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Sensitive multi-species photoacoustic gas
detection based on mid-infrared supercontinuum
source and miniature multipass cell
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We report multipass broadband photoacoustic spectroscopy of trace gases in the mid-infrared. The
measurement principle of the sensor relies on supercontinuum-based Fourier transform photoacoustic
spectroscopy (FT-PAS), in which a scanning interferometer modulates the intensity of a mid-infrared
supercontinuum light source and a cantilever microphone is employed for sensitive photoacoustic
detection. With a custom-built external Herriott cell, the supercontinuum beam propagates ten times
through a miniature and acoustically non-resonant gas cell. The performance of the FT-PAS system is
demonstrated by measuring the fundamental C—H stretch bands of various hydrocarbons. A noise

Received 14th April 2022, equivalent detection limit of 11 ppb is obtained for methane (40 s averaging time, 15 pW cm™! incident

Accepted 30th July 2022 power spectral density, 4 cm™ resolution), which is an improvement by a factor of 12 compared to the
best previous FT-PAS systems. High linearity and good stability of the sensor provide reliable

identification of individual species from a gas mixture with strong spectral overlap, laying the foundation
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1 Introduction

Photoacoustic spectroscopy (PAS) is an extensively used tech-
nique for trace gas sensing due its high sensitivity and low gas
consumption.”” These properties result from a unique opera-
tion principle converting the detection from optical into acous-
tic domain. Modulated incident radiation induces periodic
absorption in a closed gas cell, which leads to periodic pressure
variations via molecular thermal relaxation. The pressure waves
proportional to the gas concentration are typically detected
with a capacitive microphone. More recently, detection
schemes utilizing pressure transducers with enhanced sensi-
tivity such as piezoelectric quartz tuning forks and optically
read cantilevers have been demonstrated.’” The detection of
multiple species with high selectivity requires a spectrally
broadband system that can be implemented using a Fourier
transform photoacoustic spectroscopy (FT-PAS) approach.®” In
FT-PAS, a scanning interferometer modulates each wavenum-
ber of a broadband light source at a distinct acoustic frequency,
after which all the pressure waves at these frequencies are
simultaneously detected in an acoustically non-resonant gas
cell. Broadband thermal emitters are typically used as the light
source in FT-PAS, but recently supercontinuum (SC) sources

@ Photonics Laboratory, Physics Unit, Tampere University, FI-33014 Tampere,
Finland. E-mail: juha.toivonen@tuni.fi
> Gasera Ltd., Lemminkdisenkatu 59, FI-20520 Turku, Finland

This journal is © the Owner Societies 2022

for sensitive and selective multi-species detection in small sample volumes.

and frequency combs have been shown to yield significantly
better performance.®™?

The spatial coherence of these light sources enables efficient
coupling to an optical cavity, which amplifies optical power
inside the gas cell resulting in a proportional enhancement in
the photoacoustic (PA) signal and sensitivity. Although non-
resonant multipass cavities provide less amplification than
resonant cavities,">'* they are often preferred due to simpler
operation, better mid-infrared (mid-IR) availability and wider spec-
tral bandwidth, which is especially crucial for broadband systems.
In single-frequency PAS, various types of multipass cavities have
been reported, including simple zigzag configurations,">"*™” circu-
lar cells,® retroreflectors'® and Herriott cells®*>* that are especially
attractive for conventional cylindrical gas cells. The reflectors in
most miniature multipass systems are internal,">*#** i ¢, in contact
with the gas medium, to eliminate optical power losses from
windows, and the background signal from these mirrors is mini-
mized by ways of wavelength modulation'”'®** or acoustic
resonances, >'® which however are not applicable to FT-PAS.

