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Abstract: In this study, a photothermal interferometer was developed, based on a folded-Jamin
polarization instrument with refractive-index sensitive configuration, in order to characterize
light-absorbing aerosols. The feasibility of our interferometric technique was demonstrated by
performing photothermal spectroscopy characterizing spark-generated black carbon particles
with atmospherically relevant concentrations and atmospheric aerosols in a metropolitan area.
The sensitivity of this interferometric system for both laboratory-generated aerosols and atmospheric
aerosols was ~ 1 (µg/m3)/µV, which is sufficient for the monitoring of black carbon aerosol in
urban areas.
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1. Introduction

The light absorption of atmospheric aerosols, such as black carbon (BC), is important because
it affects climate forcing through the direct and semi-direct interaction with solar radiation [1,2].
Thus, the quantification of BC in the atmosphere becomes critical for the estimation of the radiative
forcing of the atmosphere [3]. However, quantifying the light absorption of atmospheric BC is
still a challenging task. Currently, filter-based techniques using light attenuation are widely used
as a tool for the characterization of BC due to their easy field deployment as well as their stable
performance in the laboratory [4–6]. Another method used to characterize BC without filter deposition,
laser-induced-incandescent (LII) type instruments are also capable of characterizing coatings on
BC [7,8]. The photo-acoustic technique is a very direct, in situ measurement of the aerosol absorption
coefficient at the wavelengths of the light source employed [7]. Here, we describe the utilization of
photothermal interferometry (PTI) based on a polarized folded-Jamin interferometer configuration for
absorption spectroscopy of airborne particles without deposition of aerosols on a filter.

Interferometric techniques associated with PTI have been implemented for about three decades
since the 1980s when Mach-Zehnder type interferometers were introduced to measure light absorption of
not only aerosols but also chemical species [9–11]. A Jamin interferometer was successfully implemented
for the detection of gas-phase ammonia [12]. The development of a folded-Jamin style interferometer [13]
had a strong influence on the development of a modified folded-Jamin interferometer [14,15].
The modified folded-Jamin interferometer uses an approach to split the retroreflector widthwise
into two parts and to connect these two halves together through a PZT [15]. Recently, an image-based
PTI was attempted using a Mach-Zehnder configuration [16], and a laboratory-based four-channel
detection scheme utilizing a folded-Jamin interferometer has been tried for better sensitivity [17].
A fiber-optics-based PTI was recently developed for the detection of gas [18].
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As previously summarized in review papers [7,8], local heating of aerosols by light absorption
induces a change in the refractive index of the medium (e.g., air) surrounding the absorbing particles.
This refractive index change can be detected with an interferometer employing a stable single-frequency
laser, such as a He-Ne laser.

To the best of our knowledge, this is the first time that polarization interferometry is applied
to the measurement of light-absorbing aerosols. Thereby, we demonstrate the use of photothermal
interferometry for the measurement of light-absorbing aerosols and its current limitations. Data from the
polarization-based PTI were collected for BC aerosol generated with a spark discharge. The sensitivity
of this PTI was estimated for 60-nm diameter, spark-generated BC particles. PTI signals were compared
with equivalent BC (eBC) mass concentrations measured with a filter-based instrument and the PTI
sensitivity was estimated from the PTI signal and the eBC concentrations measured at an urban field
site. This paper demonstrates the facilitation of photothermal interferometry as a potential instrument
to measure light-absorbing aerosols. We close with a realizable suggestion about improvements on
sensitivity and limitation, for further development.

2. Methods and Apparatus

2.1. Experimental Setup of the PTI System

This study focuses on the development of a polarization-based photothermal interferometer
system and its application for the characterization of laboratory-generated BC and ambient BC through
the comparison of its data with those of commercially available instruments. Our technique is based
upon the interferometric measurement of optical path variations in a folded-Jamin configuration.
Relaxation of the photothermally excited mode of light-absorbing aerosols results in local heating of the
surrounding medium, generating a local variation in the density and refractive index of the medium.
Detection of the refractive index change involves the integration of the signal over the measurement
volume. The temperature variation concomitantly creates the change in the refractive index in the
surrounding air along an optical path. A phase delay or optical pathlength change results and the
aerosol light absorption can be characterized by the optical pathlength change [13].

Basically, our interferometer consists of a He-Ne laser, a polarized beamsplitter plate,
a retroreflector, a variable retarder, a polarization mixer (polarized beamsplitter), and two
photodiodes [13]. The interferometer setup and principle of operation were described previously [13].
A diode-pumped-solid-state (DPSS) laser (MGL-H-532/500~1200mW, CNI Laser, China) was added to
the setup as a pump laser to heat light-absorbing particles in the measurement volume. A sample cell,
two dichroic mirrors, a lock-in amplifier, and a function generator were added to the interferometer
to complete our optical setup. The entire experimental setup is schematically depicted in Figure 1.
A single-frequency He-Ne laser (HRS015B, Thorlabs, USA) was used to generate an interferometer
source beam. Optical isolation of the reflected beam was accomplished by a slight tilting of optical
components. An aperture was placed in front of the photodiode detector to reduce the influence
of straylight.
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Figure 1. (a) Schematic of the photothermal interferometry (PTI) system used in this study. (b) Side
view and top view of the sample cell.

