Remote aerosol species-identification using IR scattering spectroscopy
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ABSTRACT

Identification of atmospheric aerosol species and their chemical composition may help to trace their source and better
estimate their impact on climate and environment. Optical scattering of aerosols depends primarily on aerosol chemical
composition, size distribution, particle shape and the wavelength used. Extraction of features due to the aerosol complex
refractive index from scattering spectroscopy at a single angle of observation allows composition identification via the
spectral fingerprint, as shown computationally with Mie calculations of the optical scattering. Size-dependent scattering
effects are eliminated by using near-forward scattering, such as in the scattering aureole. The only features of the aerosol
aureole scattering spectra that very rapidly with wavelength are associated with the composition, so the aureole can give
a reliable identification of aerosol composition.
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1. INTRODUCTION

Aerosols are of central importance for atmospheric chemistry and physics, the biosphere, climate, and public health. The
airborne solid and liquid particles in the nanometer to several micron size range influence the energy balance of the
Earth, the hydrological cycle, atmospheric circulation, and the abundance of greenhouse gases, as well as reactive trace
gases. Moreover, they play important roles in the transport of biological organisms and can cause or exacerbate diseases.
Atmospheric particles arise from natural sources as well as anthropogenic sources and other human activities. The
natural sources include plant emission (plant fragments, microorganisms, pollen, etc.), biomass burning, volcanic
activity, desert dust, ocean spray, as well as plant growth in water, and also emissions of particles attributable to the
activities of humans arise primarily from burning in industrial processes, automobiles, and fireplaces, nonindustrial
sources (e.g. construction work, farming), as well as resuspensions of particles from all of these sources [1-2].

The primary parameters that determine the environmental and health effects of aerosol particles are their chemical
composition, concentration, size, and structure. It is most important to determine the composition of aerosols, and
thereby, identify the source of the aerosol particles. The composition knowledge is necessary understand their threat to
society and develop control strategies [3]. Several methods have been developed to determine the aerosol composition.
Most traditional methods for air sampling and chemical analysis of particulate matter are “offline” procedures, and
involve the collection of the investigated particles on solid deposition substrates (membrane or fiber filters, inertial
impaction plates, thermal or electrostatic precipitation plates) or in a liquid (wetted wall cyclone, impinger, or washing
bottle), followed by intermediate steps of sample storage, transport, and preparation, and then a physical or chemical
analysis. Several techniques are available for analyzing the composition of collected aerosol particles, such as atomic
absorption spectrometry (AAS), x-ray fluorescence analysis (XRF), emission spectrometry (ES), particle-induced x-ray
emission (PIXE), scanning electron microscopy (SEM), high performance liquid chromatography (HPLC), gas
chromatography (GC), ion chromatography (IC), proton nuclear magnetic resonance (HNMR), secondary ion mass
spectrometry (SIMS), inductively coupled plasma mass spectrometry (ICPMS), and laser microprobe mass spectrometry,
etc. [4-9]. Some techniques are limited to a single particle at a time, such as scanning electron microscopy [8-9], while
most chemical methods analyze large numbers at once. Although methods are generally accurate in describing the
material present during analysis, the offline methods are prone to analytical artifacts caused by evaporation of particle
components, adsorption or absorption of addition gas-phase components, and chemical reaction during sample
collection, storage, transport and preparation. Elaborate sampling techniques are required to minimize these effects, and
such sample preparations result in significant costs from special efforts to analyze the samples. Our method does not
require sample collection, thereby eliminating several of these shortcomings.

Laser Radar Technology and Applications XIX; and Atmospheric Propagation Xl, edited by Monte D. Turner,
Gary W. Kamerman, Linda M. Wasiczko Thomas, Earl J. Spillar, Proc. of SPIE Vol. 9080, 908010
© 2014 SPIE - CCC code: 0277-786X/14/$18 - doi: 10.1117/12.2050689

Proc. of SPIE Vol. 9080 908010-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/21/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



Real-time measurements of particles are possible with aerosol mass spectrometers. The methods of vaporization,
ionization and calibration have improved over the past few years, and aerosol mass spectrometers are able to give
reliable quantitative analysis, especially for chemical elements and inorganic species [2,10-12]. Some research groups
have also made progress on the identification of biological particles and pathogens [13]. The aerosol mass spectrometer
gives reliable analysis, but this equipment also requires sample collection and is quite expensive for in-lab
measurements.

