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Abstract

Respirable crystalline silica (RCS) is an inhalation health hazard for mining and industrial work environments and must be
monitored. We provide theoretical analysis of real-time measurements for determining RCS mass concentration without
the use of filters by using photoacoustic spectroscopy. The suspended dust in the mine air can be continuously sampled by
the photoacoustic instrument. A tunable quantum cascade laser is the light source, allowing for determination of interfer-
ences such as kaolinite, coal dust, and water vapor. The most useful spectral region is found to be between 11 and 13 pm.
Absorption by water vapor, and, to a lesser extent, carbon dioxide, in this spectral region has gaps that allow for quantifica-
tion of the aforementioned dust species as well as a convenient check on the calibration of the instrument. This work brings
photoacoustic measurement of aerosol to the mid infrared range where spectrally dependent light absorption can be used to

quantify dust composition and mass concentration.
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1 Introduction

1.1 Nature of the respirable crystalline silica (RCS)
health hazard in mining and industry

Coal mining is a substantial industry employing many work-
ers around the world. Due to the nature of the industry, coal
miners are frequently exposed to elevated concentrations
of airborne RCS. The medical conditions associated with
overexposure to airborne silica and coal dust include pneu-
moconiosis, emphysema, silicosis, and chronic obstructive
pulmonary disease, all of which are known to contribute
to coal worker’s pneumoconiosis (CWP) and other chronic
lung diseases [1]. This respirable health hazard can have a
truly overwhelming effect upon the life of a coal worker,
sometimes leading even to premature death. Respirable [2]
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coal mine dust consists of airborne particles of coal, silica,
other minerals, and various types of organic material gen-
erated by mining activities. These particles can be inhaled
into the deepest parts of the lung, damaging lung function
by embedding into and destroying alveoli, a critical struc-
ture allowing the transfer of oxygen into the bloodstream
[3]. This can have a very harmful and long-lasting effect on
the lungs because the body has very few means of remov-
ing hazardous material of this size from this region. Data
collected by NIOSH shows that the prevalence rate of lung
disease among US coal miners continues to be a problem
[4]. The effects of silicosis and other forms of chronic lung
disease brought on by exposure to RCS are felt in many other
fields as well [5]. Therefore, it is important to monitor RCS
concentrations in order to prevent the exposure of workers
to high concentrations and to avoid future health problems.

1.2 Discussion of the Current Monitoring
Techniques

Currently, there are three primary methods for monitoring
silica and coal dust: (1) NIOSH 7500, 7601, and 7603 labo-
ratory methods after samples are collected on filter media,
(2) personal dust monitoring that provides total dust con-
centration readings in a near-continuous manner, and (3)
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a field-based method using an on-site Fourier transform
infrared spectrometer (FTIR) for analyzing filters collected
during a workshift.

The most well-known method for monitoring RCS in
mining environments comprise the NIOSH 7500, 7601,
and 7603 techniques. These techniques involve the offsite
preparation of samples via ashing or dissolution of the filter
to remove interfering materials, followed by redeposition
onto a new filter [6]. Due to the shipping, preparation, and
calculation time needed for these methods, it often takes
anywhere from 1 to 2 weeks for the dust concentration
results to be posted to the mine site. This comes with the
obvious drawback of severe lag time between exposure to
potentially hazardous levels of RCS and alerting the exposed
individuals. Additionally, because the techniques are filter-
based methods, the measurement time typically occurs over
the course of about 8 h. In this case, all that can be known is
the time-weighted average RCS concentration [6]. So, while
effective at determining RCS concentrations over the sam-
pling period, this method has the drawback of being slow.
In addition, due to time-weighted average concentration
measurements, the short-term, elevated dust concentrations
in the production areas and throughout the mine cannot be
identified.

The continuous personal dust monitor (CPDM), namely
the PDM3700 sold by Thermo-Scientific, is an instrument
that provides 30-min averages of total respirable aerosol
mass concentrations. The PDM3700 uses a tapered element
oscillating microbalance to measure the concentration of
airborne particulate matter [3]. Coupling this device with
a cyclone designed to sort particles into the desired size
ranges allows for accurate measurement of respirable aerosol
mass concentration. The device cannot discern between coal
dust, silica dust, and other types of material present in the
atmosphere and instead only gives a concentration of the
total airborne particulate matter [7].

