figure 14 shows a schematic of the calibration source, which

consists of permeation tube containing hydrochloric acid.

T TO CAVITY
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Figure 14 - Schematic of the HCI calibration system. MFC: Mass Flow Controller, PERM: Permeation Tube.

The tube emits gaseous HCI at a rate of 10 +/- 1 ng/min, when temperature controlled at 55°C.
Ultra-pure zero air (Airgas, 99.9997% pure) flows over the permeation tube at a rate of 9.9 sccm,
giving an HCI concentration of 630 ppbv. The flow from the permeation tube is further diluted
by a few slpm of zero air at a rate set by an adjustable mass flow controller, thereby allowing the

final HCI concentration to be set.
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Past work has shown the design of a fast-response inlet and flow system for HCI is very
challenging and requires careful consideration of flow-rates, materials, and geometry (owing to
gas adsorption effects). Roberts et al. reported challenges in appropriate HCI inlet design in their
CIMS instrument including inlet equilibration times of ~90 s [26]. Early work, using a glass cell,
required 30 minutes for the concentration to equilibrate to new values, which corresponded to
~60 cell flushes based on residence times [97]. The past work with optical measurements in
Herriot cells found response times of 10s of seconds and emphasized the importance of having a

high flow rate [30].
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Figure 15 - Step-down study of HCI concentration showing measured concentrations versus time. The actual input
concentrations are also shown with the solid line.
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The time response of the measurement system has been characterized by examining the
measurement settling time during a step-down study with the permeation tube source (Figure 15)
where the input concentration was reduced in a series of steps. The signal change can be well fit
with a decaying exponential with 1/e time constant of 4 minutes. The time is considerably
longer than the transit time through the cell (estimated as ~10 s based on flow parameters)
meaning that multiple flushes are required (similar to the findings of Fried [97]). Past
measurements with similar ring-down systems but for non-sticky gases, show measurement
settling times much closer to the residence time. While the 4-minute time response is adequate
for some monitoring applications, future work will aim to improve it by increasing the flow-rate
and cell wall temperature [30].

Figure 16 shows averaged data from Figure 15. A 10 minute average was taken from the

center of each input step, and plotted against the input concentration.
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Figure 16 - HCI concentration measurements averaged for 10 minutes as compared to the concentration supplied to
the inlet from the calibration system. The solid line shows the expected 1:1 correlation between the
measured and input values.

The solid line shows the ideal 1:1 correlation. The errors bars in the input concentrations are due
to a 10% uncertainty in the calibration source, while errors bars on the measured concentration
are taken as the (1o) standard deviation in the measured values during the 10 minute averaging
time. There are not any obvious systematic error, for example as would be the case if the
assumed linestrength were incorrect, and generally observe consistency of better than 10%
between the expected and measured values. The 10% accuracy is essentially the same as that

reported in past work using lead salt lasers and Herriot cells [31].
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2.2.3 FIELD STUDY DEMONSTRATION

The first field test of the presented CRDS instrument was during the nitrogen, aerosol
composition and halogens on a tall tower (NACHTT) campaign, in Erie, Colorado during early
2011. Although the instrument was still early in its development, the field campaign provided an
opportunity to run our instrument side-by-side with two other instruments employing different
HCI measurement methods. The first method being organic acid CIMS, [27] and the second
method being mist chamber ion-chromatography [98].

Located within a box truck, the CRDS instrument collected air samples from the base of
the Erie tower. The mist chamber ion-chromatography instrument was also located at the tower
base, while the acid CIMS instrument traveled in a carriage up and down the tower. HCI

concentration measurements taken by the three HCI instruments are compared in Figure 17.
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Figure 17 - HCI concentration values recorded by the CRDS, ACID CIMS, and mist chamber instruments during the
NACHTT campaign.