Here, we report the first broadband (spectral bandwidth over
100 cm ™) multipass PAS system in the mid-IR by employing an
external Herriott-type mirror configuration. Radiation from a
mid-IR SC source is guided ten times through a miniature gas
cell equipped with a cantilever microphone that has been
shown to perform exceptionally well in broadband PA detection
due to its sensitivity over a wide frequency range.>® The multi-
pass system provides a sixfold signal enhancement in a
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bandwidth of 400 cm ™! around 3000 cm™*, which results in an
order of magnitude improvement in sensitivity for FT-PAS
systems and detection limits for hydrocarbons in the low parts
per billion (ppb) level. We also study the stability of the system
and demonstrate its high selectivity showing great promise for
multi-species trace gas detection.

2 Experimental

The experimental setup is illustrated in Fig. 1. A home-built SC
source is generated by injecting sub-nanosecond pulses with
70 kHz repetition rate into a combination of optical fibers,
yielding a spectrum that extends from 1547 nm (6464 cm ') to
3700 nm (2700 ecm ™~ *).%2¢ The SC light is collimated into a beam
of 2 mm diameter using a reflective fiber collimator, and then
spectrally filtered. A long-pass filter with a cut-off at 2989 nm
(3346 cm™', Northumbria Optical Coatings SLWP-2989)
removes optical power from spectral regions not under interest
and thus suppresses excess absorption from water (H,0) mole-
cules in the gas cell. As we have shown previously,” eliminating
unutilized absorption decreases the noise level significantly, as
the intensity noise of the SC is coupled to the PA signal via light
absorption by gas molecules. The filtered SC light with 21 mW
of optical power is directed into a Fourier transform spectro-
meter (FTS, Bruker IRCube), whose maximum spectral resolu-
tion is 1 em ™. The optical path difference scanning velocity of
the FTS is about 1 mm s !, which leads to modulation
frequencies of 270-340 Hz at the wavenumber range of the
filtered SC. At such low modulation frequencies the relaxation
processes do not limit the sensitivity of the system and the
response is similar for different gas mixtures.

About 30% of the incoming light is transmitted through the
FTS and focused towards a commercial PA analyser (Gasera
PA201) using a parabolic mirror (f = 20 cm). Within the PA
analyser, a miniature non-resonant gas cell is 95 mm long,

SC source

PA analyser

I$I Gas infout ﬁ

PM

- (C

Fig.1 A schematic of the experimental setup: SC - supercontinuum;
LPF — long-pass filter; FTS — Fourier transform spectrometer; BS — beam
splitter; PM — parabolic mirror; PA — photoacoustic. The simulation on the
bottom-right corner shows the theoretical intensity pattern at the front
mirror. The smaller white ring represents the input aperture and the larger
ring illustrates the gas cell.
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4 mm in diameter, about 7 ml by total volume and sealed with
anti-reflection coated BaF, windows (Thorlabs WG00530-E). Four
mass flow controllers (Brooks Instruments 0154 and three pieces
of Bronkhorst F-201CV) and a gas exchange system incorporated
into the PA analyser control the gas flow into the cell with
pressure and temperature set to 1 bar and 23 °C, respectively.

The multipass configuration for this gas cell was designed
through careful modelling of the optical system using Matlab.
Specifically, we simulated the propagation of a Gaussian
beam®’ in different Herriott configurations®®*° by varying the
properties of the mirrors (radius of curvature and separation)
and the input beam (radius of curvature and beam waist). The
optimum number of passes was found to be ten using mirrors
with 200 mm radius of curvature and separated by 138 mm.
Such gold-plated spherical mirrors (LBP Optics) with diameters
of 12.7 mm were placed outside the gas cell, where the SC
radiation is guided off-axially through a small aperture (1 mm
in diameter, displaced 1.1 mm from the mirror center) in the
front mirror. A simulated intensity pattern at the front mirror is
shown at the bottom-right corner in Fig. 1. A theoretical signal
enhancement (dashed black line in Fig. 2(b)) for this multipass
system is slightly wavenumber dependent around 6.2, consid-
ering the transmittance curve of the windows (96% on average)
reported by the manufacturer and a constant 98% mirror
reflectance.

