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Abstract: An optical cavity can be utilized as an excellent transducer for highly sensitive gas
detection with the application of photothermal spectroscopy, featuring the beneficial property
of an ultra-low absorption volume within a rugged sensing element. We report the novel
implementation of balanced detection in Fabry-Perot photothermal interferometry via two
identical 1 mm-spaced cavities. That way, excess noise limiting the sensitivity of previous
cavity-based photothermal sensors was effectively rejected close to the fundamental limit of
shot noise. A quantum cascade laser served as mid-infrared excitation source to induce
refractive index changes in the sample, and a near-infrared fiber laser served as probe source
to monitor the photo-induced variations. The metrological qualities of the sensor were
investigated by SO, detection. For the targeted absorption band centered at 1380.93 cm™, a
5 ppbv minimum detection limit was achieved with a 1 s integration time, corresponding to a
normalized noise equivalent absorption of 7.5 x 10~ cm™ W Hz ', Additionally, the sensor
showed excellent long-term stability, enabling integration times of a few thousand seconds.
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1. Introduction

The spectroscopic analysis of gaseous species down to trace concentration levels is of
importance across a variety of fields, including environmental monitoring, industrial process
control, medical diagnostics, and scientific research [1-4]. Any absorption of electromagnetic
waves by molecules excites their internal energy levels, which in turn may lead to sample
heating via energy transfer due to collisional relaxation. A photo-induced temperature change
within the excited sample volume is directly proportional to the concentration and absorption
coefficient of the absorbing molecule as well as to the incident laser power, and inversely
proportional to the modulation frequency and cross-section of the laser beam [5]. A change in
the sample’s temperature causes in turn a change in density and pressure. Changes in the
sample’s thermodynamic properties are used for trace detection in photothermal spectroscopy
(PTS) and photoacoustic spectroscopy (PAS), which probe, respectively, changes in the
refractive index and acoustic waves [5,6]. These methods are classified as indirect absorption
measurements techniques, and they offer unique features including a large dynamic range
over a few orders of magnitude and ideally being background-free. PTS methods, which
employ an interferometer as a sensitive transducer for monitoring the photo-induced changes
in the sample’s properties, are powerful instruments for detection of trace gases [7—14].
Typically, these photothermal interferometry (PTI) setups employ an excitation laser for
transient sample heating and a probe laser to monitor the resulting refractive index changes.
Any change in the refractive index causes a phase shift of the electromagnetic waves passing
through the heated region, which can easily be measured by detection of the probe laser’s
intensity transmitted through the interferometer. Both, two-beam interferometers, such as the
Mach-Zehnder [7-9] or Jamin [10] type, and multi-beam interferometers, such as the Fabry-
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Perot configuration [11-14], i.e., an optical cavity, have been applied to measure temperature-
induced phase shifts of laser radiation.

The use of an optical cavity as a transducer with PTI offers the unique characteristic that
the transmission is a function of both the induced phase shift and the reflectivity of the cavity
mirrors. A very simple configuration thus enables the possibility of designing highly sensitive
transducers with ultra-short interferometer spacing through the application of moderately to
highly reflective mirrors. Any enhancement in sensitivity due to an increase in the mirrors’
reflectivity, however, is directly proportional only to the point at which the source of limiting
noise is not also proportionally enhanced. Limiting noise may be introduced via excess noise
of the probe laser source, such as frequency and intensity noise, as well as environmental
noise. Moreover, the generated photothermal signal is directly proportional to the induced
temperature change, which in turn is inversely proportional to the laser beam cross-section
area [5]. Hence, for a given laser power, induced temperature changes are higher in smaller
excitation volumes, making a Fabry-Perot interferometer with short spacing an ideal
candidate for sensor miniaturization even down to a sample volume of a few mm’. Although
the miniaturization of high sensitivity gas sensors is of great interest for various applications,
the potential of a compact Fabry-Perot-PTI sensor has only been rudimentarily shown thus
far, i.e., in [13,14]. In addition to the advantage of a small footprint, a low sample volume
entails a fast sensor response time. A drawback of the basic Fabry-Perot-PTI scheme
proposed in [11-14], however, is that it suffers from increased noise levels caused by excess
noise, severely limiting the sensitivity and ruggedness of the sensor. Due to the use of an
interferometer consisting of an optical cavity as the transducer for detection of the photo-
thermally induced refractive index changes, and the spectroscopic purpose of the excitation
laser, we subsequently refer to PTI using an optical cavity as interferometric cavity-assisted
photothermal spectroscopy (ICAPS).