The on-line or in-situ methods allow good resolution of spatial and temporal variability of particles. The aethalometer is
an instrument that measures the concentration of optically absorbing aerosol particles in real time. The absorption is
normally due to black carbon, which is a good tracer for combustion emission. It can also help determine the
distributions of absorbing aerosols due to its time resolution capability [14]. Sulfur-specific flame photometer has also
been used for the real time measurement of sulfur-containing aerosols by several groups [15-16]. It detects ~394 nm
light given off by excited-state S, molecules formed when sulfur compounds are burned in a hydrogen-rich flame. These
two methods are used for detecting carbon or sulfur-containing aerosols, but both require relative high aerosol densities.

Optical scattering provides significant information about aerosols. Much research has been done to obtain the optical
properties of aerosols around the world, and to determine the relationships between optical scattering and the size, shape
and chemical composition of the aerosols, by many research groups [17-21]. Multi-static and multi-wavelength light
scattering has been used to directly extract aerosol characteristics, including index of refraction, size distribution and
number concentration [22]. These optical methods combined with remote sensing techniques, such as Raleigh and
Raman Lidar provide important tools to determine the physical and chemical characteristics of aerosols, such as the
number density, size, and size distribution. Multi-static lidar, which works at multiple wavelengths and scattering angles,
is used to determine the aerosol-species based on their particular optical properties [23-25].

In this paper, we detail a method to determine the complex index of refraction with an optical technique that does not
require any knowledge of the particle sizes or distribution. This means that fewer assumptions about particle
distributions are required, and the types of efforts mentioned in the previous paragraph are not necessary. The central
idea is to create a ‘background-free’ or ‘high frequency’ spectral fingerprints can be stored in a library and used to
identify an unknown by matching the spectral fingerprint with a measurement that has also had background features,
which vary slowly in wavelength, removed. The complex refractive index of aerosols changes with wavelength in a
manner that is unique to the material composition of the particle. For most aerosols, the absorption spectrum associated
with the imaginary component of the refractive index (or dielectric constant) contains distinctive features at some
wavelengths, which provide the fingerprint. We calculated the scattering profiles for a wide range of wavelengths and
find similar identifying features despite differences in particle size distribution; thereby demonstrating the opportunity
and simplicity for this approach. We have also studied how mixtures can alter some of these strong features, and how
they can be corrected using effective medium theory.

2. CALCULATIONS
2.1 Mie Calculations

The code we use is based on that provided by Bohren and Huffman [26], converted to the C-programming language and
embedded in a set of driver routines. It uses complex refractive index and size of the particular aerosol as input and
calculates the scattering phase function using the scattering matrix elements determined when assuming the incident
light is parallel or perpendicular to the scattering plane. The scattering phase function gives the angular distribution of
the scattered light. We did the calculations for a range of wavelengths and for several species with different refractive
indices; this approach allows us to examine the scattering phase function for the wavelength distribution as a function of
angle.

2.2 Choice of aerosols

The aerosols used for Mie calculation were chosen to have the following characteristics: (1) aerosol should be
representative of those that exist in the environment, (2) the complex refractive index of these aerosols are available over
a broad wavelength range in the literature, (3) the selected aerosols should have spectral features within the wavelength
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tuning range of available lasers, and (4) the aerosols should be ones that can be prepared in the laboratory. Aerosols with
complex refractive indices features within the visible and infrared region will allow us to investigate the detectability
using distinguishing spectral features, as a function of concentration and particle size distribution. This provides the
direction for future experimental verification. The chosen materials are: oleic acid, nitric acid trihydrate, sulfuric acid,
silica glass, silica type a(crystalline) and ammonium nitrate. Figure 1 shows the complex index of refraction of these
materials [27-31]. Note that the primary difference between the sulfuric acid samples with different weight percent is in
the magnitude of the indices, and a slight shift in peak wavelength position may also be possible. These effects are
quantified using effective medium theory later in the paper.

2.3 Size distribution

Log-normal distributions are used to describe the particle sizes rather than single-sized model [32-34]. The parameters

are the number of particles, N, the median diameter, CMD, and mode width, Og. For typical Mie scattering, in the
infrared range, lognormal distributions with CMD of 10-20 microns are chosen. In order to perform the calculation, we
break the size distribution into a series of bins at specific sizes at which the Mie calculations will be performed. The
number of particles in each size bin is determined by integration over the distribution, when the total number
concentration of particles is assumed to be 2000/cm’. The result gives us the differential cross section and the inverse
scattering length, Ky =01*N1 + 02 ¥* N2 +...+ G» *N,, where O1 to Ox are cross sections for n different size parameters
and N, to N, are numbers concentrations of aerosols of these sizes.