Recently, NIOSH has developed a field-based method for
measuring respirable silica concentrations to reduce the 1
to 2 weeks wait time for dust concentration data. While it is

Fig. 1 Interaction of light and
dust aerosol, possibly a complex
mixture of coal, SiO,, and
kaolinite. In practice, the dust is

not a real-time method, it provides a way to determine RCS
concentrations at mine sites immediately after the end of a
work shift. An air sampling system made up of a personal
sampling pump, a respirable aerosol cyclone, and dust sam-
pling cassette is used to collect airborne dust onto a filter
throughout a miner’s shift. Once the miner’s shift has ended,
the sampled filter is removed for analysis. An onsite Fourier
transform infrared spectrometer (FTIR) capable of evaluat-
ing the filter sample absorbance over a spectral range of
4000-400 cm™! with a resolution of 4 cm™! is required [7].
NIOSH has created and made public their software known
as the NIOSH Field Analysis of Silica Tool for determining
the mass concentration of RCS [7].

The need for a real-time instrument to accurately meas-
ure RCS is critical. The measurement method and instru-
ment discussed below is capable of determining airborne
silica mass concentrations in real time without the need for
deposition on a filter. The following discussion provides the
theoretical foundation for this method and the wavelengths
used for analysis.

2 Optical Measurements of Respirable
Crystalline Silica Mass Concentration

2.1 Real-Time Measurements of Aerosol Light
Absorption

A review of the relevant terminology and concepts underly-
ing the method provides a framework for the discussion in
this manuscript. Figure 1 illustrates the basic interactions of
light and dust aerosol.

Light is incident on a plume of dust aerosol, and por-
tions of the light are scattered, absorbed, and transmitted
to the detector [8]. Absorbed light heats the aerosol, while
scattered light is available for further interactions with the
dust plume. These aerosol optical properties depend on aero-
sol size, composition, morphology, and mixing state [8].
The most important observation for the current work is that
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when aerosol light absorption occurs throughout the entire
aerosol volume, it is proportional to aerosol mass concen-
tration needed for health applications, as discussed below.
The photoacoustic instrument described below [9] directly
measures aerosol light absorption by freely suspended aero-
sol (no filters are used) and the transmitted light measured
with the detector shown in Fig. 1 can be used to calibrate
these measurements [10]. The NIOSH spectroscopic filter-
based method used for end-of-shift detection of silicate dust
aerosol deposited on filters involves the additional interac-
tion of a light-aerosol-filter-detector and makes use of a
Fourier transform infrared spectrometer for performing the
functions of light source and detection [11]. The discussion
in Sec. 2b applies to both the photoacoustic method and
the NIOSH methods for RCS quantification since they both
involve measurements of the optical properties of aerosol.

An ideal detector of RCS in the presence of coal and
other mineral dust like kaolinite would consist of an absorp-
tion measurement with a laser of wavelength such that it is
strongly absorbed by RCS and is negligibly absorbed by
the other species present. Additionally, the light absorption
would occur throughout the entire volume of RCS aerosol
so that the absorption measurement would be sensitive to
the total mass of SiO, per unit volume in the dust sam-
ple as is the current practice used in RCS health related
measurements.

Figure 2 shows the schematic of a photoacoustic instru-
ment [12]. Sample air enters the instrument on the left, is
pulled through the acoustical resonator in the center region,
and exits on the right. A power modulated quantum cascade
laser beam (QCL) enters on the left and exits on the right
to a laser power meter. The modulation frequency of the
QCL is set to match the acoustical resonator frequency. RCS
present in the center region will absorb laser light and heat.
The heat is then transferred to the surrounding air, result-
ing in thermal expansion. A micro speaker (not shown) is
used to calibrate the acoustical resonator to make sure the
proper frequency is maintained. The quantum cascade laser

Fig.2 Schematic of the pho-
toacoustic instrument. The half
wavelength acoustic resonator is

Noise Filter

wavelength can be tunable to cover a range of wavelengths
for quantifying RCS, kaolinite, and coal dust [13].

