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ABSTRACT

Temperature was considered to estimate the mini-
mum detectable absorption coefficient of aerosol par-
ticles from photothermal spectroscopy. Light energy
absorbed by subsequent emission from the aerosol
results in the heating of the aerosol sample and con-
sequently causes a temperature change as well as
changes in thermodynamic parameters of the sample.
This thermal effect is the basis of photothermal spec-
troscopy. Photothermal spectroscopy has several typ-
es of techniques depending on how the photothermal
effects are detected. Photothermal interferometry
traces the photothermal effect, refractive index, using
an interferometer. Photoacoustic spectroscopy de-
tects the photothermal effect, sound wave, using a
microphone. In this study, it is suggested that the
detection limit for photothermal spectroscopy can be
influenced by the introduction of a slip correction fac-
tor when the light absorption is determined in a high
temperature environment. The minimum detectable
absorption coefficient depends on the density, the
specific heat and the temperature, which are ther-
modynamic properties. Without considering the slip
correction, when the temperature of the environment
is 400 K, the minimum detectable absorption coeffi-
cient for photothermal interferometry increases ap-
proximately 0.3% compared to the case of 300 K.
The minimum detectable absorption coefficient for
photoacoustic spectroscopy decreases only 0.2%
compared to the case of 300 K. Photothermal inter-
ferometry differs only 0.5% point from photoacoustic
spectroscopy. Thus, it is believed that photothermal
interferometry is reliably comparable to photoacoustic
spectroscopy under 400 K.
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1. INTRODUCTION

Black carbon (BC) is an important object in many
areas including climate change and the growth rates
of Asian forest tree species (Yamaguchi et al., 2012).
Currently, several filter-based instruments such as a
Particle Soot Absorption Photometer (PSAP), a Con-
tinuous Soot Monitoring System (COSMOS), a Con-
tinuous Light-Absorption Photometer (CLAP), an ae-
thalometer and a MultiAngle Absorption Photometer
(MAAP) are widely used to measure BC concentration
even though they suffer from artifacts associated with
the materials of the filter membrane and moisture is-
sues (Shrestha et al., 2014; Kanaya et al., 2013; Reche
etal.,2011). A Single Particle Soot Photometer (SP2)
as a non-intrusive method is suggested to overcome
the issues arisen from the filter-based methods for the
characterization of BC. However, the SP2 is also
known to be unable to detect loosely packed particles
that have very small primary particles even though the
particles are black (Gysel et al., 2012). In this situation,
a photothermal spectroscopy does provide a filter-free
technique as a challenge toward a sensitive measure-
ment of BC via quantification of light absorption. Light
energy absorbed by subsequent emission from the aero-
sol results in the heating of sample and consequently
causes a temperature change as well as changes in
temperature-related thermodynamic parameters of the
sample. PhotoThermal Interferometry (PTI) traces the
refractive index change induced by the thermal dissipa-
tion of the spectrally absorbed light (Bialkowski, 1996).
Recently, image based PTI was also introduced to mea-
sure light absorption from absorbing particles (Lee and
Kim, 2012). Similarly, PhotoAcoustic Spectroscopy
(PAS) measures the sound wave produced due to light
absorption, heating of the ambient gas, and subsequent
pressure fluctuations detected through microphone.
Here, the author considered the effect of temperature
in estimating the absorption coefficient of aerosol par-
ticles from photothermal spectroscopy. It is suggested
that the detection limit of the photothermal spectros-
copy can be influenced by the introduction of a slip



correction factor at high temperature environment.

2. METHODS

The basis of photothermal spectroscopy is a photo-
induced change in the thermal state of the sample as
its name suggested. Photothermal spectroscopy invol-
ves thermal effect caused by the optical interaction of
airborne samples through energy transfer. The thermal
effect finally creates the temperature difference surroun-
ding the airborne samples (Bialkowski, 1996). Thus,
it is important to consider the temperature effect dur-
ing the photothermal process.

2.1 PhotoThermal Interferometry (PTI)

Photothermal interferometry traces the refractive
index change induced by the thermal dissipation of the
spectrally absorbed light. If we assume that the varia-
tion of the refractive index along the pathlengh is uni-
form, phase shift (A¢) between a probe beam and a
pump beam for the photothermal interferometry sys-
tem is given as follows (Sedlacek, 2006).
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In equation (1), [ is the pathlength of the measuring
volume, A is the wavelength of the probe and pump
beams, n is the refractive index of air, 7y is the temper-
ature of the airborne sample, « is the absorption coef-
ficient of airborne sample, P,,. is the power of excita-
tion laser, a is the pump beam radius, p is the density
of air, C,, is the specific heat of air, and f is the modu-
lation frequency of the excitation beam.