Excess laser noise can be efficiently removed in the signal path by application of balanced
detection [15]. The beam is split into two equal parts by means of a beam splitter and detected
by two separate photo-diodes. Differential amplification of the two detector signals allows
rejection of the common mode noise, i.e., noise that is present in both paths. In a basic
balanced-detection absorption spectroscopy setup, both beams ideally carry the same excess
noise. If both photo-diodes detect the same intensity in the absence of any absorbing species,
the two signals cancel each other and a zero differential output voltage, limited by
fundamental shot noise, is detected [16,17]. However, if one beam is affected by any
absorption, then the balance of the photocurrents is disturbed, yielding a differential output
voltage. In contrast to an optical cavity, the sensitivity of a two-beam interferometer
configuration (e.g., Mach-Zehnder type) is only dependent on the phase shift, resulting in a
limited potential for miniaturization of highly sensitive devices. However, this type of
interferometer inherently enables improvement of the sensor’s sensitivity by rejection of
common mode noise by application of balanced detection using the two complementary
output branches [10]. Such a balanced-detection scheme will not only enhance the sensitivity
of a given PTI setup but also increase the ruggedness of the sensor due to enhanced immunity
to external disturbances.

This work reports for the first time on the metrological principle of balanced-detection
ICAPS via application of two Fabry-Perot interferometers with identical characteristics. This
scheme links the general advantages of the optical cavity transducer of the PTI method with
the advantages arising from the use of balanced detection and its shot noise limited detection.
Balanced detection was realized with only two interferometer mirrors. Within these two
mirrors, two Fabry-Perot interferometers were established by simultaneous transmission of
two equal parts of the probe laser with lateral displacement. The same sample gas was thus
present in both cavities. When applying balanced detection, identical characteristics of the
two cavities, which also includes uniform sample properties, such as sample composition,
pressure, and temperature inside the transducers, are essential in order to adjust the
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transmission modes of both interferometers to identical frequencies, which is a requirement
for effective simultaneous noise subtraction. This is of particularly high relevance for real-
world applications, where rapid changes may occur in the target molecule and/or matrix.
Effective noise cancelation was enabled by a feedback control, which ensured identical
positioning of the transmission modes in terms of frequency and thus identical transmitted
noise intensities of the two beams, resulting in auto-balancing of the scheme. High sensitivity
was accomplished by employing a cavity with moderate finesse and small spacing together
with strong photo-thermal signal generation by application of high excitation laser intensities.
Refractive index changes induced by the excitation laser were monitored by a sample probe
laser intersecting the excitation beam in the transverse direction, due to favorable properties
such as very simple beam alignment and avoidance of heating the interferometer mirrors,
which could alter the optical path length of the cavity. By this means, a simple, robust, and
compact gas sensor design with no moving parts was enabled. The transient generation of the
photothermal signals was performed by applying wavelength modulation (WM) at reduced
sample pressure via a powerful continuous wave (CW) distributed feedback (DFB) quantum
cascade laser (QCL) as excitation source. Strong fundamental absorption features of the
sample molecules in the mid-infrared (mid-IR) region could thus be targeted. The photo-
induced transducer signal was detected within a narrow bandwidth by a lock-in amplifier
(LIA) at the second harmonic (2f) of the modulation frequency [18]. This scheme is a
powerful method for increasing the signal-to-noise ratio as well as the selectivity of a given
measurement. Refractive index changes were detected via a CW-DFB fiber laser (FL)
emitting in the vicinity of 1550 nm together with a photodiode. This near-infrared region
offers mature technology, and high-performing optical components are readily available. The
metrological qualities of this 2/~WM balanced-detection ICAPS principle were investigated
using sulfur dioxide (SO,) as the target molecule.