The photoacoustic instrument operation is summarized as
follows [14]. First, the laser light is power modulated with a
square wave. Light absorbing aerosols convert the light into
heat that is transferred to the surrounding air, and acous-
tic pressure is created in the resonator. A standing wave of
sound having the modal shape labeled “Acoustic Mode”
in Fig. 2 is produced because the laser is modulated at the
resonance frequency. The microphone measures the sound
at the frequency of the laser power modulation. Finally, the
sound signal corresponds to the aerosol light absorption and
silica dust mass concentration with a proper choice of laser
wavelength that is absorbed by silica. The acoustical resona-
tor is in the center section. The resonance frequency of this
instrument is nominally 1500 Hz as a compromise between
instrument size and thermal response time of the aerosol.
“Noise Filters” are volumes tuned by adjusting their length
to reflect noise at the operating frequency coming in from
the sample inlet and outlet to avoid sound interference to the
sensitive microphone within the resonator.

The measurement of light absorption by silica dust can be
achieved by using the photoacoustic equation to relate the
sound pressure and laser power to the aerosol light absorp-
tion coefficient g, . [14],
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where P, and P; are the microphone pressure and laser
power at the resonant frequency f, determined with the
speaker and microphone; A, is the cross-sectional area of
the resonator; y=1.4 is the ratio of isobaric and isochoric
specific heats for air; and Q is the quality factor of the reso-
nator. A calibrated microphone and laser power meter are
used so that accurate values are entered in Eq. (1). The accu-
racy of Eq. (1) has been tested by calibration of instruments
using light absorbing gases [15]. The aerosol light absorp-
tion coefficient is the quantity which is also measured in the
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filter-based FTIR measurements of RCS [11, 13]. Aerosol
light absorption at UV, visible, and near IR wavelengths is
also used to measure black carbon mass concentration by
photoacoustic and filter-based techniques [16]. Once the aer-
osol light absorption coefficient is measured, the mass con-
centration of silica dust is obtained as presented in Sect. 2.b.

Having discussed photoacoustic measurement of aero-
sol light absorption, a partial history of the method is
given here to place the current effort in context. Early
instruments were trailer size due to the use of large gas
lasers as the light source [17]. Use of solid state lasers
greatly reduced instrument size and complexity because
the lasers are much smaller, require much less power, and
can be electronically modulated rather than modulation
with a mechanical chopper [14]. The use of 1047-nm laser
wavelength has been demonstrated for measurement of
black carbon aerosol emitted by vehicles being tested on
dynamometers [18]. These instruments are robust enough
to be used on meteorological aircraft to measure aerosol
light absorption and scattering aloft [19]. A compact,
portable microcontroller-based instrument using a 660-
nm laser diode was recently demonstrated in the labora-
tory for measurements of aerosol light absorption by coal
dust and aerosol light scattering by coal and silica dust
[12]. Our current work brings photoacoustic measure-
ment of aerosol to the mid infrared range where spectrally
dependent light absorption can be used to quantify dust
composition. The ultimate goal is to develop a personal
sampler for dust composition measurement using compact

photoacoustic instruments equipped with tunable quan-
tum cascade lasers.

2.2 Theory of Light Absorption by RCS and Kaolinite

2.2.1 Refractive Indices of Alpha Quartz and Kaolinite
and Other Minerals

The complex refractive index, m, is a material property that
determines the interaction of light with matter [8]. The nota-
tion used is

m=n+ik 2)

where n and k are the real and imaginary parts. Light absorp-
tion is primarily associated with the imaginary part. Figure 3
shows the complex refractive index for many minerals likely
to be found suspended in the atmosphere, both as internally
mixed combinations and as an externally mixed single com-
position aerosol. For example, alpha quartz (gray curves)
has a relative maxima imaginary part at around 9.2 um and
12.44 pm due to the resonant interaction of light at these
wavelengths with quantum mechanical modes of vibra-
tion, and it is larger than other minerals. The most com-
mon mineral interferent for RCS determination is kaolinite
[11], though the spectra in Fig. 3 are useful for understand-
ing interference by other minerals. The complex refractive
indices of dust are needed to model the infrared radiative
impacts of these aerosol [20].