The phase difference corresponding to the induced
change in the refractive index caused by the tempera-
ture change is detected at two photodiodes as power
outputs and is linear to the difference between the sig-
nal detected in photo-diode 1 and photo-diode 2 (Moo-
semiuller et al., 1997). Thus, the signal-to-noise-ratio
(SNR) of the power can be written as follows.
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When the SNR is equal to 1, the minimum detectable
change of the phase shift can be expressed as
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In equation (3), Af is the detection bandwidth, A is the
wavelength of the probe beam (He-Ne laser, 632 nm),
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Py is the power of the probe laser, 4 is Planck’s con-
stant, iv is the photon energy of the probe laser and n
is the detector efficiency. Then, the minimum detecta-
ble absorption coefficient (¢,;,) can be derived from (1)
and (3) as follows.
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The excitation laser beam radius (a), modulation fre-
quency (f), the wavelength of probe beam (4), the
pathlength of the measuring volume (/), the power of
the excitation laser (P,,.), the detection bandwidth
(Af) and the power of the probe laser (Py) can be
assumed to be constant since the parameters are fixed
at once the experimental setup is determined. The re-
fractive index of air n does depend on the tempera-
ture, which is the principle of the PTI. In other words,
the relationship between the refractive index and the
temperature was already considered to derive the
minimum detectable absorption coefficient. There-
fore, the refractive index was not considered in the
estimation of minimum detectable absorption in terms
of temperature. Then, the minimum detectable absorp-
tion coefficient depends only on three thermodynamic
properties, the density (p), the specific heat (C,) and
the temperature (7).

This simplifies the expression for the minimum
detectable absorption coefficient as below.

amin~pC,, To (5)

The density and the specific heat are functions of
the temperature and can be easily formulated from 300
K to 400 K. The author used thermodynamic properties
listed in the National Institute of Standards and Tech-
nology (NIST) database (http://webbook.nist.gov/
chemistry/).

2.2 PhotoAcoustic Spectroscopy (PAS)
Similar to photothermal interferometry, photoacou-
stic spectroscopy measures the sound wave produced
due to the consequence of light absorption, heating of
the ambient gas, and subsequent pressure fluctuations
detected through microphone. In other words, PAS
detects the pressure of the acoustic wave created by
the heating of the airborne sample using an alternat-
ing laser. In more detail, the laser beam power is mo-
dulated at the resonance frequency of the sample cham-
ber. Then, the sound is produced due to the airborne
sample heating by light absorption, and subsequent
pressure fluctuations allow for a standing acoustical
wave in the resonator. The induced pressure depends
directly on the optical absorption coefficient as be-
low, so that the detection of pressure allows us to mea-
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sure the light absorption (Moosemiiller et al., 1997).
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In equation 6, « is the absorption coefficient, P is the
pressure induced by acoustic wave, P, is the laser power,
0 is the quality factor of the resonance cell, ¢ is the
speed of ambient sound, L is the length of the cylin-
drical cell, C is a constant having a value of 0.25 for
air, and R is the radius of the cylindrical cell.
Equation 6 can be expressed in another way as below.
a=P- 1 A fo (7
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In equation 7, A, is the cross sectional area of the
resonator, y is the specific heat ratio for air and f; is the
resonance frequency. Parameters other than y can be
assumed constant, therefore, the absorption coeffi-
cient o depends on only one thermodynamic proper-
ty, the specific heat ratio (y) of air. As shown above,
absorption coefficients for the PTI and the PAS are
dependent on thermodynamic properties.
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2.3 Slip Correction

As far as the author knows, there have been no pho-
tothermal spectroscopy research which considers tem-
perature higher than room temperature. In addition,
the author investigated the different behavior of PTI
and PAS for the high temperature environment con-
dition by considering the slip correction factor. Mean
free path of the air molecules increases in the high
temperature condition, resulting in an environment
where the collision between molecules and airborne
samples slip. In this case, the specific heat is thought
to be reduced due to the active movement of particles.
Thus, we can model the specific heat as proportional
to the slip correction factor to the negative power. It is
modeled that the relative specific heat is proportional
to C,”3 (model 1), C,”'? (model 2) and C, ! (model 3),
where C, is the slip correction factor. The simplest slip
correction factor was used as below (Hinds, 1999).
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The author made comparison of relative minimum
detectable absorption coefficient between PTT and PAS
on the assumption that the reference aerosol size is
monodisperse at d,=100 nm and the reference tem-
perature is 300 K.