3. RESULTS AND DISCUSSION

3.1 Choice of angle for observation

The criterion for choice of angle is selected so that the particle size effects should not be a strong. It is known that the
width of the forward scattering lobe of the scattering aureole depends on the particle size and on the wavelength [35], but
that the wavelength dependence is relatively weak, so it will only create features that can be removed as a slowly varying
background in the measured spectra. Further, the aureole has been shown to be weakly dependent upon particle shape
[35]. Finally, the scattering intensity is usually large near the forward scattering direction, so the signal level will be
intense within the aureole. These factors suggest that the best angle to use is within the aureole. This section presents the
simulations that support this assertion. An angle of 1.8 degrees is chosen for the aureole observation angle. This is large
enough that the signal should be separable from the incident beam, yet close enough to the center of the forward lobe
that the signal will not be dramatically affected by a change in angle, or integration over a small range of angles by the
detector. Calculations for ammonium nitrate aerosols are shown in Fig, 2 for a widely spaced range of angles.

Figure 2(a) and 2(b) show the scattering radiant intensity of ammonium nitrate at different angles, when the particle
median diameter is 20 microns. The index of refraction related effects are observed in all cases, although there are other
oscillations of similar magnitude at all angles except 1.8 degrees. We observe oscillations in the large angle data,
especially at smaller wavelengths, and that complicates the identification of the composition-dependent signals. These
oscillations are due to Mie resonances in the scattering by particles, and are expected to be more significant when the
size parameter of the particles is close to unity [36]. The wavelength dependence is described through the size parameter
x = 2ma/h. The inverse wavelength dependence also explains the more rapid variation at smaller, rather than larger
wavelengths. Despite the stronger features at larger angles, the Mie resonances occupy nearly the same Fourier
components as the compositional features, so they cannot be easily separated at angles outside the aureole. We thus are
driven to the aureole angles in order to eliminate interference and simplify analysis. Indeed the 1.8-degree data consists
of only the spectral features of interest appearing upon a slowly varying background. The calculated intensity associated
with the chemical composition also exceeds the other cases by a large amount in this log-scaled graph. The qualitative
decrease of the scattering intensity with wavelength at small angles is well known for small particles, and is quartic in
the Raleigh regime. The size parameter x is the relevant parameter, so for a fixed particle distribution, scattering
decreases with increasing wavelength. At slightly larger angles, this effect would be somewhat ameliorated by the fact
that the width of the forward scattering lobe increases as x decreases, but we choose not to make use of it since it would
lead to more particle size related background variations. Figure 2(c) shows the calculated spectral fingerprints.
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Figure 2. (a, b) The scattering radiant intensity of ammonium nitrate at large angles with CMD = 20 microns and o, = 1.2,
assuming the incident light is parallel with the scattering plane, and (c) the corresponding spectral fingerprints.
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To calculate the signatures, we remove the background by subtracting a best-fit third order polynomial from the data
using the ‘detrend’ function in the freely available Octave environment. We then scale so that a large deviation from
zero has unit magnitude. All signatures have a good response at small wavelengths, but the response is much stronger for
the 1.8 degree data. The stronger weighting at smaller wavelengths of the aureole function is due to the strong scattering
change with wavelength (and normalization). The spectral signature is shown on a linear scale. Larger angles contain
features of similar size as the material-dependent features, and also these Mie resonances are also observed to change the
magnitude of the material-dependent response at the signature wavelengths. Thus the signatures at 1.8 degree act as a
better fingerprint.

3.2 Material dependence

The material dependent behavior is illustrated by the scattering intensity calculations shown in Figs. 3 and 4, which
follow the complex index structure quite well. These calculations are made to simulate using a typical particle

distribution: CMD = 10 micron and Gg = 1.3. All have larger scattering power at small angles, and a decrease with
wavelength that shows no sharp features besides those in the refractive indices. This background can be removed by
filtering the low frequencies to obtain the spectral fingerprint. These data also point to the importance of examining a
broad wavelength range when using this technique. Enough peaks in the fingerprint must be present to allow different
species to be distinguished.

3.3 Concentration independence

Since we are attempting to identify the composition without regard to the particle characteristics, it is useful to
demonstrate that concentration effects will not influence the result. Figure 4 shows the scattering calculation in
comparison to the indices for two different concentrations of sulfuric acid. These data were simulated using the same
typical particle distribution: CMD=10 micron and o,=1.3. The indices used here were obtained from experimental data.
We could also have used effective medium theory to predict each from the concentrated sulfuric acid indices.

Figure 5 shows that the spectral fingerprint will be nearly independent of concentration of the chemical species. The
strength of the scattering depends upon the concentration, but the location and relative strength of the features remains
fixed. Since the spectral fingerprints will be normalized prior to comparison with experimental data, the two datasets
would show the same identification as sulfuric acid. The concentration independence is more evident in the spectral
fingerprints themselves. We show the spectral fingerprint from the scattering calculations in Fig. 4. These are calculated
by detrending as above, then scaling so that the largest deviation from zero has unit magnitude. The results for the two
different concentrations are shown in Fig. 5. The enhanced features on the spectral signature are much more readily
visible without the background, and the normalization helps to make the signature nearly the same for these different
concentrations.

