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This work reports on the implementation of an alternative balanced-detection scheme to the ICAPS sensing
method employing solely a single cavity. The new concept was realized by simultaneous detection of the in-
terferometer’s reflectance and transmission. The use of only one cavity significantly reduces the system’s
complexity in a balanced configuration by simplifying the detection architecture. Additionally, it increases the
sensor’s sensitivity by noise cancellation and an improvement of the detectable signal up to a factor of 2. The set-
up employed an optical cavity with a mirror spacing of 1 mm. A mid-infrared laser served as excitation source to
induce refractive index changes in the sample, and a near-infrared laser served as probe source to monitor the
photo-induced variations. The sensor’s metrological figures of merit were investigated by detection of CO.
Moreover, the influence of varying water vapor concentration on the molecular relaxation of CO and thus the
monitored photothermal signal employing a modulation frequency of ~ 300 Hz was investigated. For the tar-
geted absorption band centered at 2179.77 ¢m ™! a 16 minimum detection limit of 2 ppbv was achieved using an

integration time of 1 s. This result corresponds to a normalized noise equivalent absorption of 7.4 x 10™° cm™*

W Hz 12,

1. Introduction

The miniaturization of sensitive as well as selective gas sensors is of
high interest across a variety of application fields; however, achieving
such a sensor platform remains a challenging task. Decreasing the
sample gas volume required by the sensor may be beneficial for several
reasons: It facilitates a quick gas exchange, thereby enabling the moni-
toring of rapid changes of analyte concentration levels in a sample
stream. It may also be advantageous for use cases where the available
sample volume is limited to a few mm® or even below. Moreover, a small
sensor footprint is requested for development of mobile applications and
is also advantageous for integration into existing settings such as of
process analytical technology (PAT) applications, where only limited
space is available and access to the process stream is difficult. Applica-
tions of laser-based gas sensors may be found in industry for process and
product quality control, gas leak detection, environmental monitoring,
medical studies, or scientific research [1-6]. Conventional sensing
techniques based on direct absorption spectroscopy, i.e. methods which
directly measure the attenuation of the light, have an inherently
restricted potential for miniaturization due to the dependency of their
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sensitivity on the optical path length according to the Beer-Lambert law.
Nevertheless, these well-established as well as recently developed sys-
tems show clear merits regarding robustness, multi-component analysis,
calibration-free detection, fast data recording, implementation of mod-
ulation strategies and signal modeling [7-12]. In contrast, indirect ab-
sorption spectroscopy methods, i.e. methods which measure an effect
that the absorption of light has on the sample including photothermal
spectroscopy (PTS) and photoacoustic spectroscopy (PAS), offer great
potential for sensor miniaturization. This is especially true for PTS
employing a Fabry-Perot interferometer (FPI) as the transducer. More-
over, indirect absorption spectroscopy techniques show clear benefits of
a decades-spanning dynamic range and background-free detection [13].
Also, multi-component detection employing PAS has been shown
[14,15]. Photothermal gas spectroscopy methods typically use an exci-
tation laser to induce a signal and a probe laser to monitor the magni-
tude of the generated signal: molecules absorbing the excitation source
lead to a temperature change of the sample. This in turn leads to a
pressure and density change, causing the generation of a pressure and
thermal wave. The thermal wave causes a change in the refractive index
of the sample which is monitored by the probe laser [16]. As the thermal
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wave only expands in the very vicinity of its generation, PTS systems can
be truly miniaturized, in principle even down to photonic integration on
chip scale.