2. Basic sensor operation principle, balanced detection, and system
architecture

2.1. Basic sensor operation principle

Changes in the refractive index of a sample are primarily caused by changes in its density.
Usually, density decreases with increasing temperature; thus, the refractive index decreases
by heating the sample. In the case of small temperature variations induced by the
photothermal effect, the sample’s refractive index change is directly proportional to the
induced temperature change [5]. A change in the refractive index of a gaseous sample can be
detected with high sensitivity by monitoring the phase shift of electromagnetic radiation
passing through a Fabry-Perot interferometer (FPI). Such a device consists of two partially
reflecting parallel mirrors separated by a certain distance. The transmitted intensity /1 through
an ideal FPI is given by [19]

=1 ! (1)

T 0 2 s
1+(2Fj sin’ (A(oj
/4 2
where /j is the incident intensity, F is the finesse of the optical cavity, and Ag is the phase

difference. The finesse in turn is determined by the reflectivity R of the two interferometer
Mmirrors:

R

F= ﬂi, 2
1-R

and the phase difference for a cavity round trip, i. e., twice the distance d of the spacing of the

mirrors of the FPI, is given by
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A¢=2/L—T[2nd cosé, (3)

where 4y is the vacuum wavelength, n is the refractive index, and cosf is the angle of
incidence. Therefore, a variation of n causes a variation of Ag, which causes a variation of the
transmitted intensity through the FPI incorporating the sample at a certain frequency. The
ICAPS operation principle is illustrated in Fig. 1; the periodic transmission function [Eq. (1)]
of the interferometer is shifted with respect to the vacuum wavelength when the refractive
index of the sample in between the two mirrors changes due to photothermal heating. This
shift is monitored as a change in the transmitted intensity by a photodiode, using a probe laser
that is tuned to a frequency enabling partial transmission through the interferometer. The
greatest sensitivity to variations in the phase difference is found near the inflection point on
one side of the periodic transmission function, which is at approximately 75% transmission.
At this point, the slope of the function is at its maximum and is roughly linear over a narrow
range, yielding a linear sensor response to induced temperature changes. The slope of the
periodic transmission function and therefore the strength of the detectable photo-induced
signal is by approximation proportional to the finesse of the cavity, which is only dependent
on the reflectivity of the mirrors. By this means, the sensor’s sensitivity can be adjusted by
adjusting the finesse of the employed cavity.
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Fig. 1. ICAPS operation principle; the frequency of a probe laser (green line) is tuned to near
the inflection point of the periodic transmission function of the cavity, which incorporates
sample gas at thermal equilibrium (black trace). Photo-induced heating of the sample by an
excitation laser decreases the refractive index of the gas, which is accompanied by a shift in
the transmission function with respect to the vacuum wavelength (red dotted trace). This shift
is monitored via a change in the transmitted probe laser intensity (Alr) detected using a
photodiode. The inset shows the monitored signal for periodic sample heating.