An integrated microphone placed on the side of the gas cell
is a thin (a few pum) silicon slab with an area of a few mm?®
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Fig. 2 (a) Measured FT-PAS spectra of 36 ppm CH,4 in N, using the

multipass enhancement (black line) and allowing only one beam pass
through the gas cell (blue line). Both spectra were averaged over 40 s
(eight scans) at a spectral resolution of 4 cm ™. We note that the maximum
resolution of the FTS (1 cm™) was not utilized here. In addition to the
optical domain on the bottom, the corresponding modulation frequencies
in the acoustic domain are shown on the top. (b) Signal enhancement
using the multipass arrangement, evaluated from the measured spectra
(solid blue line) and estimated from the window transmittance and mirror
reflectance (dashed black line).
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attached to its frame only from one side.>® Pressure variations
displace the free end of the cantilever whose position is
monitored with a spatial-type interferometer.>"*> The micro-
phone with a bandwidth of about 700 Hz records an interfer-
ogram containing information on all the excited acoustic waves
whose frequencies are directly proportional to specific
absorbed wavenumbers. A three-term Blackman-Harris apodi-
zation function is applied for the resampled (reference HeNe
laser) interferogram, and the absorption spectrum is obtained
by Fourier transform.

3 Results and discussion
Multipass enhancement and system performance

We measured the rovibrational absorption spectra of the fun-
damental C-H stretch band of methane (CH,) around
3000 cm™ ' to demonstrate multipass enhancement and to
compare the performance of the system with previous studies.
Fig. 2 shows the absorption spectrum of 36 parts per million
(ppm, volume mixing ratio) of CH, in nitrogen (N,), measured
both with a single and ten beam-pass through the gas cell.
Single pass was realized by blocking the beam before the back
spherical mirror. Each spectrum was averaged over eight scans
at a spectral resolution of 4 cm ™" resulting in a total averaging
time of 40 s. A small H,O residual was subtracted from both spectra
using a methane-free spectral region with water absorption around
3200 cm™ " and a separate pure H,O measurement. We calculated
the detection enhancement arising from the multipass configu-
ration by comparing the raw spectra with and without the multipass
enhancement. This division shown in Fig. 2(b) (solid blue line) is in
excellent agreement with the theoretical prediction of a signal
enhancement of 5-8 at 2800-3200 cm ™, especially in a region with
a high signal-to-noise ratio.

For the multipass enhanced system, we estimated the limit
of detection as LOD = 3a¢/S, where ¢ is the gas concentration
(36 ppm), S is the strongest spectral peak evaluated at
3017 cm™ " and ¢ is the noise level calculated from a separate
40 seconds long recording with only N, in the gas cell, as this
represents the noise level at low CH, concentrations.’ Due to a small
H,O residual in the N, measurement, the noise level was calculated
as the standard deviation of the baseline at 2200-2800 cm™". As will
be shown later, this choice is justified by the flat noise level across
the investigated wavenumber region. Based on this calculation, a
detection limit of 32 ppb in 40 s for CH, was obtained.

The performance of our system is compared to that of
previous FT-PAS studies in Table 1. Note that the power spectral
density is reported without any multipass enhancement (a
double-pass arrangement was used in ref. 8, 10 and 11).
Significantly, our system shows a factor of 12 improvement in
the time-normalized detection limit compared to the best
previous FT-PAS system® due to the multipass enhancement
and a more sensitive PA analyser. In general, the differences
between the LODs in Table 1 also result from the power spectral
densities, spectral resolutions and from the procedures for
estimating the noise level at the detection limit. The LOD
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Table1l A summary of recent FT-PAS experiments using supercontinuum
(SC) or optical frequency comb (OFC) light sources in terms of CH,4 limit of
detection (LOD, 3, 100 s), spectral resolution and incident power spectral
density (PSD)

Source  LOD (ppb) Res.(cm™")  PSD (uWem ')  Ref.