Observation of both laser beams confirmed that the profile of the He-Ne laser beam (probe beam)
can be described by a transverse electromagnetic mode (TEM00) while that of the DPSS pump laser
beam was nearly TEM00. Both pump and probe beams were aligned nearly coaxial with the sample
cell and focused to beam waists (radius at half-field strength) of approximately 1 mm, defining the
measurement volume of the instrument. The excitation source was a continuous-wave (CW) 532-nm
wavelength DPSS laser that was power-modulated with an 83-Hz frequency TTL signal. The DPSS
beam was coupled into and out of the sample cell with dichroic mirrors to maximize the overlap
between the probe and pump beams in the measurement volume of the sample cell. A band-pass filter
centered at a wavelength of 633 nm blocked the 532 nm wavelength pump beam from detection by the
photodiode and a near-zero signal was present in the absence of the He-Ne probe beam.

A 100-mm long annular denuder (URG-2000-30x100-3CSS, URG, USA) consisting of Teflon-coated
stainless steel with guaiacol [19] was installed in front of the inlet line to remove nitrogen dioxide
(NO2) that absorbs light in most of the visible range (e.g., [20]). The sample cell was a stainless-steel
cylindrical tube of 70 mm length and 45 mm inner diameter and 55 mm outer diameter with an inlet
and an outlet mounted laterally onto the surface of the sample cell. The sample cell was sealed by two
rubber O-rings at both sides. The volume of the sample cell was approximately 0.11 liters. Float glass
optical windows were installed with AR coating. Outer surfaces of windows were cleaned with
HEPA-filtered N2 when needed. Inner surfaces of windows were cleaned whenever it was purged
with HEPA-filtered N2. It was used with a typical sample flowrate of 0.3 l/min.

A function generator (DG1062, Rigol, USA) provided a TTL signal modulating the power of the
DPSS (i.e., pump) laser. Internal power modulation with a TTL signal, instead of using a mechanical
chopper, greatly reduces coherent acoustic noise. PTI signals were analyzed with a lock-in-amplifier
(SR850, Stanford Research System, USA) to remove noise and improve the signal-to-noise ratio.

The components discussed above were mounted in an inner and outer enclosure for improved
environmental isolation and laser safety. The inner enclosure, a rectangular black aluminum housing,
contained the specially manufactured polarizing beams splitter, the Porro-prism-type retroreflector,
the customized sample cell, two dichroic mirrors, the liquid crystal variable retarder, the polarization
mixer (a polarizing beam splitter) and the photodiode. Other components, including the He-Ne laser,
the DPSS laser, the flow pump, and the NO2 denuder were surrounded by the outer enclosure for
better stability and blocking of ambient acoustic noise and for constraining laser light to its inside.
The instrument was installed on top of a pneumatic optical table to isolate it from ground vibration.
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2.2. Production of Spark-Generated BC, Selection of Size, and Measurement of Number Concentration

A spark discharger (DNP 2000, PALAS GmbH, Germany) generated black carbon (BC) through
high voltage sparks between graphite electrodes. Generated BC particles were further size selected and
their number concentration was quantified with a differential mobility analyzer (DMA, home-made)
equipped with a condensation particle counter (CPC, TSI 3775, USA). Mono-disperse BC particles with
a specific size were injected into the sample cell of our PTI system and their PTI signal was measured.

2.3. Characterization of Ambient Equivalent Black Carbon (eBC)

Ambient PTI data were compared with eBC mass concentrations measured with a multi-angle
absorption photometer (MAAP 5012, Thermo Scientific, USA) installed at the monitoring site (37.521◦N,
127.124◦E) in Olympic Park in Seoul, South Korea. MAAP measurements of aerosol absorption
coefficients were shown to be in excellent agreement with reference measurements [21], the MAAP
instrument and its operation have been described in detail [22], and more recently, its long-term
(> 1 month) performance was verified through a continuous measurement [23].

2.4. Estimation of Effective Density and Mass Concentration of Spark-Generated BC

We assume that the effective density is correlated with the fractal dimension and mobility diameter
as follows

ρe f f ∼ d
D f−3
m , (1)

where ρeff is the effective density, dm is the mobility diameter, and Df is the fractal dimension [24].
Df has long been regarded as the fractal dimension in this equation though it is more relevant to refer
to it as the mass-mobility exponent [25]. In this paper, we compared our Df to various ones obtained
from different techniques such as light scattering, image-analysis, and mass-mobility measurements
as an approximate way to show that our approach makes sense because our approach is novel.
The fractal dimension Df was determined by curve-fitting the effective density of spark-generated
BC (or PALAS soot) as a function of the mobility diameter previously measured [26]. With the
resulting fractal dimension of Df = 1.89 or 1.95, the effective density was determined as a function
of mobility diameter dm using Equation (1). The effective density is required to estimate the mass of
BC from the measured effective volume, which is calculated as πdm

3/6. The effective volume implies
the entire volume of the spark-generated BC and is calculated as a function of the mobility diameter.
Then, the effective mass is easily calculated by multiplying the effective density and the effective volume.
Consequently, the effective mass concentration is obtained by simply multiplying the effective mass
with the number concentration measured with the CPC.