The sample data set, taken around 21:30 MST on Day 21 (February 17, 2011) of the study,

shows agreement between the three instruments, including observation of a plume containing

~500 pptv of HCI.
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3. CAVITY ENHANCED ABSORPTION SPECTROSCOPY INSTRUMENT FOR

AEROSOL EXTINCTION MEASUREMENTS

A novel broadband cavity enhanced absorption spectroscopy (CEAS) laser-based
instrument to measure the extinction component of aerosol SSA has been developed and
undergone a preliminary characterization. The instrument uses a supercontinuum light source
coupled into a high finesse prism retroreflectors optical cavity to make sensitive measurements
of aerosol optical extinction. In order to test the cavity enhanced detection, a solution of
ammonium sulfate and nigrosin dye dissolved in deionized water was introduced into the aerosol
flow system. For a 43-cm cavity length, a minimum detectable extinction coefficient of 8x107
cm™ for 10 ms collection time was obtained. The remainder of this chapter discusses the design

and development of the aerosol instrument.

3.1 OPTICAL SETUP

Described here is the approach and setup for the broadband measurements of optical

aerosols. The schematic of the optical system is similar to that shown in Figure 5, however, a

more detailed diagram of this configuration is shown in Figure 18

39



L1 L2 M1
Power Supply and —— Nd:YAG [\ /] \ Super
Controller —— Laser W \ HWP1 Poll HWP2 L3 Continuum L4 M3
N4 - -
____________ 0 RN
Key A P
Nd:YAG Laser in Free Space : 4 N \\)
Super Continuum in Free Space : D \) Pol2
Super.Contlnuum .|n Fiber : Pr2 Pri
-------- Electrical Connection H
D - Detector = Computer
HWP — Half Wave Plate A
L —Lens ]

M —Steering Mirror
Pol - Polarizer
Pr — Prism

M5
\ S
Iris
Spectrometer %

Figure 18. Schematic of optical components for the aerosol CEAS sensor.

Following prior research, a custom laser pumped supercontinuum setup is employed to provide
the broadband light source. The pumping laser is a Nd:YAG (1064 nm) source operated at
repetition rate of 20 kHz with pulse duration of ~24 ns, and pulse energies of ~40 pJ
(corresponding to average power of 0.8 W, and peak power of 1.7 kW). The first three lenses
downstream of the laser source (L1, L2, and L3) were selected and positioned to optimize the
supercontinuum fiber (NKT Photonics, SC-5.0-1040-PM) launch conditions and, therefore,
maximize fiber transmission. The half-wave plate and polarizer combination (HWP1 and Poll)
act as a variable attenuator and allow the user to finely adjust power in the optical setup. A half-
wave plate (HWP2) downstream of the variable attenuator aligns the laser to the polarization axis
of the fiber in order to increase transmission. To avoid damage to the supercontinuum fiber, the
(average) input power is limited to ~0.7 W which provides a total output power of ~0.3 W,
spanning to ~500 nm on the blue side, approximately consistent with past research using similar
nanosecond laser sources and fibers [86]. An example of a supercontinuum spectrum from this

setup is shown in Figure 19.
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Figure 19 - Spectrum of the supercontinuum fiber-pumped light source for three different output powers.

As seen in the previous figure, significant levels of 1064 nm pump light remain in the
supercontinuum output. This phenomenon was studied by Dr. Kevin Lehmann’s group who
measured up to thirty five percent of residual 1064 nm light for a variety of laser repetition rates.
Although the spectrometer (which will be described later) effectively filters this component, the
~0.3 W total output power is not an accurate representation of the visible power used in this
experiment. For high-sensitivity detection, it is important the supercontinuum spectrum
(overall amplitude and shape) be stable, and a number of characterizations were performed over
different timescales, finding typical stability of ~1% (fractional variation at middle visible
wavelengths) over timescales of seconds.

Prior to measuring aerosol absorption, the finesse (reflectivity) of the optical cavity was
studied as well as the system’s overall extinction sensitivity. The optical cavity employs
precisely constructed and polished fused silica retroreflector prisms following past designs from

Lehmann et al. [81]. The prisms are employed in a two-prism (Prl and Pr2) linear cavity of
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length 43 cm, to which the beam was spatially mode-match using an optical profiler to determine
the beam sizes and g-parameter Gaussian beam propagation calculations. In this optical setup,
the beam is mode-matched to the prism cavity only in the sagittal plane (perpendicular to the
tangential plane formed by the incident and reflected rays). This setup is, therefore, quite
different than the reflective optics based astigmatic mode-match presented in Figure 5. Although
an astigmatic mode-match setup was also designed and constructed (Figure 20), the non-

astigmatic (stigmatic) configuration was used as it is much less complicated.
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Figure 20. Example astigmatic mode-match solution using reflective optics (not used).