SC 990 4 31 8

OFC 3300 0.033 21 10

OFC 660 0.02 240 11

SC 240 13 19 9

SC 20 4 18 This work

obtained here is comparable with other relatively simple broad-
band mid-IR techniques such as SC-based direct absorption
spectroscopy and dual-comb spectroscopy with achieved CH,
detection limits of 47 ppb and 2.4 ppm (for ~100 times weaker
absorption cross sections), respectively.’>** However, both of
these techniques require two orders of magnitude larger sam-
ple volumes compared to our approach.

The performance of the system was further characterized by
measuring the C-H stretch bands of 30 ppm ethane (C,Hg) and
100 ppm ethene (C,H,) separately at 1 cm ™" spectral resolution.
The raw spectra were averaged over 200 s (ten scans), corrected
for H,O absorption using the procedure described for CH, and
normalized by the spectral envelope of the SC measured with a
monochromator (Spectral Products DK480 1/2) and numerically
corrected by the transmittance of the filter and the windows.
The raw C,H, spectrum and the H,O residual are shown in
Fig. 3(a). The corrected spectra in Fig. 3(b) are in excellent
agreement with simulations based on the HITRAN database®
and the instrument lineshape function. The increase in the
baseline at the low wavenumber part of the C,Hg spectrum is
due to low power spectral density of the SC in this region, which
amplifies the background noise in the normalization process.

Calibration and noise characterization

We studied the effect of the gas concentration on the amplitude
of the measured photoacoustic signal and the noise level. The
concentration-amplitude dependence is used for calibration,
which is always required in PAS, and the noise relation gives
insight into the unique noise mechanism of FT-PAS studied in
more detail elsewhere.” Samples of C,H, with varying concen-
tration between 6 and 900 ppm were prepared by diluting C,H,
from a 1% gas bottle to N,. The measured spectra for the
different concentrations with 1 cm™" resolution and averaged
over 100 s (5 scans) are shown in Fig. 4(a) on a logarithmic
scale. One can see how both the signal amplitude and noise
level increase with the concentration. We also observe that
within a single measurement, the noise level remains constant
across the characterized wavenumber range, which justifies the
use of the noise value in a specific region (red area in Fig. 4(a))
to assess the detection limit. For each spectrum, the amplitude
was calculated from the strongest spectral peak of C,H, after
H,O subtraction, and the noise level was estimated as the
standard deviation of the raw PA amplitude in an absorption-

free region at 2600-2800 cm ™.
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Fig. 3
(b) Absorption spectra of 30 ppm C,Hg and 100 ppm CoH4 at 1 cm™
spectral resolution, obtained experimentally (left axis) by subtracting the
H,O residual from the raw spectra and normalizing by the envelope of the
SC spectrum, and modelled (right axis, inverted) using the HITRAN data-
base and the instrument lineshape function.

Fig. 4(b) and (c) illustrate quantitatively the dependence of
the signal amplitude and noise as a function of C,H, concen-
tration up to 200 ppm. Uncertainties in the C,H, concentra-
tions result from dilution errors caused by the gas bottle
uncertainty (2%) and the errors in the mass flow controllers
(1-17% depending on the concentration and corresponding to
absolute errors of 1-5 ppm). Uncertainties in the peak ampli-
tudes and the noise levels are mainly caused by the fluctuation
in the SC power, which was estimated from a long-term stability
measurement. As can be expected, the amplitude of the acous-
tic signal scales linearly with the concentration (R> = 0.9997). At
C,H, concentrations beyond 200 ppm, the amplitude begins to
saturate in accordance with the Beer-Lambert law. This
observed amplitude nonlinearity at high concentrations was
compared to a theoretical nonlinearity of the C,H, amplitude to
retrieve the effective optical path length. This simulation, based
on a reference spectrum from the HITRAN database,*® the
Beer-Lambert law and the instrument lineshape function,
yields an optical path length of 58 = 10 cm corresponding to
a path length enhancement of 6.1 &+ 1.1 and matching well to
our achieved signal enhancement in the CH, demonstration.