2.2. Balanced-detection ICAPS

Considering a constant signal strength, the signal-to-noise ratios of ICAPS setups [10—14] are
limited by elevated noise content comprising excess probe laser noise and environmental
noise. Excess probe laser noise arises from frequency and intensity fluctuations of the emitted
radiation whose characteristics depend on the used laser type. Environmental noise may be
introduced by acoustic and mechanical perturbations, which may induce on the one hand
variations in the refractive index of the media inside the cavity due to pressure changes and
on the other hand tiny variations in the cavity geometry, both of which affect the transmission
function characteristics. Any noise is ultimately detected by the photodiode as intensity
fluctuations. Both sources of noise can be minimized to some extent, respectively, by using a
narrow linewidth laser source with low intensity noise characteristics and by employing an
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adequate sensor enclosure. Nevertheless, the noise cannot be removed completely by these
means. The system’s excess noise, however, can be eliminated down to the fundamental limit
of shot noise in an elegant way by application of a balanced-detection scheme using an
additional probe laser reference path [15,16]. The probe laser’s intensity is simultaneously
compared with and without the absorption signal, allowing effective rejection of common
mode noise. The concept of balanced-detection ICAPS (BICAPS) is schematically depicted in
Fig. 2; the probe beam is split by a beam splitter into two equal beams — a sample probe beam
and a reference probe beam. Both beams are transmitted through the same interferometer
mirrors and the same sample gas with some lateral displacement. By this means, each beam is
transmitted through a separate cavity — a sample cavity and a reference cavity — with identical
characteristics. However, only the sample probe beam intersects with the excitation beam,
thus propagating through the photo-induced heated region of the target molecules
experiencing refractive index variations caused by the thermal wave. Hence, the detected
signal of the sample probe beam carries the photothermal signal, which is superimposed by
noise originating from various sources. In contrast, the reference probe beam only probes
noise due to the lateral displacement of the excitation beam in combination with the strong
damping of a thermal wave. Both beams are detected by separate photodiodes, whose signals
are subtracted. Identical noise present in both parts is thus canceled with a high rejection
ratio. The fundamental limit of this noise reduction scheme is imposed by shot noise. The
application of balanced detection greatly enhances the signal-to-noise ratio of the presented
sensor by enabling the recovery of tiny photothermal signals. Moreover, the ruggedness and
compactness of this sensing scheme are improved due to enhanced impassivity to
environmental noise, leading to more relaxed enclosure requirements. In contrast to the strong
photothermal signal probed by the sample probe beam, the reference probe beam may also
probe a weak photoacoustic signal, which propagates in the media only slightly damped,
insignificantly effecting the total detected signal proportionally within the two
interferometers.
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Fig. 2. Balanced-detection ICAPS scheme; the probe beam is split into a sample probe beam
and a reference probe beam. The sample beam probes the photothermal signal, which is
superimposed by noise, whereas the reference beam only probes noise. By differential
amplification of the two photodiode signals, the photothermal signal is recorded along with
effective rejection of common mode noise.

A key feature of the implementation of balanced detection in the ICAPS sensor principle
is that this scheme allows the sensitivity to be increased via an increase in the cavity finesse
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without a simultaneous increase in noise. This arises because noise that is enhanced
proportionally to the finesse is afterwards canceled by the balanced-detection scheme.