In order to spatially mode-match with refractive optics, an achromatic doublet (Thorlabs,
AC050-008-B-ML) is precisely positioned downstream of the fiber output (L4 in Figure 18),
satisfying cavity mode-match in either the sagittal or tangential plane. Determining which cavity
plane to mode-match was arbitrary since a better solution might be to determine the fiber to lens
distance needed to mode-match in each plane and split the difference. The use of an achromatic
doublet is essential to the mode-match because unlike standard lenses, an achromatic doublet
focuses light of various wavelengths (critical for a supercontinuum light source) to
approximately the same point. An astigmatic setup would yield a better spatial mode-match and
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in theory, lead to higher finesse; however, the simple stigmatic solution presented here is
sufficient to achieve high instrument sensitivity (see 3.1.1). Finally, a high extinction broadband
polarizer (Thorlabs, GL 10) is placed downstream of the achromatic doublet to set the
polarization of the light entering the cavity.

Prior work in gas-phase spectroscopy, for example to obtain the spectrum of Figure 6,
employed a relatively high-resolution detection system but over a small spectral extent of only
several nanometers. For the aerosol detection high spectral resolution is not required, since the
absorption features are not sharp as in the gas-phase, but a much broader spectral extent of
hundreds of nanometers is necessary. A low-resolution spectrometer (Oriel, 77400 MS125
MultiSpec Spectrograph + Oriel, 78854 CCD) is used to simultaneously detect light in the ~400-
975 nm range with 1-nm wavelength resolution and high throughput. (These parameters are
achieved with a diffraction grating of 400 lines per mm, blazed for 500 nm, slit width of 120 um,
and binning 4 CCD pixels for each channel.) The CRDS method of measuring ring-down times
is implemented to characterize the prism reflectivity and cavity finesse. Since the prisms are
aligned using the 1064 nm pump beam, an InGaAs detector (New Focus, 2053) is used in
conjunction with the HCl CRDS labview program (described in 2.1) to instantaneously measure
ring-down time. This detection setup (M6, L5 and D1) is extremely helpful for optimizing prism
alignment and has achieved ring-down times of 12 us (corresponding to R=0.9999 for the 43-cm
length cavity). When the supercontinuum light source is directed through the optical setup, a
different detection system must be implemented. In order to isolate the behavior at different
wavelengths, the (post-cavity) light is dispersed through the monochromator, but the CCD is
replaced with a photomultiplier tube (Hamamatsu, R9110)/slit assembly to capture the time-

dependent ring-down signals. Ring-down times at several wavelengths were determined (Figure
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21): for example, a ring-down time of 4.3 us at 575 nm was found, corresponding to R=0.9997
for the 43-cm length cavity. (Past work, with higher wavelength resolution required a multi-
channel scaler to build up photon counts and measure ring-down traces, but that is not required

here given the high photon counts in the broader wavelength channels.)

Normalized Intensity (a.u.)

Time (us)

Figure 21 - Ring-down traces at different wavelengths from the broadband extinction system.

The vendor who provided the prisms (Tiger Optics) performed similar characterizations and
found somewhat higher reflectivities (e.g. R=0.99996 at wavelength of 1600 nm) which indicates
that, with further improvements in mode-matching and alignment, better performance is
expected (though higher reflectivities are normal at the longer wavelengths owing primarily to

reduced scatter loss).
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3.1.1 OPTICAL SENSITIVITY

For assessing instrument performance, the (extinction) sensitivity of the current system
was estimated from the fluctuations of the baseline signal (with no sample present) and the
cavity reflectivity. From the fractional standard-deviation in the baseline noise of ~0.010, and the
mirror reflectivity of 0.9997 (cavity enhancement factor of 1/(1-R)=3070) a minimum detectable
absorbance of 3.3x10° was determined. These values are for CCD integration time of 10 ms,
yielding a theoretical minimum detectable absorbance of 3.3x107 for 1-s measurement times
(assuming shot-noise limited square-root scaling as typically holds for time durations up to
minutes [82]). Finally, for the 43-cm cavity length, a minimum detectable extinction coefficient
of 8x10® cm™ for 10 ms collection time was obtained [99]. In theory, this sensitivity can be
extrapolated to a 1-s collection time yielding a minimum detectable (noise-equivalent)