3. Results and Discussion

3.1. Set Up for the Quadrature Condition

The PTI output is most sensitive at the quadrature condition, which is obtained at the zero-crossing
of the signal for an ideal (e.g., sinusoidal) curve [27]. The quadrature condition can be obtained by
adjusting the control voltage of the variable retarder such that the derivative of the PTI output becomes
maximum. In this study, the quadrature condition was actualized by monitoring the average value
of the minimum and the maximum PTI outputs. Figure 2 shows an example of the PTI output from
the photodiode as a function of the control voltage of the variable retarder. PTI output increased
up to a maximum value and then decreased as the control voltage further increased. As shown in
Figure 2, the PTI output at the quadrature was 0.757 V, which was too high to be detected by our
lock-in amplifier. To overcome this overload issue, a neutral density filter was installed in front of the
photodiode to reduce the output signal from the photodiode to less than 0.1 mV, the maximum input
of our lock-in amplifier. In addition, a laser line optical filter was installed in front of the photodiode to
remove any light except the interferometer laser light (633 nm, He-Ne laser). It was confirmed that the
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PTI signal at a fixed voltage of the variable retarder controller was stable for about 24 hours as shown
in Figure 3 and that the signal was sensitive to the controller voltage.

Figure 2. Interferometer signal measured as a function of the voltage of variable retarder.

Figure 3. Stability test for PTI signal at a fixed voltage of the variable retarder controller.

To find an experimental noise limit, we demonstrated that the performance of PTI depends on the
detectable background noise acquired by the lock-in amplifier. This noise level was obtained while both
the He-Ne laser and DPSS laser were simultaneously turned on, traversing the measurement volume
without any aerosol injection for ~15 h. The time constant of the lock-in amplifier was set to 10 s for
this background noise experiment. The average baseline signal was determined to be 2.34 ± 0.91 µV
and this determines the low detection limit of our PTI system to be ~2.7 µV or 2.9 µV Hz−0.5. In our
current PTI system, this maximum sensitivity was attained at certain retardation resulting from the
phase being adjusted to quadrature condition. This is the estimation of the total system sensitivities
attainable with our PTI instrument. Theoretically, it is possible to measure absorption coefficients
of less than 0.01 Mm−1 or 0.0015 µV, assuming that mass-absorption-cross-section of BC is 6.6 m2/g.
However, the sensitivity of our PTI system was likely further limited by absorption on the cell windows
(e.g., [9]).

3.2. Laser Stability

Figure 4 provides ~10 h of monitoring data for the DPSS laser (pump laser), which showed intrinsic
instability. Periodic drift was observed during monitoring of the signal detected at the photodiode
while the DPSS laser (pump laser) was turned on and the He-Ne laser (interferometer laser) was turned
off. Some of the signal detected by the photodiode seems to originate from the pump laser light that
was not perfectly excluded from the photodiode, likely originating from scattering or diffraction of
pump laser light by optical components. Practically, it is impossible to avoid this kind of noise signal.
Thus, we call this a ‘characteristic system noise’. Optical components do not perfectly reflect and
transmit the laser beam because losses due to defects exist in all optical components. Noise from such
defects manifests itself throughout the system because the DPSS laser beam passes through multiple
optical components including lenses and beam splitters. Thus, it is quite plausible that the periodic
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noise signal shown in Figure 4 originated from the unstable output of the pump laser. This effect from
the DPSS laser output oscillated between 0 and 0.5 µV (Figure 4). FFT analysis of this signal resulted in
a peak at a frequency of 0.145 mHz or a period of oscillation of 1 hr 52 min; this periodic oscillation is
obvious in Figure 4. The analysis regarding the unstable laser source allowed us to estimate some
performance parameters of our PTI system. The average signal from the instability of the DPSS laser
was 0.31 ± 0.06 µV, which is present when the DPSS laser is turned on.

Figure 4. Periodic instability caused by one of the noise sources, pump laser.