2.3. Sensor architecture

The architecture of the 2/~WM balanced-detection ICAPS based gas sensor is schematically
depicted in Fig. 3. The optical cavities used as the transducer for monitoring induced changes
in the refractive index were build up within a single air-spaced etalon, which consisted of two
30 mm diameter fused silica plates at which dielectric-coated mirrors with reflectivity of
R =0.985 were deposited. Spacers of 1 mm thickness fixed these mirrors to each other. The
real behavior of a plane FPI mirror configuration resulted in an effective finesse of
approximately 89 of the applied FPIs instead of the theoretical finesse of 208 according to Eq.
(3), which can be calculated for an ideal optical cavity. Photothermal-induced refractive index
changes inside the sample cavity were monitored via a fiber-coupled, single-mode tunable
CW-DFB-FL. The FL emitted a beam at a wavelength of ~1550 nm with a constant optical
output power of 40 mW, and its wavelength could be thermally tuned within a total range of
approximately 1.2 nm. The emitted fiber-coupled output beam was collimated by a fixed-
focus aspheric lens collimator with a short focal length yielding a beam dimeter of roughly
0.9 mm and coupled into the cavities with a narrowed beam waist diameter and large
Rayleigh length (R, =100 mm) by using a plano-convex CaF, lens (f = 100 mm), prior to
splitting it by means of a beam splitter into sample and reference probe beams. Because the
direction of propagation of the reference probe beam changes, an additional mirror was used
to deflect the beam back to the initial propagation direction. By this means, the two parallel
beams were transmitted through the two mirrors with a lateral displacement of ~10 mm. The
intensities of the individually transmitted beams were detected by two photodetectors
consisting of a gallium indium arsenide (GalnAs) positive intrinsic negative junction (PIN)
photodiode together with a transimpedance amplifier (TIA). Because the physical dimensions
of the two photodetectors required a lateral beam displacement larger than 10 mm, the two
beams were additionally deflected by two mirrors after transmission through the photothermal
cell. Each beam was again collimated by a plano-convex lens (collimation lenses are not
sketched in Fig. 3 to aid clarity). Neutral density filters ensured to not saturate the detectors,
whereby an optical power of ~1.9 mW was impinging on each detector. Finally, the outputs
of the two photodiodes were passed to a low-noise differential amplifier, whose output was
further fed to a lock-in amplifier (LIA). Selective heating of the sample gas inside the
interferometer was performed by using a collimated CW-DFB-QCL emitting at a wavelength
of 7.25 pm (excitation laser), which was housed in a high heat load (HHL) package. Here,
frequency tuning could be performed by varying the QCL temperature via injection current
and temperature control by a Peltier element, respectively. The QCL output beam was
focused by a plano-convex CaF, lens (f= 50 mm), in between the two mirrors forming the
sample cavity to induce strong photothermal excitation via the high laser intensity,
intersecting the standing wave of the sample probe beam in the transverse direction only.
Focusing of the QCL beam yielded a Gaussian beam waist diameter of about 140 pm. The
combination of high excitation laser intensity and small beam waist of the probe laser beam
ensured high sensitivity of the sensor. The sensor platform was based on photothermal sample
excitation via WM and detection of the second harmonic (2f) by demodulation of the
alternating current (AC) component of the differentially amplified photodetector signals, i.e.,
the balanced signal, using a LIA. Further data processing was carried out via a LabVIEW-
based program after transferring the digitized data to a computer. After transmission through
the measurement cell, the QCL beam was guided through a reference cell filled with SO, in
N, at an absolute pressure of 133 mbar onto a thermo-electrically cooled mercury-cadmium-
telluride (MCT) photodetector. The reference gas cell and the photodetector were used as the
reference channel for tightly locking the QCL frequency to the center of the selected SO,
absorption line using the 3/ LIA output. The direct current (DC) injection current component
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Fig. 3. Schematic of the ICAPS based gas sensor employing balanced detection. Inset:
Illustration of the compact gas cell including the interferometers with a mirror spacing of
1 mm.

of the QCL was adjusted proportionally via electronic feedback control to maintain the
emission at the desired frequency, preventing a long-term drift of the QCL frequency. The
interferometer substrates were fixed into a compact and gastight aluminum cell, and
transmission of the QCL beam through the cell was enabled by two CaF, windows. Sample
gas exchange was via a gas in- and outlet. An illustration of the designed compact and
gastight balanced-detection ICAPS cell is shown as an inset in Fig. 3. The outer dimensions
of the cell were 55 x 35 x 21 mm with a total inner sample gas volume of <2 cm’. The DC
component of the photodetector, which monitored the transmitted sample probe beam
intensity (photodetector A), was used to maintain the probe lasers’ emission frequency at the
inflection point of the sample cavities’ transmission function via a slow feedback circuit
(mHz). By this means any drift of the transducer, e.g., by temperature or changing sample gas
composition, was automatically compensated. The inflection point of the reference
interferometer was kept at the probe laser’s emission frequency by monitoring the reference
probe beam intensity through the reference cavity (photodetector B) and by controlling the
temperature of the measurement cell, which allowed fine-adjustment of the interferometer
spacing, again using a slow feedback circuit (mHz). By using two independent feedback
circuits, the probe laser was locked to the inflection, while the transmission functions of the
two cavities were locked to the same frequency. This yielded identical response to noise, thus
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enabling efficient noise rejection. To implement the WM technique, the emission wavelength
of the QCL was modulated by adding a sinusoidal function to the DC injection current input.
Modulation of the probe laser intensity was induced when the temperature of the sample
between the sample cavity was altered by absorption of the excitation laser by the target
molecules. The ICAPS detection was performed in two different modes: scan and locked. In
the scan mode, spectra of the sample gas were acquired by slowly tuning (mHz) the QCL
frequency over the desired spectral range around the target absorption line through a change
of the DC injection current component according to a sawtooth function. In the locked mode,
the QCL frequency was locked to the center of the selected SO, absorption line, ensuring
stable long-term measurements. The pressure and flow of the sample gas inside the
measurement cell was controlled and maintained by using a metering valve, pressure sensor,
pressure controller, and mini diaphragm vacuum pump. The metrological qualities of the
presented sensor were investigated by employing a modulation frequency of f,,,q = 297 Hz, a
modulation depth of Av= =+ 0.09 cm ™', a LIA time constant set to t = 1 s, and a sawtooth
excitation laser tuning frequency of f = 6.67 mHz. The absolute pressure and flow of the