3. RESULTS AND DISCUSSION

First, the relative minimum detectable absorption
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Fig. 1. Relative minimum detectable absorption coefficients
for PTI (Photothermal Interferometry) and PAS (Photoacous-
tic Spectroscopy) at different temperature higher than room
temperature without considering a slip correction factor.

coefficient without considering the slip correction
factor was estimated. For the case of PTI, when the
temperature of the environment is 400 K, the relative
minimum detectable absorption coefficient increases
approximately 0.3% higher than the case of 300 K as
can be seen in Fig. 1. For the case of photoacoustic
spectroscopy, the relative minimum detectable absorp-
tion coefficient was estimated only 0.2% less than the
case of 300 K. Thus, it is believed that the photothermal
interferometry is comparable to the photoacoustic spec-
troscopy under 400 K. The deviation of 0.3% for the
PTI at the temperature of 400 K is probably due to en-
hanced molecular interaction between the airborne sam-
ples and air at the elevated energy state. The equations
of polynomial fitting for both cases were presented in
the Fig. 1. Extrapolation using these equations allows
us to estimate the discrepancy between photothermal
interferometry and photoacoustic spectroscopy. The
discrepancy was calculated to be approximately 30%
for the temperature of 2000 K, which is common in
combustion study.

The author showed the relative minimum detectable
absorption coefficients for PTI estimated using differ-
ent models of slip correction factor in Fig. 2. The re-
lative minimum detectable absorption coefficients rela-
tive to that calculated with T=300 K were reduced as
temperature increased. When it is assumed that the heat
capacity is proportional to the slip correction factor to
the —1/3 (model 1), the relative minimum detectable
absorption coefficient decreased about 7.5% when the
temperature was 400 K. For the case of model 2 and
3, the relative minimum detectable absorption coeffici-
ents were reduced by 11% and 21%, respectively. The
equations for linear regression fitting were imbedded
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Fig. 2. Relative minimum detectable absorption coefficient
estimated by PTI (Photothermal Interferometry) for different
models of slip correction factor.
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Fig. 3. Relative minimum detectable absorption coefficient
estimated by PAS (Photoacoustic Spectroscopy) for different
models of slip correction factor.

in Fig. 2. These equations could be used to estimate
the relative minimum detectable absorption coeffici-
ent for the temperatures higher than 400 K. Extrapo-
lation using these equations allows us to estimate the
deviation from the relative minimum detectable ab-
sorption coefficient at 300 K for the photothermal in-
terferometry. The relative minimum detectable absorp-
tion coefficients at 2000 K, which is a typical exam-
ple of combustion study, were calculated to be appro-
ximately 31%, 49% and 78% for the model 1, 2 and
3, respectively.

Similar to the case of PTI, the relative minimum de-
tectable absorption coefficients estimated for PAS were
reduced as temperature increased. Fig. 3 shows that
the relative minimum detectable absorption coeffici-
ent decreased about 8% when the temperature was 400
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Fig. 4. Comparison of relative minimum detectable absorp-
tion coefficients between PTI and PAS for the model 1.

K for the model 1 case. The trend for the model 2 and
3 is very similar to the case of PTI. The equations for
linear regression fitting were imbedded in Fig. 3. These
equations could be used to estimate the relative mini-
mum detectable absorption coefficient for the tempera-
tures higher than 400 K. Extrapolation using these equa-
tions allows us to estimate the deviation from the rela-
tive minimum detectable absorption coefficient at 300
K for the photoacoustic spectroscopy. The relative mini-
mum detectable absorption coefficients at 2000 K were
calculated to be approximately 48%, 61% and 84%
for models 1, 2 and 3, respectively.

Both PTI and PAS use optical heating to obtain re-
levant signals. During the optical interaction, the ther-
mal energy is absorbed into the volume of particles whi-
ch depends on d,’. Airborne samples that spectrally
absorb light dissipate heat radially. If slip between
molecules and particles takes place, the specific heat
could decrease since the particles can move actively
under the condition of reduced drag, resulting in a fast
heat transfer. This implies that the specific heat can be
decreased. Thus, it is appropriate that specific heat can
be modified by the slip correction factor to the —1/3.
Fig. 4 shows that slip correction factor up to 400K, the
relative minimum detectable absorption coefficients
for both the PTI and the PAS are maintained almost
same and decreased linearly to the temperature. The
relative minimum detectable absorption coefficients
decreased only by 8% up to the temperature of 400
K. Therefore, both the PTI and the PAS can be applied
up to this temperature without considering the slip cor-
rection if the error of 8% is assumed to be acceptable.
However, slip correction needs to be considered in envi-
ronments higher than 400 K. The equations for linear
regression fitting were imbedded in Fig. 4. These equa-
tions could be used to estimate the relative minimum
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detectable absorption coefficient for the temperatures
higher than 400 K. Extrapolation using these equa-
tions shows that the relative minimum detectable ab-
sorption coefficient for the photothermal interferome-
try is 17% point higher than that for the photoacous-
tic spectroscopy at 2000 K.