3.3. Detection of Spark-Generated BC Particles

We tested the response of our PTI system to light-absorbing particles with laboratory-generated,
light-absorbing aerosols (spark-generated BC particles) with arbitrary concentration. The results are
shown in Figure 5, where different concentrations of spark-generated BC particles were introduced
into our sample cell three times, interspersed with a purging of the sample cell and conduit line with
HEPA-filtered air. The average PTI signals during the injection of BC particles and HEPA-filtered air
are shown in Figure 5 as legends. PTI signals drastically increased when BC particles were introduced
into our PTI system. At the first injection, the PTI signal gradually increased and the average value
was 246.3 µV. Unexpectedly, we observed an increase of 23.6 µV in the baseline. At the second and
third injections, the baseline increased by 10.0 and 13.6 µV, respectively. The first injection produced
the highest increase in PTI signal among three injections and the increase in the baseline was also
highest at the first injection. Thus, the baseline increase is likely related to the amount of BC injected
into the sample cell. We suspect that some residual BC aerosol still existed after purging and that
some BC was also deposited onto the sample cell windows, both increasing the baseline signals
after BC injections. This situation was improved by installing a small fan ejecting heat from the PTI
system and by purging residual BC with HEPA-filtered nitrogen (N2) rather than with air to alleviate
the accumulation of particles on the surface of the sample cell, resulting in the prevention of the
baseline increase. Injecting smaller numbers of BC particles also helped to mitigate the deposition
onto the surface of the sample cell. As shown in Figure 6, the baseline did not increase much (only
~0.4 µV) after installing the small fan, using HEPA-filtered N2, and introducing low numbers of
particles. Surprisingly, as seen from Figure 6, the increase in baseline scaled with the BC concentration
injected, as 0.102 µV/(µg/m3) with R2 = 0.91 assuming that the sensitivity of the current system is
1 (µg/m3)/ µV. Perhaps, reducing BC deposition on the surface of windows and optics may improve
our system sensitivity.



Sensors 2020, 20, 2615 7 of 13

Figure 5. Response to spark-generated BC particles with different concentrations.

Figure 6. Response of PTI to known concentrations of size-selected, spark-generated BC particles.

3.4. Characterization of Spark-Generated BC

The feasibility of our PTI system was demonstrated in a calibration experiment using the
size-selected BC generated by the spark-discharger. We produced BC with a mobility diameter of
60 nm. First, we injected BC particles (indicated as A in Figure 6) and then flushed with particle-free
N2. Next, we injected lower number concentrations of BC particles (indicated as B in Figure 6) and then
flushed with particle-free N2. Finally, we injected BC particles with the highest number concentration
(indicated as C in Figure 6). As shown in Figure 6, the average PTI signal for case A was 12.3 ± 2.85 µV
when the number concentration was 2.93 (±0.443) × 105 #/cc. PTI signal for case B was 3.55 ± 1.67 µV
when the number concentration was 6.77 (±0.43)× 104 #/cc. The PTI signal for case C was 28.9 ± 1.96 µV
when the number concentration was 6.44 (± 0.29) × 105 #/cc. These number concentrations and PTI
signals are summarized in Table 1.

Table 1. Number concentration, average PTI signal, effective density estimated using data from [26],
estimated mass concentration, sensitivity, and detection limit for 60-nm diameter spark-discharge
generated black carbon.

Case A B C

Number concentration [#/cc] 2.93(±0.44) × 105 6.77(±0.43) × 104 6.44(±0.29) × 105

PTI signal [µV] 12.3 ± 2.85 3.55 ± 1.67 28.9 ± 1.96

Effective density [g/cc] 0.403 0.428 0.403 0.428 0.403 0.428

Mass concentration [µg/m3] 13.4 14.2 3.09 3.28 2.94 3.12

Sensitivity* [(µg/m3)/(µV)] 1.09 1.16 0.87 0.92 1.02 1.08

DL** [µg/m3] 3.10 3.29 1.45 1.54 1.99 2.12

* Sensitivity was calculated as the ratio of the estimated mass concentration to the average PTI signal;
** DL (Detection limit) was calculated by multiplying the standard deviation of PTI signal by the mass concentration
per unit PTI signal
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The effective density of 60-nm diameter, spark-generated BC was extrapolated from the effective
densities of 200-nm, 304-nm, and 500-nm diameter BC measured by [26], who reported multiple
effective densities, either 0.075 g/cc or 0.082 g/cc, for 304-nm diameter BC. If the absorption cross-section
and the particle mass are measured, the effective mass-absorption-cross section (MAC) can be obtained
by dividing the absorption-cross section by the particle mass.

The chi-square values were calculated and plotted for various fractal dimensions. Figure 7a
shows that the chi-square has the minimum at Df = 1.95 for ρeff_dm=304 nm=0.082 g/cc and Df = 1.89
for ρeff_dm=304 nm=0.075 g/cc. A combination of tandem differential mobility analyzer (DMA) with
an electrical low-pressure impactor (ELPI) showed that the fractal dimension varied from Df
= 2.15 ± 0.10 for flame-generated soot to Df = 2.30 ± 0.10 for vehicle exhaust particles [28].
A transmittance-electron-microscope (TEM) image analysis yielded a fractal dimension of 1.82 for
flame generated soot [29].

Figure 7. (a) Chi-square plot vs. fractal dimension for two different effective densities. (b) Extrapolation
of the effective density using the values obtained from Figure 7a.