sample gas was kept constant at p = 200 mbar and u = 25 mL min .

3. Experimental
3.1. Sulfur dioxide absorption band selection

To investigate the metrological qualities of the sensor, sulfur dioxide (SO,) was used as the
target molecule due to its strong and separated absorptions within the spectral region covered
by the employed QCL. A simulated spectrum of the selected SO, absorption band (base-10)
for photothermal excitation centered at 1380.93 cm™ is shown in Fig. 4. This absorption band
is situated within the v; fundamental spectral range, which extends from 1400 to 1300 cm™
(see inset Fig. 4).

x 10®
-6\ 5
S | 1303 e 1380.93 cm™"
39 b |
315 2 wa W
g 1 1} M
2 ol SN e,

400 1350 1300
Wavenumber (cm™)

Absorbance
N

0 T T T T T
1381.8 1381.5 1381.2 1380.9 1380.6

Wavenumber (cm™)

Fig. 4. HITRAN2016 simulated absorption spectrum (base-10) of 1 ppmv SO, (p = 200 mbar,
/=1cm, T=296 K) [20].

3.2. Selectivity, sensitivity, and linear response of the sensor

The balanced-detection ICAPS sensor’s selective response to SO, traces was investigated by
recording spectra for different concentrations of SO, in N, within the range from 0 to 1000
parts per billion by volume (ppbv) by tuning the QCL wavelength across the selected SO,
absorption band centered at 1380.93 cm™'. Different concentration levels were achieved by
diluting a 1 ppmv SO, calibration mixture with N, using a custom gas mixing system.
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Figure 5 shows the measured results for three different SO, concentration levels as well as the
noise floor of the sensor for pure N».
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Fig. 5. 2~WM balanced-detection ICAPS spectra of three different SO, concentrations
together with the noise floor of the sensor for pure N, recorded at an absolute pressure of
p =200 mbar when the QCL frequency was tuned over the absorption band centered at
1380.93 em™.

Investigation of the balanced-detection ICAPS sensor’s sensitivity and linearity as a
function of the SO, concentration was performed by continuous monitoring of different
concentration levels within the range of 0 to 1000 ppbv by utilizing the locked mode at which
the QCL frequency was fixed to the center of the selected SO, absorption line by means of the
reference path. 2/~WM signals were acquired for a total duration of 10 min for each
concentration level. The signal acquisition was stopped for 1 min when the SO, concentration
was changed to allow the concentration to stabilize. The measurement results are shown in
Fig. 6. This figure also shows a comparison of the sensor noise when the cell was flushed
with pure N, for balanced and non-balanced detection and ICAPS. To aid clarity, an offset of
0.1 mV was added to the noise signal of the non-balanced detection. A comparison of the
standard deviations of the recorded noise for the two different configurations showed that an
improvement in sensitivity of 21.1 dB (factor 11.3) was achieved by application of the
balanced-detection scheme. Averaging of the data for each concentration step yielded
excellent linearity between the measured signal amplitudes and the SO, concentrations, as
shown in the inset of Fig. 6. Based on the averaged signal amplitudes for 200 ppbv SO, and
the standard deviation of the noise level for pure N,, a signal-to-noise ratio of ~39 was
calculated, which yielded a 16 minimum detection limit (MDL) of 5 ppbv for an acquisition
time of 1 s. For the selected SO, absorption band centered at 1380.93 cm™', the measured
optical power emitted by the QCL was ~203 mW (7 = 279.15 K, I = 398 mA). The QCL
beam was focused into the gap formed by the two interferometer mirrors with a transmission
efficiency of >99.8%. Taking the absorption of the plano-convex lens and the optical window
of the gas cell into account, an optical power of ~174 mW was directed through the two
mirrors to interact with the sample gas. The normalized noise equivalent absorption (NNEA)
coefficient at unit laser power and at unit bandwidth, which allows a comparison of indirect
spectroscopic sensors, was calculated to be NNEA = 7.5 x 10° cm ' W Hz 2, using a
minimum detectable SO, absorption coefficient of oy, = 1.32 % 10% cm™!, an optical
excitation power of P =174 mW, and a detector bandwidth of Af = 94 mHz (= 1 s,
18 dB/oct low-pass filter).
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Fig. 6. Stepwise measurement of different SO, concentration levels, as well as the sensor noise
for balanced and non-balanced ICAPS detection; inset: linear sensor response of measured
signal amplitudes versus SO, gas concentration.