-1/2

absorption coefficient of 8x10° cm™ Hz™? (equivalent to 0.8 Mm™ for 1-s collection time). This

extrapolated sensitivity is slightly better than that of Lehmann’s past published work (7.2x107

-1/2

cm™ Hz™), which is to be expected given that there are more detected photons per wavelength-

channel in the current broadband system.

3.2 OPEN AEROSOL DELIVERY SYSTEM

For initial feasibility measurements a simple, open aerosol delivery system shown was

implemented (Figure 22).
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Figure 22 - Simplified aerosol generation and delivery system used for “proof of concept”.

The aerosol system comprises a constant output nebulizer (TSI 3776) connected to pressurized
zero-air with output flowing through two diffusion dryers and then across the optical cavity — for
an initial “proof-of-concept” a closed flow system for the cavity was not developed, rather the
aerosol output flow is directed (exiting a tube of diameter 0.5 cm) across the optical axis. For
calibration of the aerosol concentration, the aerosol flow is “caught” by a slightly larger diameter
suction tube that passes the aerosol flow to a particle counter (TSI Ultrafine Condensation
Particle Counter (CPC) - 3776). Future instrument implementation will use a more sophisticated

(enclosed) flow system as described in section 4.2.

3.2.1 BROADBAND AEROSOL MEASUREMENT

In order to test the cavity enhanced detection, a solution of ammonium sulfate and
nigrosin dye dissolved in deionized water was introduced into the aerosol flow system depicted
in Figure 22. The original solution before dilution was characterized by 1 g of ammonium

sulfate and 0.3 g of nigrosin in 1 liter of deionized water, with the nigrosin added to increase the
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optical absorption of the test aerosol. This mixture was sequentially diluted with deionized water
prior to atomization in order to measure the dependence of aerosol extinction on wavelength as a
function of aerosol number concentration. The intensity spectrum was measured for the various
dilutions (1(1)) as well as for a reference spectrum of pure water (I1°(A)). Using interpolated
values of ring-down time from Figure 21 in conjunction with equation (1), the measured

intensity spectra were converted into extinction coefficient as seen in Figure 23.
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Figure 23 - Aerosol extinction spectra measured with traces at different wavelengths, from the broadband extinction
system.

These signals are large relative to our detection limits (see below) and these spectra could be
accumulated with very short integration times (<<1 s). Because a closed flow system (i.e. a setup
that filled the cavity with aerosol flow) had not been developed by this point in the project, the
background gas absorption features could not be properly subtracted. For this reason, absorption
features of molecular oxygen (A-band) and water are visible at ~760 nm and ~940 nm

respectively. While not ultimately desired, the features do further confirm the wavelength axis
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and absorption measurement. (Note that because of the relatively wide wavelength resolution of
the system the peak absorption of these features is less than it would be with a narrow line
system, and that the features show up inverted since we have referenced the aerosol data, where

the stream fills only part of the cavity, against data from the air filled cavity.)

3.3 CLOSED AEROSOL DELIVERY SYSTEM

The simplicity of the open aerosol delivery system was useful for proof-of-concept
measurements; however, a more sophisticated closed aerosol test apparatus has since been
developed (Figure 24) in order to more effectively control aerosol distribution across the CEAS
sensing region. Note that, in contrast to similar linear flow cells used for mirror-based CRDS or
CEAS, the need to align prisms requires a more “open” design. This test apparatus will be

discussed in great detail for the remainder of this section.
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Figure 24. Closed Aerosol Test Apparatus.