An angular dependent static light scattering technique determined Df = 1.70 ± 0.10 for
flame-generated soot aggregate [30]. This literature survey for the fractal dimension shows that
it ranges from 1.60 to 2.16 for flame-generated soot depending on the measurement techniques and
flame conditions. For spark-generated carbon, the mass-mobility fractal dimension was measured to
be 2.16 using a combination of a scanning mobility particle sizer (SMPS) and a cascade epiphaniometer
(CEPI) [31], and was 1.60 measured with static light scattering [32]. In the present study, the fractal
dimension was estimated with curve-fitting using the existing effective densities as a function of
mobility diameter. The fractal dimensions of 1.89 and 1.95 estimated in the present study lie in the range
of literature values for spark-generated carbon as well as flame-generated soot, being not unreasonable
in terms of morphological characteristics.

Using Equation (1) with the fractal dimension determined above and a proportional constant
obtained from the curve fitting, the effective density of 60-nm diameter spark-generated BC was
extrapolated and ranged from 0.403 to 0.428 g/cc as shown in Figure 7b. The mass concentration of the
BC can be easily obtained as explained earlier and those values are listed in Table 1. The absorption
cross-section can be estimated from the absorption efficiency of spherical particles [33]. The absorption
cross-section depends on the primary particle size of aggregates, the complex refractive index, and the
wavelength of the light. In the present study, PTI uses a pump laser beam with a wavelength
of 532 nm. The refractive index of black carbon was reported to be 1.95 + 0.65i [34] which we
assumed in this calculation. The primary particle size for the spark-discharged BC was reported to
be 36.3 ± 13.0 nm [35]. From these values, the MAC was calculated to be 4.15 m2/g for the mean size
(36.3 nm). The MAC ranges from 1.10 to 10.4 m2/g, taking into consideration the distribution of the
primary particle size with standard deviation of 13.0 nm. These MAC values can be compared to the
conventionally used MAC at 550 nm, 7.5 m2/g [36]. Though spark generated carbon is not produced
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by combustion, it can be regarded as BC according to Lack et al. [7], which defines it as ‘graphitic
carbon with aggregate morphology’. Spark discharge produces carbon particles using two graphite
rods and the observation of spark-generated carbon with a scanning electron microscope (SEM)
has demonstrated that it consists of aggregates [35]. While there is no generally accepted reference
material for BC, potential reference materials include spark discharged carbon [37]. For particle
optics calculations, Mie theory does provide a first-order description of optical effects in nonspherical
particles, and it correctly describes many small particle effects that are not intuitively obvious [33].
Therefore, we assumed that spark discharged carbon is spherical to perform simple Mie calculations
of particle optics with limited information. However, in reality, the particles are fractal-like chain
aggregates with a mobility diameter of 60 nm. We can imagine that the aggregates comprise two or
three primary particles having individual mobility diameters of 36.3 nm. Sensitivity was estimated
from the standard deviation of the PTI signal for the spark-generated BC. The sensitivity of PTI to
60-nm diameter, spark-generated BC approximately ranged from 0.87 to 1.16 (µg/m3)/µV. The detection
limit was calculated to be 1.45 to 3.29 µg/m3. Those values are listed in Table 1.

3.5. Application to the Measurement of Ambient Aerosol

Our PTI system was deployed at the monitoring site (37.521◦N, 127.124◦E) in Olympic Park
located in a mega-city, Seoul, South Korea. The co-deployed MAAP was used to monitor and compare
eBC concentration. The time constant of the lock-in-amplifier was set to 10 s and the PTI signal was
collected every 10 s. Both PTI and MAAP data were box-averaged over 5 min and plotted every 5 min
for better display. The diurnal variation of ambient eBC for a day of high concentration is shown in
Figure 8. The PTI signal collected for 24 hours from 08:00 to 08:00 the next day (Korea Standard Time)
showed a similar trend to the eBC concentration measured by the MAAP. The diurnal variation of
ambient eBC for a day of low concentration is shown in Figure 9. Low noise for PTI seems attributable
to improved optical alignment. The MAAP detected a higher concentration of ambient eBC around
14:00-17:00, but the PTI did not. MAAP data sometimes showed negative concentration and noisy
results at continuously low concentrations of ambient eBC. When the eBC concentration measured by
the MAAP was larger than that corresponding to the PTI signal, it is probable that moisture adsorption
onto filter materials of the MAAP enhanced the darkness of the filter, causing the increase in light
absorption. Consequently, eBC concentration could be overestimated due to adsorbed moisture.
It is suspected that humid substances were entrained into the inlet system during this case. In fact,
the relative humidity was 99% from 15:00 to midnight due to weak rain. The standard deviation of
the PTI signal in the high concentration case was 3.68 µV and the detection limit turned out to be
0.736 µg/m3. At low concentration, the standard deviation of the PTI signal and the detection limit was
2.13 µV and 0.426 µg/m3, respectively. Figure 9b shows that the correlation was improved compared to
Figure 8b. The caveat, however, is that the correlation could be negative for the data between 5 and
10 µV in Figure 9b. Figures 8b and 9b show that the sensitivity was nominally 0.16–0.19 (µg/m3)/µV
for high and low concentration cases. This value is lower than the sensitivity for spark-generated BC
in the laboratory, which may have been caused by the coherence noise of optics (windows, lenses,
etc.) or by aerosols deposited onto the surface of optics. Window optics are more easily exposed to
various aerosols in ambient experiments than in laboratory experiments. Longer measurement time
and uncontrollable humidity in ambient measurements may create coherent window noise.
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Figure 8. At high concentration episode (a) Time series of PTI and MAAP (b) Correlation of BC
concentration and PTI signal.