Fig. 3 Complex refractive 6
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Fig.4 Real and imaginary parts of the refractive indices of alpha
quartz for incident light with polarization parallel to the a-axis, from
[21]. Inset crystal figure is from http://www.quartzpage.de/gen_struct.
html
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Fig.5 Same as Fig. 4 but for the c-axis, from [21]. Inset crystal figure
is from http://www.quartzpage.de/gen_struct.html

Alpha quartz, as a birefringent crystal, has different
refractive indices for light with polarization parallel to the
“a” (Fig. 4) and “c” (Fig. 5) crystallographic axes. The wave-
length range 8—13 um is where the atmosphere is relatively
transparent so that aerosol absorption can be measured with-
out much gaseous absorption interference. The complex
refractive indices of kaolinite is shown in Fig. 6. The real
and imaginary parts of the complex refractive index, along
with aerosol size and morphology, are used to determine the
amount of light absorption and scattering by these particles.
Spherical particles of diameter D are assumed. The rela-
tionships among aerosol diameter, wavelength of the light
source, and complex refractive index will be used to choose
a laser wavelength for measuring the mass concentration of
SiO, dust.
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Fig.6 Same as Fig. 4 but for kaolinite [22]
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Fig.7 Schematic showing light penetration depth & into a spherical
particle of diameter D

2.2.2 Light Penetration Depth in SiO, and Kaolinite Aerosol

The light penetration depth, 8, into an aerosol particle is
given by [8]

A
5 = —
drk @)

where A is the light wavelength, and k is the imaginary part
of the refractive index from Eq. (2). This parameter pro-
vides a semi-quantitative understanding of the interaction of
radiation at various wavelengths with dust aerosol. Figure 7
is a schematic of the light penetration depth of a spherical
particle.

Three regimes are identified:

e 0< <D Light is absorbed mostly by the surface of the
particle, ideal for surface area measurements.
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e 0 =~ D Light is absorbed within the aerosol diameter
(resonance regime).

e 0> >D Light is absorbed throughout the entire particle
volume, ideal for measuring the mass concentration of
the aerosol. However, absorption strength is smaller in
this regime.

Large values of the imaginary part of the refractive index
result in small light penetration depths. For example, in
Fig. 5, 9.2 microns corresponds to a peak in the imaginary
part of the refractive index. Often, a compromise must be
made so that light absorption by the desired species (SiO,)
is strong enough to occur over the entire particle volume
for mass concentration measurement but is weak for inter-
fering species such as kaolinite. Figure 8 shows the light
penetration depth for SiO, and kaolinite. The absorption
band around 8.5 um for SiO, is associated with a penetra-
tion depth less than a micron and is different from that of
kaolinite. At 12.8 um, the light penetration depth for SiO,
is much greater.

2.2.3 Small Particle Limit for Light Absorption by SiO,
and Kaolinite

The small particle limit for light absorption is based on
an analytical solution of the theory for spheres, taking
into account only the first term [8]. It is accurate when the
aerosol diameter is much smaller than the light penetra-
tion depth. The most useful parameter is the mass absorp-
tion efficiency, MAE, which is also known as the aerosol
absorption cross section per aerosol mass, commonly
expressed in units of [m?*/gram]. It is given by:

60 -
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——Penetration Depth Kaolinite
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Fig.8 Light penetration depth as a function of wavelength for SiO,
and kaolinite
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where p), is the aerosol density (2.65 g cm™ for SiO, and
2.61 g cm™ for kaolinite); m is the complex refractive index
of Eq. (2); and the IM selects the imaginary part of the quan-
tity in the brackets. Equation (4) depends both on the real
and imaginary parts of the refractive index. Especially notice
that MAE is independent of aerosol diameter; therefore, in
this limit the MAE, typically given in units of m?/gram,
depends only on the aerosol mass. In this limit, light absorp-
tion measurements by photoacoustic instruments and Fourier
transform infrared spectrometers can be expressed as:

where S, is the absorption coefficient, and p is the desired
aerosol mass concentration. The left-hand side of Eq. (5) is
the quantity measured from Eq. (1); the MAE may be deter-
mined from Eq. (4) or from empirical measurements; and
thus the aerosol mass concentration is obtained from solving
Eq. (4) for the desired quantity p,

p = Bas/MAE (6)

The MAE for SiO, and kaolinite is shown in Fig. 9. The
average SiO, absorption is obtained from

MAE = %MAE +2mag, )

c—axis 3

The factor of 2 in the second term is due to the a-axis being
doubly represented as shown in Fig. 4. This model assumes
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Fig.9 Average MAE for SiO, and kaolinite (left axis) and the pene-
tration depth (right axis) as a function of light wavelength. Candidate
wavelengths for the laser wavelength of the photoacoustic instrument
are the first number in the ordered pairs while the second number is
the corresponding mass absorption efficiency
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Table 1 Summary of possible wavelengths for the photoacoustic instrument measurement of SiO, with minimal interference from kaolinite. In
comments, green is desirable, and red is not