3.3.1 APPARATUS DESCRIPTION

The outer structure of the apparatus is made of 1.25 cm (0.5”) thick clear acrylic which
was chosen for its ease of machining as well as low cost and availability. In the aerosol research
community, the use of acrylic (or any plastic for that matter) is generally avoided since particle
losses tend to be large. The loss mechanism is governed by the flow of aerosols over plastic
which creates a static electric buildup. Since many particles carry charge (generally the larger
the particle, the higher chance the particle carries charge), they are attracted to the charged

surface and effectively removed from the aerosol bulk volume. This is problematic since it
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creates a steep concentration gradient extending out from the charged surface. Regardless, this
loss mechanism is negligible for this test apparatus since the prisms are suspended in the center
and are conveniently far removed from plastic surfaces. When aerosol is first introduced into
this test fixture, there will be aerosol loss due to the plastic structure; however, the concentration
of the atomizer solution can be increased to remedy this issue. The acrylic structure is welded
together in order to effectively seal the system and keep the aerosol sample within the test
apparatus.

The optical setup is nearly identical to the one described in 3.1 with the minor exception
of an UV fused silica window (Thorlabs VPW42) upstream of the first prism. The purpose of
this window is to merely allow the laser to be directed unperturbed into test chamber all the
while maintaining the seal of the system. The window has been positioned relative to the
incidence beam in order to minimize its etalon and dispersive effects. Since the window is held
against an o-ring groove assembly with a retaining plate, birefringence can be induced by putting
too much stress on the optical window. The birefringence can lead to a significant drop in ring-
down time since the window is downstream of the polarizer. Theoretically, any issues related to
the window could be solved by placing the polarizer downstream of it, however, the layout of the
current test apparatus does not allow for this rearrangement. Regardless, the test structure can be
sealed with minimal amounts of birefringence induced.

The aerosol flow system has been designed to maximize aerosol mixing with the intent of
achieving a constant aerosol concentration distribution throughout the test apparatus. The flow
system is comprised of six major components: (1) aerosol flow, (2) purge flow, (3) dilution flow,
(4) vacuum flow, (5) differential pressure gauge, and (6) mixing fans. Aerosol (the creation of

which will be discussed later) is introduced into the test apparatus through the center of the lid
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(see Figure 24 for a better visual representation). Once the aerosol enters the case, a Swagelok
fitting splits the aerosol flow into four legs in order to promote mixing. The condensation
particle counter (CPC) pulls an aerosol sample out of the test apparatus via an electrically
conductive tube placed near the CEAS sensing region. It is important to note that the length of
tube between the aerosol sample and CPC is known so that diffusion losses can be calculated
leading to corrected concentration measurements. The purge flow, a preventative measure to
keep the prisms clean, is comprised of two acrylic tubes that are welded to the lid of the aerosol
case and therefore, “hang” over each prism stage assembly. Holes were strategically drilled into
these purge tubes to allow for the laser to pass through them uninterrupted. Both purge tubes are
kept at weak positive pressure using a nitrogen tank in order to keep any aerosol in the test
apparatus from adhering to the high finesse prisms. In Figure 25, the outer PVC tubing system
is all connected to a vacuum pump (green lines) whereas the inner ring is connected to a dilution

air supply (blue lines).
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Figure 25. Flow system of closed aerosol test apparatus.

The dilution flow allows the user to change the aerosol concentration by means of diluting the
fixed concentration of the aerosol source. When aerosol, dilution, and purge flow are all used,
the vacuum flow is set to balance the total input and output flows at the same flow rate. This
concept is analogous to the “throw and catch” method described in 3.2 and therefore, aerosol is

continuously flowing in and out of the system. The tubes for both the dilution and vacuum flow
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systems have multiple holes systematically drilled in them to make the aerosol distribution
spatially uniform throughout the test apparatus. Furthermore, the total outlet area of dilution and
vacuum flow system are nearly identical in order to keep the pressures within both sets of tubing
the same. To exactly balance the flows in and out of the system, a differential pressure gauge
(Dwyer, 2301 Magnehelic Gauge) and generic needle valves has been implemented. Finally,
four computer fans (mounted to the lid) are used to mix all of contents found in the test

apparatus, again with the purpose of creating a spatially uniform aerosol distribution.