Figure 9. At low concentration episode (a) Time series of PTI and MAAP (b) correlation of BC
concentration and PTI signal (Data from 1:00 - 6:00 p.m. were excluded for better analysis).

3.6. Consideration of Factors Limiting Reliable Measurements

The sensitivity of the present PTI system may be limited by the degree of incoherence where the
interference signal is less effectively produced. The interference depends on the degree of retardation
controlled by the liquid crystal variable retarder. A failure of controlling the retardation may cause
incoherence, resulting in low sensitivity. Detection sensitivity may be degraded by the combination of
various noise sources because noise is enhanced to the extent that the noise level overwhelmed the
PTI signal. Noise from the pump laser, mechanical noise inducing beam misalignment, and window
surface effects due to periodic heating of various optics are contributing to the system noise which
scales with the PTI signal.

The pump beam created by the DPSS laser sometimes deviated from the TEM00 mode, incompletely
heating the measurement volume. Thus, the heating along the axis in the measurement volume
interrogated by the probe is probably somewhat less effective than it would otherwise be the case.
At a TTL modulation frequency of 83 Hz, the modulation period is short compared to the thermal
diffusion time across the measurement volume (~1 mm) in air, where the thermal diffusion time of
air is easily calculated to be ~50 ms from the air thermal diffusivity of 2.18 × 10−5 m2/s at 1 atm and
298 K. The lower sensitivity observed was mainly attributed to coherent window noise induced by
absorbing aerosols deposited onto windows. This limitation is attributed to irregular and nonuniform
heating of the now absorbing optics and the adjacent air layers by the non-TEM00 excitation beam.
Again, careful design of a stable beam splitter and purging of windows with filtered air and better
selection of pump laser should further enhance the capability of detecting BC using the PTI.
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4. Conclusions

A polarization-based folded Jamin interferometer system was developed for the first time to
characterize light-absorbing aerosols. Data have been obtained from polarization-based photothermal
interferometry (PTI) of the black carbon (BC) particles generated in a commercial spark discharger.
The sensitivity of the current PTI was estimated using the size-selected, 60-nm diameter, spark-generated
BC particles. The signal obtained using our current PTI was compared with the eBC measured with
a filter-based instrument, MAAP. On a high concentration day, the PTI signal showed a similar trend
to the eBC concentration. On a low concentration day, however, MAAP overestimated the eBC
concentration probably due to the high humidity caused by rainfall. Though the current PTI sensitivity
is sufficient for the detection of ambient BC in urban areas, better sensitivity is required for the use of
PTI in more pristine areas. The quadrature condition for optimum PTI operation is very sensitive to the
input voltage of the variable retarder controller. Thus, a sensitive feed-back circuit is likely to improve
the detection limit. The beam-dividing characteristics of the polarized beam splitter are important
to set the quadrature conditions. Several issues regarding signal deterioration included the baseline
increase, the stability of the pump laser, the stability of the liquid crystal retarder controller, and other
more minor factors. Overcoming these issues will increase the sensitivity of PTI. Our results will help
promote research on the monitoring of light-absorbing aerosols in the atmosphere.

Author Contributions: Conceptualization, J.L. and H.M.; Methodology, H.M.; Instrumentation and experimental
work, J.L.; Validation, J.L. and H.M.; Writing—Original Draft Preparation, J.L.; Writing—Review and Editing,
H.M. and J.L.; Funding Acquisition, J.L. and H.M.. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was mainly supported by the Korea Ministry of Environment as Converging Technology
Project (2013001650004) and part of this research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education (2016R1D1A1B03931654 and
2019R1I1A3A01060938). The work of Hans Moosmüller has been supported by NASA ROSES under Grant No.
NNX15AI48G and the National Science Foundation under Grant No. AGS-1544425.

Acknowledgments: The setup of MAAP at the metropolitan site was supported by National Institute of
Environmental Research and Byeongjoo Jeong. The authors thank Jeonghoon Lee (different person than author
with identical name) for helping to collect data in the laboratory.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Johnson, B.T.; Shine, K.P.; Forster, P.M. The semi-direct aerosol effect: Impact of absorbing aerosols on marine
stratocumulus. Q. J. R. Meteorol. Soc. 2004, 130, 1407–1422. [CrossRef]

2. Haywood, J.; Boucher, O. Estimates of the direct and indirect radiative forcing due to tropospheric aerosols:
A review. Rev. Geophys. 2000, 38, 513–543. [CrossRef]

3. Bond, T.C.; Doherty, S.J.; Fahey, D.W.; Forster, P.M.; Berntsen, T.; DeAngelo, B.J.; Flanner, M.G.; Ghan, S.;
Kärcher, B.; Koch, D.; et al. Bounding the role of black carbon in the climate system: A scientific assessment.
J. Geophys. Res. Atmos. 2013, 118, 5380–5552. [CrossRef]