4. CONCLUDING REMARKS

As far as the author knows, this research investigat-
ed the temperature effect on the PAS and PTT techni-
que for the first time. The PAS is comparable to the
PTT up to T=400 K from room temperature. When
considering slip correction, the relative minimum de-
tectable absorption coefficients using PAS were also
comparable to those using PTI up to T=400 K. The
detection limit of the photothermal interferometry can
be affected by the slip correction factor in the environ-
ment higher than room temperature. The minimum
detectable absorption coefficient for the photothermal
interferometry depends only on some thermodynamic
properties such as the density, the specific heat and the
temperature. Without considering the slip correction,
when the temperature is 400 K, the relative minimum
detectable absorption coefficient for the photothermal
interferometry increased approximately 0.3%. The
relative minimum detectable absorption coefficient for
the photoacoustic spectroscopy decreased 0.2%. The
difference of the minimum detectable absorption coeffi-
cient between the photothermal interferometry and the
photoacoustic spectroscopy is only 0.5% points. Thus,
it is believed that photothermal interferometry is reli-
ably comparable to photoacoustic spectroscopy under
400 K. At a temperature of 2000 K, however, the rela-
tive minimum detectable absorption coefficient for the
photothermal interferometry deviated approximately
30% from that for the photoacoustic spectroscopy.
Therefore, it is believed that more detailed research
needs to be done to elucidate which technique is reli-
able.

ACKNOWLEDGMENT

This work was supported by the Korea Ministry of
Environment as Converging Technology Project (2013
001650004). The author thanks Dr. H. Moosmiiller at
DRI (Desert Research Institute) for helpful discus-
sions and insights.

REFERENCES

Bialkowski, S.E. (1996) Photothermal Spectroscopy
Methods for Chemical Analysis, John Wiley & Sons,
Inc., New York, pp. 1-30.

Gysel, M., Laborde, M., Mensah, A.A., Corbin, J.C.,
Keller, A., Kim, J., Petzold, A., Sierau, B. (2012) The
single particle soot photometer fails to reliably detect
PALAS soot nanoparticles. Atmospheric Measurement
Techniques 5, 3099-3107.

Hinds, W.C. (1999) Aerosol Technology: Properties,
Behavior, and Measurement of Airborne Particles (2nd
Ed.), John Wiley & Sons, Inc., New Jersey, pp. 49.

Kanaya, Y., Taketani, F., Komazaki, Y., Liu, X., Kondo,
Y., Sahu, L.K., Irie, H., Takashima, H. (2013) Compari-
son of black carbon mass concentrations observed by
Multi-Angle Absorption Photometer (MAAP) and Con-
tinuous Soot-Monitoring System (COSMOS) on Fukue
Island and in Tokyo, Japan. Aerosol Science and Techno-
logy 47, 1-10.

Lee, J., Kim, J.K. (2012) A measurement of light absorp-
tion using an image-based technique. Experimental Ther-
mal and Fluid Science 38, 14-18.

Moosmiiller, H., Arnott, W.P., Rogers, C.F. (1997) Me-
thods for real-time, in situ measurement of aerosol light
absorption. Journal of the Air & Waste Management
Association 47, 157-166.

Reche, C., Quero, X., Alastuey, A., Viana, M., Pey, J.,
Moreno, T., Rodriguez, S., Gonzalez, Y., Fernandez-
Camacho, R., Sanchez de la Campa, A.M., de la Rosa,
J., Dall’Osto, M., Prévot, A.S.H., Hueglin, C., Harrison,
R.M., Quincey, P.(2011) New considerations for PM,
black carbon and particle number concentration for air
quality monitoring across different European cities.
Atmospheric Chemistry and Physics 11, 6207-6227.

Sedlacek, A., Lee, J. (2007) Photothermal interferometric
aerosol absorption spectrometry. Aerosol Science and
Technology 41, 1089-1101.

Shrestha, R., Kim, S.-W., Yoon, S.-C., Kim, J.-H. (2014)
Attribution of aerosol light absorption to black carbon
and volatile aerosols. Environmental Monitoring and
Assessment 186, 4743-4751.

Yamaguchi, M., Otani, Y., Takeda, K., Lenggoro, L W.,
Ishida, A., Yazaki, K., Noguchi, K., Sase, H., Murao,
N., Nakaba, S., Yamane, K., Kuroda, K., Sano, Y., Fu-
nada R., Izuta, T. (2012) Effects of long-term exposure
to black carbon particles on growth and gas exchange
rates of fagus crenata, castanopsis sieboldii, larix kaemp-
feri and cryptomeria japonica seedlings. Asian Journal
of Atmospheric Environment 6, 259-267.

(Received 3 November 2014, revised 8 December 2014,
accepted 13 January 2015)