The system’s shot noise level for the basic balanced detection setup composed of the two
photodetectors and the 50:50 split NIR fiber laser output, but without transmission through
the cavities, was determined by recording noise power spectra with a spectrum analyzer. To
ensure that the same power was impinging on the detectors as for the case of transmission
through the cavities, the beams were attenuated by additional neutral density filters,
accounting for any power losses, which are caused by transmission through the cavities. By
this means, the shot noise level of the laser — photodetectors system could be determined [15],
excluding any potential noise contribution by the cavities. Here, the measured difference
between the noise power levels for balanced and non-balanced detection around the second
harmonic of the f;,,q yielded an improvement by 24.1 dB by canceling the probe laser excess
noise. This result is in very good agreement with the measured improvement of 21.1 dB for
the standard deviation of the noise using balanced-detection ICAPS, indicating sensor
operation only 3 dB (factor 1.4) above the determined shot noise level. The small discrepancy
from optimum noise canceling performance of balanced-detection ICAPS may be caused by a
little imbalance of the two detector channels.

3.3. Long-term stability

104
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1 10 100 1000 10000
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Fig. 7. Allan-Werle deviation plot for measurement of pure N; over § h.
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To investigate the long-term stability and noise characteristics of the balanced-detection
ICAPS scheme, an Allan-Werle variance analysis [21] was performed. For this purpose, pure
N, was passed through the sensor while the QCL was locked to the SO, absorption line. Data
were recorded for a total duration of 8 h. The Allan deviation shown in Fig. 7 indicates
excellent stability of the sensor. The balanced-detection ICAPS scheme is dominated by
white noise characteristics that do not show any additional sensor drift up to an average time
of a few 1000 s due to inherent compensation of slow drifts by this technique. This white-
noise-dominated region allows for long-duration signal averaging, which proportionally
improves the sensitivity. For example, a 10-fold improvement in sensitivity, i.e., a MDL of
approximately 500 pptv SO,, can be estimated using an integration time of 1000 s. The initial
increase in the Allan plot up to an average time of approximately 3 s indicates a typical low-
pass filter characteristic [22], which is due to the employed LIA settings (Af = 94 mHz,
18 dB/oct low-pass filter).