3.3.2 PRELIMINARY CHARACTERIZATION

The closed aerosol test apparatus was developed after the proof-of-concept phase and has
not been fully characterized. Nevertheless, the remainder of this section is devoted to initial
analysis of this test chamber. The prisms have been successfully aligned with a comparable ring-
down time of 12 us (corresponding to R=0.9999 for the 43-cm length cavity). A solution of
ammonium sulfate was introduced into the aerosol delivery system; as expected, ring-down time
decreased slowly as concentration converged toward an equilibrium state. However, when the
aerosol supply was stopped, the ring-down times did not return completely to their initial value.
This observation is consistent with the possibility that the prisms were slowly getting covered in
a layer of aerosol (the prisms were later cleaned and ring-down time returned to 12 ps). Ring-
down time decay is problematic since the user cannot readily decipher the difference between
aerosol extinction and prism degradation in the output signal. Currently, efforts are being made
to improve the purge flow system and keep the prisms clean. Even though this preliminary test

may seem inconclusive, time decay of the test apparatus was determined using the CPC. As seen
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in Figure 26, the ammonium sulfate concentration decay was measured when the aerosol supply
was disconnected from the test apparatus. An exponential trend line was fit to the data, allowing
for the 1/e time constant to be calculated as ~100 seconds. This value is lower than one found
for the HCI sensor (<250s) but from sampling perspective, reducing this value would be

beneficial.
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Figure 26. Aerosol concentration decay in closed aerosol system.
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4. CONCLUSIONS AND FUTURE WORK

Two cavity enhanced spectroscopy based sensors have been developed for measurement
of aerosols and hydrogen chloride with the ultimate goal of improving the understanding of the
earth’s energy balance. This thesis has described the operation and validation of an HCI sensor
utilizing continuous-wave cavity ring-down spectroscopy. Relatively low-cost NIR components,
similar to those used in telecommunications, were used to create the instrument. The instrument
features HCI detection limits of single-digit pptv with optimum integration times of ~30 s and
measurement settling times of ~4 minutes. Calibration studies have shown good agreement with
expected values (better than ~10%), and the instrument was also demonstrated in a field
campaign, showing consistency against other HCI instruments. The operation of an aerosol
extinction sensor utilizing cavity enhanced absorption spectroscopy has also been described. A
custom supercontinuum light source was directed into an external cavity comprised of broadband
prism retroreflectors, the output signal of which was detected and converted into extinction
coefficient. The instrument features a minimum detectable extinction coefficient of 8x10® cm™
for 10 ms collection time. In the remainder of this section, possible improvements are

discussed.

4.1 HYDROGEN CHLORIDE CRDS IMPROVEMENTS

From an optical point of view, several improvements could be considered for the cavity
photodetector. First, a detector and amplifier combination with somewhat lower bandwidth (of
~400 kHz) would allow faithful measurement of the ring-down signal while lowering the adverse

effects of high-frequency noise. Second, a thermo-electrically cooled photodiode could be used
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to reduce the detector dark noise. Further, improved sensitivity can be obtained from more
complicated CRDS schemes, though at the cost of increased hardware cost and complexity. One
such example is to use a Pound-Drever-Hall locked cavity similar to Paldus et al. (ref Spence,
2000) where the laser and cavity frequencies are locked together such that higher ring-down
acquisition rates of several kHz are possible. It would be reasonable to expect a factor of ~5 or
more improvement in detection sensitivity by implementing this technique into the presented
instrument.

From a packaging point of view, a more compact and robust design would be attractive
for studies on aircraft or boats. The overall dimensions of the CRDS instrument are
~1.4x1.2x0.55 m. Currently, a commercial optical breadboard is used to mount all of the
optical components while a straightforward improvement would be to use a smaller dedicated
breadboard that could be mounted on a spring-damping system for improved vibration isolation.
Further, the data acquisition computer uses a relatively large PCI DAQ card (PCI-6132) which
could be replaced with a smaller and faster PCle card. Issues related to the sticky gas adsorption
can also be further investigated, with the goal of reducing the settling time, such as possible
sample line passivation procedures [24].