4. Kim, C.; Kim, K.J.; Lee, J. Assessment of black carbon concentration as a potential measure of air quality at
multi-purpose facilities. J. Aerosol Sci. 2019, 138, 105450. [CrossRef]

5. Lee, J. Performance Test of MicroAeth® AE51 at Concentrations Lower than 2 µg/m3 in Indoor Laboratory.
Appl. Sci. 2019, 9, 2766. [CrossRef]

6. Grafen, M.; Schweiger, G.; Esen, C.; Ostendorf, A. Time-resolved measurement of elemental carbon in urban
environment: Comparison of Raman backscattering and aethalometer results. J. Aerosol Sci. 2018, 117, 34–43.
[CrossRef]

7. Lack, D.A.; Moosmüller, H.; McMeeking, G.R.; Chakrabarty, R.K.; Baumgardner, D. Characterizing elemental,
equivalent black, and refractory black carbon aerosol particles: A review of techniques, their limitations and
uncertainties. Anal. Bioanal. Chem. 2014, 406, 99–122. [CrossRef]

http://dx.doi.org/10.1256/qj.03.61
http://dx.doi.org/10.1029/1999RG000078
http://dx.doi.org/10.1002/jgrd.50171
http://dx.doi.org/10.1016/j.jaerosci.2019.105450
http://dx.doi.org/10.3390/app9132766
http://dx.doi.org/10.1016/j.jaerosci.2017.12.003
http://dx.doi.org/10.1007/s00216-013-7402-3


Sensors 2020, 20, 2615 12 of 13

8. Moosmüller, H.; Chakrabarty, R.K.; Arnott, W.P. Aerosol light absorption and its measurement: A review.
J. Quant. Spectrosc. Radiat. Transf. 2009, 110, 844–878. [CrossRef]

9. Lin, H.-B.; Campillo, A.J. Photothermal aerosol absorption spectroscopy. Appl. Opt. 1985, 24, 422. [CrossRef]
10. Davis, C.C. Trace detection in gases using phase fluctuation optical heterodyne spectroscopy. Appl. Phys.

Lett. 1980, 36, 515–518. [CrossRef]
11. Moosmüller, H.; Arnott, W.P.; Rogers, C.F. Methods for real-time, in situ measurement of aerosol light

absorption. J. Air Waste Manag. Assoc. 1997, 47, 157–166. [CrossRef]
12. Owens, M.A.; Davis, C.C.; Dickerson, R.R. A photothermal interferometer for gas-phase ammonia detection.

Anal. Chem. 1999, 71, 1391–1399. [CrossRef] [PubMed]
13. Moosmüller, H.; Arnott, W.P. Folded Jamin interferometer: A stable instrument for refractive-index

measurements. Opt. Lett. 1996, 21, 438. [CrossRef] [PubMed]
14. Sedlacek, A.; Lee, J. Photothermal interferometric aerosol absorption spectrometry. Aerosol Sci. Technol.

2007, 41, 1089–1101. [CrossRef]
15. Sedlacek, A.J. Real-time detection of ambient aerosols using photothermal interferometry: Folded Jamin

interferometer. Rev. Sci. Instrum. 2006, 77, 1–8. [CrossRef]
16. Lee, J.; Kim, J.K. A measurement of light absorption using an image-based technique. Exp. Therm. Fluid Sci.

2012, 38, 14–18. [CrossRef]
17. Li, B.; Xu, L.; Huang, J.; Ma, F.; Li, Z. Method of aerosol absorption detection with photothermal interferometry.

Procedia Eng. 2015, 102, 1187–1192. [CrossRef]
18. Jin, W.; Cao, Y.; Yang, F.; Ho, H.L. Ultra-sensitive all-fibre photothermal spectroscopy with large dynamic

range. Nat. Commun. 2015, 6, 1–8. [CrossRef]
19. Williams, E.L.; Grosjean, D. Removal of Atmospheric Oxidants with Annular Denuders. Environ. Sci. Technol.

1990, 24, 811–814. [CrossRef]
20. Davidson, J.A.; Cantrell, C.A.; McDaniel, A.H.; Shetter, R.E.; Madronich, S.; Calvert, J.G. Visible-ultraviolet

absorption cross sections for NO2 as a function of temperature. J. Geophys. Res. Atmos. 1988, 93, 7105–7112.
[CrossRef]

21. Sheridan, P.J.; Patrick Arnott, W.; Ogren, J.A.; Andrews, E.; Atkinson, D.B.; Covert, D.S.; Moosmüller, H.;
Petzold, A.; Schmid, B.; Strawa, A.W.; et al. The Reno aerosol optics study: An evaluation of aerosol
absorption measurement methods. Aerosol Sci. Technol. 2005, 39, 1–16. [CrossRef]

22. Petzold, A.; Schönlinner, M. Multi-angle absorption photometry—A new method for the measurement of
aerosol light absorption and atmospheric black carbon. J. Aerosol Sci. 2004, 35, 421–441. [CrossRef]