4. Conclusions and outlook

The work presented herein illustrates highly sensitive and selective trace-gas sensing by the
newly developed balanced-detection ICAPS method; the capabilities of the method were
demonstrated on the example of SO, detection down to the single digit ppbv concentration
range by employing a mid-infrared CW-DFB-QCL as the excitation source. The use of a
Fabry-Perot interferometer as transducer for the photo-induced changes in the refractive index
has the unique ability to additionally adjust the sensitivity, i.e., the slope of the transmission
function, via the finesse of the cavity, facilitating miniaturization of the sensitive sensor. The
miniaturization of highly sensitive gas detectors is of big request among different fields due to
specific characteristics such as the small absorption volume or simply the small footprint, but
remains challenging. The more established methods based on direct absorption spectroscopy
only show a limited potential for sensor miniaturization due to their dependence of the
sensitivity on the optical path length according to the Lambert-Beer law. A small absorption
volume may be of interest for detection of rapidly changing concentration levels in gas
streams due to the capacity for rapid sample gas exchange, or for applications where only
limited sample gas volumes are available. A potential drawback of the PTI technique is its
susceptibility to specific noise sources, such as transducer noise and environmental noise,
which contribute to the measured analytical signal. To compensate for this drawback and
unleash the full potential of the technique, additional noise reduction strategies are needed
when aiming for robust implementations. By application of two identical cavities, balanced-
detection ICAPS combines the advantages of conventional PTI, employing a single Fabry-
Perot interferometer as transducer, together with enhanced sensitivity and ruggedness, which
result from the balanced-detection scheme. The balanced-detection scheme is a key tool for
improving the sensitivity of ICAPS-based sensors due to its effective rejection of common
mode noise down to the limit of shot noise, thereby preventing any proportional increase in
the noise with increasing cavity finesse. The data presented here clearly indicate the excellent
ability of the described balanced-detection scheme to significantly improve the analytical
figures of merit of a Fabry-Perot interferometer-based photothermal gas sensor. This is
demonstrated by achieving a sensor noise floor of only 3 dB (factor 1.4) above the shot noise
level. The achieved MDL of 5 ppbv SO, and the corresponding NNEA of
7.5%x 107 cm™ W Hz"? improves upon a previous QCL-based ICAPS sensor for SO,
detection [14] by a factor of 240 in terms of sensitivity as expressed via NNEA due to various
applied measures, including reduced sensor noise level and enhanced transducer signal.
Furthermore, the presented sensor outperforms a comparable photoacoustic sensor for SO,
detection [23] by a factor of 149, again comparing sensitivity as expressed via the NNEA
value. The absence of any resonance allows the free selection of the modulation (detection)
frequency. Because PTS signals are inversely proportional to the modulation frequency, this
characteristic allows selection of the optimum modulation frequency in terms of the
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maximum ratio of the photo-induced signal strength versus noise. This feature sets balanced-
detection ICAPS apart from most photoacoustic sensors, which use acoustic resonators to
improve the induced signal. The use of such resonators with dimensions of a few millimeters
to centimeters in length handicaps sensor miniaturization, and because the resonance
frequency of these resonators changes with changing environmental conditions, photoacoustic
spectroscopy requires frequent recalibration for stable long-term operation. The balanced-
detection ICAPS scheme exhibited white-noise-determined characteristics, thereby resulting
in excellent long-term stability due to feedback-controlled compensation of transducer drifts,
which additionally allows to improve sensitivity by application of integration times of more
than a few thousand seconds. This may be of special interest for applications where the
concentration of the target molecule either does not change or changes only very slowly.
Selectivity of the sensor was achieved by employing the 2/~WM method at reduced pressure.
A further interesting aspect worth discussing relates to the inherent flexibility of this concept.
Because the ICAPS technique is based on indirect detection, it is able to detect any modulated
changes of the refractive index of the sample. As such, this method is not limited to a
particular excitation wavelength range; it can be applied to a broad range of excitation sources
ranging from the UV to the THz spectral region. In this work, a cavity spacing of 1 mm with
a finesse of 89 has been used to detect photothermal signals, which were induced via high
laser intensity. The use of higher finesse cavities and higher laser intensities will further
improve the sensitivities of the balanced-detection ICAPS sensor system. The presented
sensor is based on a simple, compact, and robust arrangement that already has a small
detection volume of less than 2 cm’. In this work, no efforts were made to achieve a smaller
gas volume. However, if desired, the volume could easily be reduced, e.g., by application of
more compact interferometer substrate dimensions. Such an overall small size and high
potential for further miniaturization may be advantageous for certain implementations, such
as mobile applications. Considering the required components for a balanced-detection ICAPS
system, miniaturization of the system even down to integration on a chip appears to be
feasible.
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