A (microns) Wa"e;‘“mbe’ MAE SiOz | MAE Kaolinite | Comment

(cm™)
8.58 1165.5 4.10 0.058 Great kaolinite rejection; small &
8.75 1142.9 5.98 0.16 Okay kaolinite rejection; small &
12.44 803.9 0.45 0.05 Larger ¢; smaller kaolinite rejection

Fig. 10 Average over crystal 4.5
axes orientation SiO, mass
absorption and scattering P
efficiencies calculated from
Mie theory as a function of -
aerosol diameter for 8.58 and 3.5 f Alpha Silica Dust
12.44 microns. In the legend, NE density = 2.65 g/cm?
Msca8.58 (for example) refers -
to the mass scattering efficiency .§ 31
at 8.58 microns b
o
;2 25
h] - =Msca8.58 - =Mscal2.44
a , | ——Mabs8.58  ——Mabs12.44
<
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that there is no preferred orientation of the SiO, crystalline
axes relative to the polarization direction of the light.

Figure 9 gives both the MAE and the light penetration depth
for Si0O,, along with candidate ordered pairs of values as can-
didate laser wavelengths (um) and the MAE (m? g™ 1. Table 1
summarizes the choices for laser wavelength based on Fig. 10.
Wavelengths are chosen where the MAE for SiO, is large. The
best candidate laser wavelengths are shown in bold: A=8.58
microns and A=12.44 microns.

2.2.4 Model for the Mass Absorption and Scattering
Efficiencies at the Instrument Candidate
Wavelengths, Accounting for Aerosol Size

Figure 10 and Fig. 11 show the Mie theory [8] calculated
mass scattering and absorption efficiencies for SiO, and kao-
linite, respectively, at the candidate wavelengths. The flat
portions of the MAE curves for SiO, are associated with
that wavelength range where light absorption is independ-
ent of aerosol diameter, ideal for determination of the aero-
sol mass concentration. Figure 10 shows that the flatness

Sphere Diameter (um)

0.09

Kaolinite Dust
0.08 - density =2.60g/cm?

0.07
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0.03 - +Msca8.58 - +Mscal2.44

——Mabs8.58 ——Mabs12.44 ’
0.02 | .

Mass Sca and Abs Efficiency (m2g?)

0.01 s !

0 —
0.01 0.1 1 10
Sphere Diameter (um)

Fig. 11 Same as Fig. 10 but for kaolinite

of the mass absorption efficiency curve for a wavelength of
12.44 microns extends to an aerosol diameter of around 2
microns, whereas at 8.58 microns, it extends only to about 1
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micron before steeply declining. The mass absorption effi-
ciency for kaolinite is much smaller in comparison to SiO,
at these wavelengths, as shown in Fig. 11. Thus, the ideal
laser wavelength is 12.44 microns because it is a tradeoff
between moderate to strong absorption and penetration of
the laser radiation into the particle. It should be noted that
respirable aerosol may include dust with diameters larger
than 10 microns as well so that, depending on the aerosol
mass distribution in mines, the contribution of these larger
aerosol may be important.

3 Mass Absorption Efficiency for Coal, Water
Vapor, and Carbon Dioxide Compared
to SiO, and Kaolinite

Research has been done previously on the real and imagi-
nary refractive indices for coal [23]. These data were digi-
tized and used for computations of the optical properties of
coal. Assuming a coal mass density of 1.4 g/cm?, the small
particle limit mass absorption efficiency for bituminous
coal was computed and is shown in Fig. 12 along with
those of SiO, and kaolinite. In reported previous research,
coal dust was not a strong interferent for the FTIR meas-
urements of SiO, [11]. The absorption coefficient for water
vapor and carbon dioxide are also shown in Fig. 12 for
typical ambient concentrations. Theoretical absorption
spectra were computed using gas cell modeling for trans-

mittance within spectralcalc.com and converting this to

absorption for the gas concentrations given in the caption
of Fig. 12. Notice that there are several peaks in H,O’s
mass absorption efficiency located right around the peaks
related to SiO,. These peaks represent strong interference
by H,O. Special care must be taken to choose a wavelength
for SiO, quantification that does not include one of these
peaks. However, the presence of these peaks has an advan-
tage. If the photoacoustic instrument has a relative humid-
ity and air temperature sensor built into it, it can quantify
the water vapor concentration. With this value known, a
wavelength can be chosen to measure the absorption coef-
ficient, B, of water vapor. Because this allows for cor-
relation between the water vapor’s measured absorption
coefficient and calculated concentration, this information
can be used to calibrate the photoacoustic instrument’s
Si0, concentration calculation. Photoacoustic instruments
typically have a measurement cycle consisting of a particle
free background determination that responds to gaseous
light absorption followed by a foreground measurement
that responds to gaseous and aerosol light absorption [12].
Aerosol light absorption is obtained by the difference of
foreground and background measurements.