The noise level exhibits similar dependence with the C,H,
concentration as the amplitude, because the intensity noise of
the SC couples to the PA signal via light absorption by gas
molecules. Higher concentration yields more absorption and
therefore both higher amplitude and noise. This concentration
dependent noise component is shown as a dotted green line in
Fig. 4(c), extracted from the fit. However, the noise has another
contribution from the thermal fluctuations of gas molecules
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Fig. 4 (a) Measured absorption spectra of C,H,4 at three concentrations

and a background spectrum (no light entering the cell), all averaged over
100 s (5 scans) at a spectral resolution of 1 cm™™. The spectra of CoH,
include H,O residual, which is especially visible at the lowest concen-
tration. Red area shows the noise region used in estimating the detection
limits, which is justified by the flat noise level across the wavenumber
region. (b) Peak amplitude and (c) noise level with respect to the applied
C,H4 concentration. Noise has two contributions: Brownian noise (og)
from the thermal fluctuations of gas molecules corresponding to the
background spectrum in (a), and a concentration dependent component
from the light source (a5c).

(Brownian noise), which begins to dominate below 50 ppm, causing
the noise level to approach the fundamental limit. This background
noise level (dashed grey line in Fig. 4(c)) was calculated from the
measurement with no light entering the cell (black line in Fig. 4(a))
and is consistent with the fitting result. As the noise at low
concentrations equals the fundamental noise level, light absorption
by the cell windows is expected to be small, which supports our
choice for the external multipass system.

Long-term stability

To evaluate the long-term stability of the SC-based FT-PAS
system, we measured 100 ppm of C,H, every 40 s for 8320 s.
Due to the limitations in the FTS, each 20 s scan followed by a
20 s break, cutting the averaging time in half. Furthermore,
distorted measurements (30%) due to external vibrations were
removed using Hampel’s outlier test for average amplitudes in
the frequency range of 710-870 Hz (7030-8610 cm ') resulting
in an effective averaging time of 2880 s. Water was again
subtracted from each spectrum by spectrally fitting pure H,O
and C,H, spectra to each raw spectrum with an algorithm
(linsolve function in Matlab) that solves a linear least squares

This journal is © the Owner Societies 2022
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Fig. 5 (a) Separated average amplitudes of H,O and C,H,4 during the

stability measurement, in which a 20 s scan was recorded every 40 s for
5760 s. Due to this dead time, in reality the drifts and variations in the
amplitudes occur twice as slow as shown in the plot. (b) Calculated limit of
detection (LOD) of C,H,4 for different effective integration times. Water
absorption was subtracted from each spectrum to account for the
increase of H,O concentration during the measurement.

problem using QR factorization with column pivoting. The
result of this fitting routine is shown in Fig. 5(a), which displays
the separated water and ethene traces during the measure-
ment. A significant and slow increase in the H,O amplitude is
due to desorption from the cell walls. The C,H, amplitude, on
the other hand, stays constant on average but exhibits varia-
tions most likely due to SC instability. Corresponding varia-
tions are also visible in the H,O trace. The relative precision of
the system (4.8%) was estimated from the standard deviation
of the ethene trace relative to its mean. The minimum precision
of the system (at 1 cm ™" spectral resolution and for a single
scan) is 200 ppb, set by the Brownian noise.

Using a water corrected ethene amplitude at 2980 cm™ ~ and
noise from the raw spectrum (estimated as described pre-
viously), we calculated C,H, LODs for various integration times.
The result of this averaging process shown in Fig. 5(b) displays
high stability of the system and a detection limit of 130 ppb in
2880 s for C,H,. However, as previously discussed, the correct
noise level for the detection limit calculation should be from
the N, measurement, and thus a practical C,H, detection limit
is expected to be about two times smaller. The curve in Fig. 5(b)
follows the inverse square root law well on average, as the main
noise contributions (pulse-to-pulse SC fluctuations and Brow-
nian noise) exhibit white noise characteristics in this spectral
region. Deviations from the theoretical line are caused by the
long-term variations of the SC power spectral density and the
increase of H,O inside the cell, which raises the noise level
during the measurement.