Finally, as can be seen in Fig. 2, the current system can readily detect nearby spectral
absorption lines due to water and methane. While these lines are not optimum selections for
these molecules, they could be detected concurrently with HCI with detection limits of ~5 ppmv
and ~2 ppbv for water and methane respectively (based on scaling the HCI data by relative
linestrengths). Additionally, by changing only the laser, cavity mirrors, and quarter-wave plate,

other NIR absorbing molecules such as CO, CO,, and H,S would be readily measurable.
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4.2 AEROSOL CEAS IMPROVEMENTS

A number of improvements can be made to the CEAS aerosol sensor. For the sake of
organization, these improvements can be divided into the aerosol delivery system and optical

setup.

4.2.1 AEROSOL DELIVERY SYSTEM

As explained earlier, the closed aerosol test apparatus (discussed in 3.3) was developed
after the “proof-of-concept” phase and, therefore, has not undergone a complete characterization.
For future work, more effort must be put towards understanding the flow dynamics inside the
aerosol chamber in order to comprehend aerosol concentration distribution. For example, it is
assumed that the concentration across the laser sensing region is constant; however, large losses
due to the acrylic exoskeleton or pressure variability in the dilution/vacuum flow subsystems
could be creating a variable concentration (non-zero gradient). On a similar note, the CPC could
be selectively probing near the laser sensing region and misrepresenting results. Finally,
extensive leak testing is necessary in order to verify that aerosol is not unintentionally leaking
out or ambient air is leaking in. Next, the effects of this aerosol apparatus on the pre-existing
optical setup must be studied in greater depth. As expressed in 3.3, the retaining plate that
mounts the optical window to the test apparatus induces birefringence and hence, decreases
instrument sensitivity. Even though comparable sensitivity has been achieved with the closed
versus open aerosol delivery system, understanding this birefringence is crucial in designing
future instruments. Furthermore, investigating the role of acrylic thermal expansion on window

birefringence could yield beneficial results. Finally and most importantly, the aerosol flow
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system and CEAS sensor must be validated. In order to validate and calibrate this instrument,
the ammonium sulfate could be introduced into the aerosol system. Since ammonium sulfate has
no imaginary index of refraction (i.e. no absorption), extinction and scatter coefficient are
equivalent. Hence, a multiple wavelength nephelometer (to measure scatter coefficient) can be
run in parallel with the CEAS instrument for sensor verification.

Characterizing the current closed aerosol apparatus not only benefits aerosol
measurement accuracy but also would aid in designing a more streamlined instrument. Since a
preliminary characterization of the current setup has been completed, presented here are
suggestions for future improvements. First, an improved test apparatus would benefit from being
constructed out of steel in order to alleviate any concentration distribution issues related to static
charge of the acrylic. Also, the steel would allow for better sealing since o-ring groove can be
much more easily machined in steel than acrylic. Steel would add extra structural support; the
only drawback to using this material is cost and fabrication difficulty. Second, it would be
beneficial to decrease the size of the overall chamber in order to decrease residence time. As
described in 3.3.2, the 1/e time constant is 100 s which is significantly long for a field
instrument. It is important to note that a larger aerosol flow rate would decrease residence time,
however with atomizers, this flow rate is fixed. Finally, this aerosol apparatus would benefit
from an optical rearrangement. Rather than trying to reduce stress on the optical window, the
polarizer could be placed downstream (i.e. inside the test chamber) of the window. This
arrangement would alleviate birefringence related problems with the window; the only issue is

the polarizer would need to be purged.
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Once the current flow system has been methodically analyzed and/or replaced with the
next iteration design, the instrument can theoretically measure extinction coefficient with the

following aerosol setup (Figure 27).
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Figure 27 - Closed delivery system for aerosol generation.

The atomizer (or nebulizer) creates a polydisperse aerosol distribution which is dried and
introduced into the closed aerosol test apparatus. A bottle of dilution air controlled by a
rotameter allows the user to vary aerosol concentration. The CEAS sensor outputs the time
averaged signal which can be converted to extinction coefficient. Meanwhile, a sample near the
laser sensing region is pulled into a Differential Mobility Analyzer (DMA) used in conjunction
with a Condensation Particle Counter (CPC) to measure concentration as a function of aerosol
diameter. Using an algorithm, the measured extinction coefficient for the polydisperse aerosol
can be converted into extinction coefficient as a function of diameter. With the data gathered
from this sensor (ideally in combination with a photoacoustic spectrometer, e.g. as is currently
being developed by collaborator Dr. Kevin Lehmann), various aerosol optical properties (e.g.