4 Effect of Acoustic Resonant Frequency
and Photoacoustic Response

The choice of acoustic resonator frequency is related
to resonator geometry and size. It is important for

Fig. 12 Small particle limit of 1
the mass absorption efficiency
for SiO, (black curve), kaolinite
(red curve), and bituminous
coal. Also includes absorption
coefficient for water vapor and
carbon dioxide. Water vapor and
carbon dioxide mixing ratios of
6.83 g/kg and 408 ppm, respec-
tively, at a temperature of 296 K
and pressure of 86,100 Pa rep-
resentative of Reno NV ambient
conditions. The water vapor
concentration corresponds to a
relative humidity of 33%. The
ordered pairs are as discussed

in Fig. 9
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Fig. 13 Amplitude and (left y-axis) and phase (right y-axis) of the
modeled photoacoustic signal response for RCS as a function of
aerosol diameter at two acoustical frequencies. A 500-Hz operation
has a flatter (and thus better) amplitude and phase response because
heat can come out of the aerosol during laser beam modulation at the
lower frequency

quantitative measurements of light absorption. This is
because laser heated aerosols have a finite time for that
heat to transfer to the surrounding air between laser pulses
[8]. The response time T for heat to diffuse from an aerosol
of radius r to the surrounding air having thermal conduc-
tivity x,;, is:

2
__ T"PrcsCres

3k ®)

air

where ppcg and cpeg are the density and heat capacity per
unit mass of RCS [8]. The response of the photoacoustic
signal at a frequency f as affected by heat transfer time is [8]:

1
R o ®)

where i is the unit imaginary number. Figure 13 shows the
amplitude and phase response of laser heated RCS aerosol
as a function of aerosol diameter. The left y-axis shows the
relative amplitude of the aerosol light absorption signal and
ideally would have a value of unity for all aerosol diam-
eters. A 500-Hz operation is closer to ideal than is 1500 Hz.
The phase shift is usually measured with photoacoustic
instruments and can indicate the presence of larger aerosol
when it is greater than zero. It may provide a correction for
the reduced photoacoustic response for larger particles at
1500 Hz.

Recent research has demonstrated the utility of a min-
iature Helmholtz resonator-based photoacoustic instru-
ment for methane detection using a quantum cascade laser

at 3.36-microns wavelength [24]. The instrument used was
approximately 3" long, though operated at 2000 Hz, which
is rather high for silica detection because of the higher
response time. However, their research establishes the util-
ity of Helmholtz resonator detectors so that a compact 500-
Hz device may be developed for RCS detection. A lower
frequency instrument is desirable for dust measurements in
order to mitigate phase-lag. Additionally, aerosol detection
is more challenging than trace gas detection because special
precautions must be employed to manage the eventual dirty-
ing of the resonator windows by aerosol deposition.

5 Recommendations for Photoacoustic RCS
Measurements

Figure 12 suggests that RCS has a strong absorption fea-
ture at 12.44 microns, with possibly some interference
by kaolinite and coal dust to be expected. Kaolinite has
relatively strong absorption at 11 microns with some coal
dust interference, though negligible RCS interference.
Coal dust is the dominant absorber at 12 microns. A tuna-
ble quantum cascade laser photoacoustic instrument oper-
ating in this spectral range can thus be used to determine
the concentration of RCS and correct for interference by
coal and kaolinite dust. Absorption by water vapor can be
used to check the instrument calibration. Carbon dioxide
gas does not interfere with measurements in this range.
Additionally, it is desired to have a photoacoustic instru-
ment operating at a frequency of around 500 Hz so that
aerosol thermal response time does not introduce aero-
sol size-dependent response to the instrument as shown
in Fig. 13. Finally, the complex mineralogy of non-coal
mines would need to be addressed for determination of
RCS in them.
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