1
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Multi-species detection

We demonstrated the advantage of the high system linearity and
spectral resolution with the wide spectral bandwidth in retrieving
the concentrations of three species from a complex gas mixture. We
first measured the reference spectra of ethane (30 ppm), ethene
(100 ppm) and propane (20 ppm) by diluting each from a 1% gas
bottle to N,. We then prepared a gas mixture containing 20 ppm
ethane, 69 ppm ethene and 23 ppm propane, injected the mix to the
gas cell and measured the spectrum. Water residual was removed
from all spectra. The same least squares spectral fitting routine was
used to match the weighted reference spectra to the spectrum of the
gas mixture. The resulting scaled spectra of the individual species
and the measured gas mixture spectrum are shown in Fig. 6(a) and
the residual of the spectral fit in Fig. 6(b).

The concentration of each species in the gas mixture was
calculated by multiplying the concentration of the reference
measurement with the optimum weight from the fitting rou-
tine. Fig. 6(c) illustrates the correspondence between the
applied and the retrieved concentrations and shows that the
linear spectral fitting is able to retrieve concentrations within
the measurement uncertainty. Uncertainties in the applied
concentrations result from the dilutions errors caused by the
four mass flow controllers, which produce uncertainty also in
the retrieved concentrations (via reference measurements)
together with the system precision estimated previously.
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Fig. 6 (a) Measured FT-PAS spectra of a gas mixture (black) and individual
species (blue, red and green), whose magnitudes were retrieved from a
simple least squares fitting routine. (b) Residual of the spectral fitting.
(c) Concentrations retrieved from the gas mixture (black dots), in compar-
ison with the applied concentrations (red dashed lines). The spectral
resolution and the total gas pressure of the measurement were 1 cm™*
and 1 bar, respectively.
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4 Conclusions

A broadband mid-infrared optical gas sensing technique, Fourier
transform photoacoustic spectroscopy (FT-PAS) with an external and
compact Herriott-type multipass configuration has been demon-
strated. Our FT-PAS system incorporates a home-built superconti-
nuum (SC) source with a high power spectral density and a
cantilever enhanced photoacoustic analyser with a small sample
volume. We characterized the fundamental C-H stretch bands of
four hydrocarbons, methane, ethane, ethene and propane in nitro-
gen, at spectral resolutions of 1 cm™* and 4 cm™* with an excellent
agreement with simulated absorption spectra. The Herriott cell for
ten beam passes provides a sixfold broadband signal enhancement,
resulting in a detection limit of 32 ppb in 40 s for methane. This is a
factor of 12 lower compared to the best previous FT-PAS demonstra-
tions and on the same scale with other broadband optical sensors
with significantly higher gas consumption,**? when normalized by
the averaging time. Moreover, we demonstrated high linearity and
good stability of the system, which was shown to provide a simple
and accurate spectral analysis of complex gas mixtures.

The detection limit of SC-based FT-PAS can be improved with
more transparent windows and further optimization of the
multipass arrangement. Ideally, the PA analyser should be
redesigned with the multipass enhancement in mind, as
increasing the diameter of the gas cell allows more beam passes
but decreases the sensitivity of PA detection. The detection limit
can be further lowered with commercial SC sources, which
currently provide three times higher power spectral density
around 3000 cm ™' compared to our device. Such sources would
also enhance the precision of the system, which can be further
improved by recording the optical power of the exiting radiation
for each scan. As this light has propagated through a scanning
Fourier transform spectrometer (FTS), an entire SC spectrum
could also be continuously acquired for better spectral correc-
tion. The selectivity of the current system is limited by the
maximum spectral resolution of the FTS. However, complex
samples could benefit from higher spectral resolution provided
by FTS with a longer optical path difference, which have been
reported to reach isotopic selectivity with the cost of signifi-
cantly increased footprint and lower sensitivity."' Dual-comb
approach could decrease the size of a high-resolution instru-
ment, but the only system reported so far has limited sensitivity
and spectral bandwidth.'® Lower gas pressures would further
improve the selectivity of a high-resolution system."®

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This work was supported by the Graduate School of Tampere
University and the Academy of Finland Flagship Programme
PREIN (320165).