SSA, indices of refraction, etc.) can be determined and used to update radiative forcing models.
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4.2.2 OPTICAL SETUP

For a future system, sensitivity could be theoretically improved by a factor of ~8 to reach
the level of 10° cm™ Hz*2 (0.1 Mm in 1-s), which could be achieved with the combination of a
brighter light source and improved system configuration. The current experiments have used a
custom laser pumped supercontinuum fiber having spectral power of approximately 0.11
mW/nm (from fiber output of ~200 mW, after excluding ~100 mW of residual 1064 nm pump
light, spread over approximately 1800 nm from 500 nm to 2300 nm). As an alternative, a
commercial supercontinuum source could be used (further described below) having (average)
spectral brightness of ~1.5 mW/nm. Thus, the new source would provide approximately 14 times
more spectral power which would improve the sensitivity by a factor of ~4 based on shot-noise
(square-root scaling). Achieving the needed improvement (factor of ~8) would thus require an
additional improvement of a factor of 2 which should be readily available by improving the
mode-matching and alignment (to obtain higher effective reflectivity) and/or improving the
monochromator and CCD detection (optimizing slit width, grating, and input #).

The above discussion suggests that a final extinction coefficient sensitivity of ~1x10

-1/2 -1/2

cm™ Hz*? or equivalently 0.1 Mm™ Hz™*? can be reasonably attained. Moosmiiller et al [100]
state that an extinction coefficient sensitivity of 1 Mm™ is needed for atmospheric aerosol
detection based on comparison with Rayleigh scattering. Thus, a detection limits in extinction
coefficient of ~1x10° cm™ (0.1 Mm™) can be achieved in one second, i.e. ten times the needed
sensitivity for atmospheric measurements, based upon straightforward scaling of previously
published results. Clearly, this level and time response is desirable for future field instruments

including use on airplanes where the resulting spatial resolution will be about 150 m (based on
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typical flight speed of 150 m/s). The sensitivity also compares favorably with those of current
laboratory CRDS systems (even though the latter operate at only a single, or few, wavelengths),
for example, Lang-Yona et al. achieve 1.5x10° cm™ Hz*? (6.7x10™° cm™ in 5 seconds) with an
instrument operating at a single-wavelength [36]. Based upon the experience with the existing
system, an accuracy of a few percent and a very large dynamic range (at least 1000:1) is
anticipated for the aerosol detection instrument. (Achieving accuracy of less than several percent
is straightforward with CRDS aerosol measurements, e.g., Lang-Yona et al. [101] report an
accuracy of 2% in measured extinction cross-sections of polystyrene latex calibration particles.)
The base system, with these specifications, will operate with a wavelength range of 500-975 nm
over which the supercontinuum output and CCD quantum efficiency are relatively flat.

Owing to the importance of aerosol optical measurements at shorter wavelengths,
especially for brown-carbon aerosols, future work should also extend from the current limit of

500 nm to a lower limit, as is further discussed below.

0 b '
350 550 750 950 1150 1350 1550 1750 1950 2150 2350
Wavelength [nm]

Figure 28 - Power spectra of supercontinuum output from commercial sources from NKT Photonics planned for
Phase II.
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The system described in 3.1 is fairly typical for “standard” supercontinuum fiber pumping with
intensity rapidly dropping below ~480-500 nm. While there has been some academic work on
shorter wavelength generation by fiber pumping [102], [103], future work could capitalize on
recent improvements in commercial fiber pumped SC systems that allow high-brightness and
improved short-wavelength coverage. Specifically, the Blue EXB-6 supercontinuum source
from NKT Photonics could be used [104]. This source is also based on fiber pumped
supercontinuum but uses a MHz repetition rate picosecond laser, along with an optimized fiber
and pump conditions to achieve high spectral power and a short wavelength edge of ~400 nm, as
shown in Figure 28. Although research has been conducted on CaF2 prisms for ultraviolet
operation [81], SiO, prisms would be sufficient to reach 400 nm and also allow for instrument

simplicity.
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