3.4 Size independence

The final characteristic of the technique that we wish to demonstrate is the independence from particle size. Figure 6
shows the scattering calculation for several different particle size distributions within the aureole, at 1.8 degrees.

The calculation shows that for a wide range of particle distributions, when varying both the peak size from 5-20 um and
the width of the distribution, o, all of the features that would become part of a normalized spectral fingerprint are
preserved. In particular, although the scattering intensity is found to scale with the particle size, and the strength of the
features depends upon both particle size and (more weakly) the distribution width, these spectral features remain the
same. This is what is required for a robust fingerprint, so these data indicate the practicality of the proposed technique.
The spectral fingerprints calculated as noted above are shown in Figure 7. The excellent agreement for smaller
wavelengths is such that the different signatures can hardly be identified from one another. There is some deviation at
larger wavelengths that is likely due to the simple 3rd order polynomial de-trending. The signatures are expected to be in
better agreement with an optimal de-trending technique. Some difference for the smaller particles result from the larger
relative influence of air scattering in the case of the smaller particles compared to the larger particles. We did not
change the density of the particles to account for less scattering by smaller particles.
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3.5 Effective medium theory

From these scattering calculations, we could see that the scattering radiant intensity of these materials exhibits a signal
that correlates well with their refractive index at the same wavelength and most of the minimums of scattering intensity
coincide with the peaks of the imaginary refractive index k at the same wavelength. Some features exhibit small shifts
between the scattering intensity and the refractive index, but these can be explained by effective medium theory.
Because the aerosols are suspended in air, the dielectric properties, and therefore the real and imaginary indices of the
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aerosols, are perturbed by screening charges that accumulate at the interfaces between the aerosols and the surrounding
air molecules. Effective medium theories are used to describe these effects.

For isolated or sparsely dispersed (<5%) spheres in a host material (air in this case), the resulting effective complex
dielectric constant can be found using the Maxwell-Garnett Equation,

£-¢ £, —¢€
St Aryet (1)
£+2¢, £, +2¢,

where ¢ is the effective complex dielectric constant, g, is the complex dielectric constant of the host matrix, &, is the
complex dielectric constant of the spherical inclusions, and f is the volume fraction of inclusions in the host material
[37]. This effect is included in Mie calculations, since the Mie solution properly accounts for the surface boundary
conditions [38]. This explains the deviation in some of our results.

If the scattering is from a complex combination of materials mixed into particles that are small compared to the
wavelength of light used, then effective medium theory must be used to analyze the results. In this case, the spectral
fingerprint to be extracted results from the effective index of the two materials combined. The dielectric surroundings for
each molecule reflect the combination of shielding (induced dipole) of both species intermixed. The best effective
medium theory to use is probably the Bruggeman [35]. This formulation uses the relationship,

£, —€

0=f "% 4 _ @

£, +2¢ g, +2¢€
where ¢ is the effective complex dielectric constant, &, is the complex dielectric constant of material a, g, is the complex
dielectric constant of material b, and f;, is the volume fraction of material a, and the sum of the volume fractions is 1. For
two components, f, = I-f,. Although mixing substances will in general shift the sharp spectral features of the
component’s dielectric constants, inversion to the constituents and volume fractions should be possible in most few-
component systems, if a sufficient wavelength range is used.

Such an accurate analysis of the features is not required for source identification applications, as that only requires
correlation of the spectral fingerprints of the measured aerosols against source references.

4. CONCLUSIONS

The index of refraction of the materials that compose aerosols are wavelength-dependent. In particular, there are
characteristic, sharp spectral features at particular, material-dependent, wavelengths. These features determine a
material’s spectral fingerprint, which will cause scattering calculations in the material to have ‘high frequency’ features
at those wavelengths. These can be isolated, by removal of low frequency components and normalizing, to provide a
spectral fingerprint, which can be used to identify the composition of the aerosols. We have shown calculations that
predict measurements of the scattering intensity expected within the aureole region, which occurs near forward
scattering. These calculations predict a large signal that is independent of particle shape or size (after removal of low
frequency background). Density variations change the magnitude of the signal, but not the spectral fingerprint. The
technique does not require assumptions about the particle size distribution or extensive measurements to identify it in
addition to extracting the particle refractive index from the scattering data; thus, this approach makes analysis easier. The
method does require measurements over a large wavelength range when the samples are completely unknown. It can be
used for remote detection-in a real time system, with speed limited primarily by signal strength, path resolution,
geometry, and detectors. Effective medium theory analysis will be required to identify complex mixtures of materials.
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