19486 | Phys. Chem. Chem. Phys., 2022, 24,19481-19487

View Article Online

PCCP

References

1 F. J. Harren and S. M. Cristescu, Encyclopedia of Analytical
Chemistry: Applications, Theory and Instrumentation, 2006, pp.1-29.

2 Z. Bozoki, A. Pogany and G. Szabd, Appl. Spectrosc. Rev.,
2011, 46, 1-37.

3 P. Patimisco, G. Scamarcio, F. K. Tittel and V. Spagnolo,
Sensors, 2014, 14, 6165-6206.

4 K. Wilcken and J. Kauppinen, Appl Spectrosc., 2003, 57, 1087-1092.

5 T. Tomberg, M. Vainio, T. Hieta and L. Halonen, Sci. Rep.,
2018, 8, 1-7.

6 G. Busse and B. Bullemer, Infrared Phys., 1978, 18, 631-634.

7 M. M. Farrow, R. K. Burnham and E. M. Eyring, Appl. Phys.
Lett., 1978, 33, 735-737.

8 T. Mikkonen, C. Amiot, A. Aalto, K. Patokoski, G. Genty and
J. Toivonen, Opt. Lett., 2018, 43, 5094-5097.

9 T.Mikkonen, Z. Eslami, G. Genty and J. Toivonen, Opt. Lett.,
2022, 47, 1713-1716.

10 1. Sadiek, T. Mikkonen, M. Vainio, ]J. Toivonen and
A. Foltynowicz, Phys. Chem. Chem. Phys., 2018, 20, 27849-27855.

11 J. Karhu, T. Tomberg, F. S. Vieira, G. Genoud, V. Hinninen,
M. Vainio, M. Metsél4, T. Hieta, S. Bell and L. Halonen, Opt.
Lett., 2019, 44, 1142-1145.

12 T. Wildi, T. Voumard, V. Brasch, G. Yilmaz and T. Herr, Nat.
Commun., 2020, 11, 1-6.

13 S. Borri, P. Patimisco, I. Galli, D. Mazzotti, G. Giusfredi,
N. Akikusa, M. Yamanishi, G. Scamarcio, P. De Natale and
V. Spagnolo, Appl. Phys. Lett., 2014, 104, 091114.

14 T. Tomberg, T. Hieta, M. Vainio and L. Halonen, Analyst,
2019, 144, 2291-2296.

15 A. Miklos, S.-C. Pei and A. Kung, Appl. Opt., 2006, 45,
2529-2534.

16 J. Saarela, J. Sand, T. Sorvajirvi, A. Manninen and J. Toivonen,
Sensors, 2010, 10, 5294-5307.

17 K. Chen, B. Zhang, S. Liu, F. Jin, M. Guo, Y. Chen and Q. Yu,
Sens. Actuators, A, 2019, 290, 119-124.

18 A. Manninen, B. Tuzson, H. Looser, Y. Bonetti and
L. Emmenegger, Appl. Phys. B: Lasers Opt., 2012, 109, 461-466.

19 Y. Ma, S. Qiao, Y. He, Y. Li, Z. Zhang, X. Yu and F. K. Tittel,
Opt. Express, 2019, 27, 14163-14172.

20 C. Hornberger, M. Konig, S. Rai and W. Demtroder, Chem.
Phys., 1995, 190, 171-177

21 M. Négele and M. Sigrist, Appl. Phys. B: Lasers Opt., 2000, 70,
895-901.

22 M. Nigele, D. Hofstetter, J. Faist and M. W. Sigrist, Analy-
tical Sciences/Supplements Proceedings of 11th Interna-
tional Conference of Photoacoustic and Photothermal
Phenomena, 2002, pp. s497-s499.