23. Lee, J.; Yun, J.; Kim, K.J. Monitoring of black carbon concentration at an inland rural area including fixed
sources in Korea. Chemosphere 2016, 143, 3–9. [CrossRef] [PubMed]

24. Park, K.; Cao, F.; Kittelson, D.B.; McMurry, P.H. Relationship between particle mass and mobility for diesel
exhaust particles. Environ. Sci. Technol. 2003, 37, 577–583. [CrossRef] [PubMed]

25. Sorensen, C.M. The mobility of fractal aggregates: A review. Aerosol Sci. Technol. 2011, 45, 765–779. [CrossRef]
26. Gysel, M.; Laborde, M.; Mensah, A.A.; Corbin, J.C.; Keller, A.; Kim, J.; Petzold, A.; Sierau, B. Technical Note:

The single particle soot photometer fails to reliably detect PALAS soot nanoparticles. Atmos. Meas. Tech.
2012, 5, 3099–3107. [CrossRef]

27. Chapman, M. Heterodyne and Homodyne Interferometry. 2002. Available online: https:
//web.archive.org/web/20170726073548/http://resources.renishaw.com/en/download/white-paper-
homodyne-and-heterodyne-interferometry--5653 (accessed on 12 April 2020).

28. Maricq, M.M.; Xu, N. The effective density and fractal dimension of soot particles from premixed flames and
motor vehicle exhaust. J. Aerosol Sci. 2004, 35, 1251–1274. [CrossRef]

29. Köylü, Ü.Ö.; Faeth, G.M.; Farias, T.L.; Carvalho, M.G. Fractal and projected structure properties of soot
aggregates. Combust. Flame 1995, 100, 621–633. [CrossRef]

30. Sorensen, C.M.; Cai, J.; Lu, N. Light-scattering measurements of monomer size, monomers per aggregate,
and fractal dimension for soot aggregates in flames. Appl. Opt. 1992, 31, 6547. [CrossRef]

31. Gini, M.I.; Helmis, C.; Melas, A.D.; Papanastasiou, D.; Orfanopoulos, G.; Giannakopoulos, K.P.; Drossinos, Y.;
Eleftheriadis, K. Characterization of carbon fractal-like aggregates by size distribution measurements and
theoretical calculations. Aerosol Sci. Technol. 2016, 50, 133–147. [CrossRef]

32. Yon, J.; Bescond, A.; Ouf, F.X. A simple semi-empirical model for effective density measurements of fractal
aggregates. J. Aerosol Sci. 2015, 87, 28–37. [CrossRef]

http://dx.doi.org/10.1016/j.jqsrt.2009.02.035
http://dx.doi.org/10.1364/AO.24.000422
http://dx.doi.org/10.1063/1.91590
http://dx.doi.org/10.1080/10473289.1997.10464430
http://dx.doi.org/10.1021/ac980810h
http://www.ncbi.nlm.nih.gov/pubmed/21662962
http://dx.doi.org/10.1364/OL.21.000438
http://www.ncbi.nlm.nih.gov/pubmed/19865431
http://dx.doi.org/10.1080/02786820701697812
http://dx.doi.org/10.1063/1.2205623
http://dx.doi.org/10.1016/j.expthermflusci.2011.10.016
http://dx.doi.org/10.1016/j.proeng.2015.01.245
http://dx.doi.org/10.1038/ncomms7767
http://dx.doi.org/10.1021/es00076a002
http://dx.doi.org/10.1029/JD093iD06p07105
http://dx.doi.org/10.1080/027868290901891
http://dx.doi.org/10.1016/j.jaerosci.2003.09.005
http://dx.doi.org/10.1016/j.chemosphere.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25900115
http://dx.doi.org/10.1021/es025960v
http://www.ncbi.nlm.nih.gov/pubmed/12630475
http://dx.doi.org/10.1080/02786826.2011.560909
http://dx.doi.org/10.5194/amt-5-3099-2012
https://web.archive.org/web/20170726073548/http://resources.renishaw.com/en/download/white-paper-homodyne-and-heterodyne-interferometry--5653
https://web.archive.org/web/20170726073548/http://resources.renishaw.com/en/download/white-paper-homodyne-and-heterodyne-interferometry--5653
https://web.archive.org/web/20170726073548/http://resources.renishaw.com/en/download/white-paper-homodyne-and-heterodyne-interferometry--5653
http://dx.doi.org/10.1016/j.jaerosci.2004.05.002
http://dx.doi.org/10.1016/0010-2180(94)00147-K
http://dx.doi.org/10.1364/AO.31.006547
http://dx.doi.org/10.1080/02786826.2015.1134763
http://dx.doi.org/10.1016/j.jaerosci.2015.05.003


Sensors 2020, 20, 2615 13 of 13

33. Bohren, C.F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles; WILEY-VCH Verlag GmbH &,
Co. KGaA: Weinheim/Berlin, Germany, 1998; ISBN 9780471293408.
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