23 K. Krzempek, A. Hudzikowski, A. Gluszek, G. Dudzik,
K. Abramski, G. Wysocki and M. Nikodem, Appl. Phys. B:
Lasers Opt., 2018, 124, 74.

24 B. Zhang, K. Chen, Y. Chen, B. Yang, M. Guo, H. Deng,
F. Ma, F. Zhu, Z. Gong, W. Peng and Q. Yu, Opt. Express,
2020, 28, 6618-6630.

25 C. B. Hirschmann, J. Uotila, S. Ojala, J. Tenhunen and
R. L. Keiski, Appl. Spectrosc., 2010, 64, 293-297.

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01731h

Open Access Article. Published on 01 August 2022. Downloaded on 4/7/2026 4:17:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

26 C. Amiot, A. Aalto, P. Ryczkowski, J. Toivonen and G. Genty,
Appl. Phys. Lett., 2017, 111, 061103.

27 A. A. Tovar and L. W. Casperson, J. Opt. Soc. Am. A, 1995, 12,
1522-1533.

28 C. G. Tarsitano and C. R. Webster, Appl. Opt., 2007, 46,
6923-6935.

29 J. Altmann, R. Baumgart and C. Weitkamp, Appl. Opt., 1981,
20, 995-999.

30 P. Sievild, N. Chekurov, J. Raittila and I. Tittonen, Sens.
Actuators, A, 2013, 190, 90-95.

31 J. Kauppinen, K. Wilcken, I. Kauppinen and V. Koskinen,
Microchem. J., 2004, 76, 151-159.

32 T. Kuusela and J. Kauppinen, Appl. Spectrosc. Rev., 2007, 42,
443-474.

33 K. E. Jahromi, M. Nematollahi, Q. Pan, M. A. Abbas,
S. M. Cristescu, F. J. Harren and A. Khodabakhsh, Opt.
Express, 2020, 28, 26091-26101.

This journal is © the Owner Societies 2022

View Article Online

Paper

34 L. A. Sterczewski, J. Westberg, M. Bagheri, C. Frez, 1. Vurgaftman,
C. L. Canedy, W. W. Bewley, C. D. Merritt, C. S. Kim, M. Kim,
J. R. Meyer and G. Wysocki, Opt. Lett., 2019, 44, 2113-2116.

35 C. Hill, I. E. Gordon, R. V. Kochanov, L. Barrett,
J. S. Wilzewski and L. S. Rothman, J. Quant. Spectrosc.
Radiat. Transfer, 2016, 177, 4-14.

36 L. Rothman, I. Gordon, Y. Babikov, A. Barbe, D. C. Benner,
P. Bernath, M. Birk, L. Bizzocchi, V. Boudon, L. Brown,
A. Campargue, K. Chance, E. Cohen, L. Coudert, V. Devi,
B. Drouin, A. Fayt, J-M. Flaud, R. Gamache, ]. Harrison, J.-
M. Hartmann, C. Hill, J. Hodges, D. Jacquemart, A. Jolly,
J. Lamouroux, R. L. Roy, G. Li, D. Long, O. Lyulin, C. Mackie,
S. Massie, S. Mikhailenko, H. Miiller, O. Naumenko, A. Nikitin,
J. Orphal, V. Perevalov, A. Perrin, E. Polovtseva, C. Richard,
M. Smith, E. Starikova, K. Sung, S. Tashkun, ]. Tennyson,
G. Toon, V. Tyuterev and G. Wagner, J. Quant. Spectrosc. Radiat.
Transfer, 2013, 130, 4-50.

Phys. Chem. Chem. Phys., 2022, 24,19481-19487 | 19487


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01731h