PTS has been carried out using different types of interferometers in
different settings, ranging from simple free-spaced FPI configurations
[17-22] to instruments employing a FPI inside hollow-core fibers FPI
[23] or a Mach-Zehnder interferometer [24], or mode-phase-difference
interferometry [25]. An all-fiber intra-cavity photothermal gas sensor
based on a Sagnac interferometer [26] and an intra-cavity photothermal
detection in a mode-locked laser configuration [27] have also been
demonstrated. In the case of interferometric readout the system’s
responsivity is in general a function of the induced phase difference of
the interfering probe laser waves inside the interferometer [16]. The
variation in the phase difference is then transduced into a variation of
the transmitted probe laser power. In case of a FPI, the phase difference
is among other parameters dependent on the induced refractive index
change and the mirror spacing. In addition, the sensitivity of such a
sensor is dependent on the cavity finesse, which in turn is a function of
the mirror reflectivity. The finesse allows compensation of a reduced
phase difference emerging by a small interferometer path-length via
employing moderate to high mirror reflectivity. Thereby, the FPI allows
for construction of miniaturized but highly sensitive transducers. PTS
employing a FPI for transducing photo-induced variations is a highly
capable approach for gas detection. As such, the Interferometric Cavity-
Assisted Photothermal Spectroscopy (ICAPS) technique [18-20] has been
demonstrated to be a sensitive and compact realization of a PTS based
gas sensor technology. It utilizes an air-spaced Fabry-Perot cavity having
a short mirror gap together with a moderate finesse. Advanced designs
of the ICAPS arrangement employing a reference path and balanced
detection have shown detection limits in the low parts-per-billion by
volume (ppbv) range with a corresponding normalized noise equivalent
absorption (NNEA) in the order of 10°° ecm~' W Hz 12 [19,20]. Also,
the arrangement of a fiber-array with attached micro-lenses to the
balanced-detection ICAPS layout has been shown recently with two
cavities probed in one interferometric device [28]. The balanced-
detection ICAPS technique links the general advantage of using an op-
tical cavity in photothermal spectroscopy together with the advantage of
noise rejection down to the shot noise limit. So far, balanced detection
ICAPS has only be shown using two cavities. In this work, we show for
the first time an approach to balance the ICAPS signal employing only a
single cavity, significantly reducing the complexity and operation of the
detection scheme.

2. Basic ICAPS sensor operation, sources of noise and noise
cancellation

2.1. Basic ICAPS sensor operation

The basic ICAPS configuration [18] consists of an air-spaced Fabry-
Perot interferometer (FPI), a probe beam which is transmitted through
the interferometer, a photodiode which is monitoring the transmitted
probe laser power and an excitation beam which induces refractive
index changes. The FPI, i.e., an optical cavity, comprises of two partially
transmitting mirrors and the gaseous medium in between the mirrors. It
is excellently suited to detect minute changes in the refractive index of a
gaseous sample by monitoring the phase difference of the probe laser
passing through it. Laser radiation entering the FPI will be partially
reflected by the input mirror, whereas the transmitted part is reflected
multiple times in between the two mirrors forming the optical cavity. In
this manner an infinite series of partial waves in forward and backward
direction is formed. Upon each reflection at both mirrors, laser radiation
is coupled out from the cavity either in the forward or backward di-
rection. The periodic resonances of an ideal FPI is described by the Airy
function [29,30]. Its properties are dependent on the phase difference
for a cavity round trip as well as on the cavity’s finesse. The phase dif-
ference is a function of the vacuum wavelength, the angle of incidence,
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the spacing of the mirrors, and the refractive index of the medium be-
tween the mirrors. The finesse is defined by the mirrors reflectivity. The
transmittance of the FPI is maximized at resonance, whereas its reflec-
tance is minimized at this frequency. The beam which is transmitted
through the interferometer is simply the part of the standing wave inside
the cavity, leaking out at the second mirror. The reflected beam, how-
ever, is composed by the sum of two beams interfering with each other:
the fraction which is immediately reflected at the input mirror as well as
the fraction which is leaking out of the interferometer through this first
mirror.

The ICAPS operation can be employed for both, the forward trans-
mitted light [18,19] as well as for the backward reflected light [20,28].
In any case an excitation laser is used to heat a gas sample transiently
within the FPI, thereby inducing a modulated change in the sample’s
refractive index. As the index of refraction of the gas alters due to ana-
lyte absorption, the periodic resonances of the interferometer are fre-
quency shifted. This shift is monitored via the probe laser, which probes
the interferometer’s resonance in combination with a photodiode. The
most sensitive region for transducing changes in the phase difference is
located around the inflection points of the cavities’ resonance. These
points are at around 25 % of the top of the resonance in case of reflec-
tance and at around 75 % of the top of the resonance in case of trans-
mittance. Around the inflection point the functions’ slope is largest and
in first proximity linear within a small range, generating a linear
transducer signal to refractive index variations.

2.2. Sources of noise and noise cancellation

The basic ICAPS sensing scheme [18] detects photo-induced refrac-
tive index changes but is susceptible to noise of different sources. The
principal sources of noise are probe laser and environmental noise. The
probe laser beam itself carries intensity as well as frequency noise. By
tuning the probe laser frequency to an inflection point of the cavity
resonance, the probe beam’s intensity noise will pass through the cavity
without any amplification of its amplitude, being unaffected by the
shape of the cavity’s resonance. However, the amplitude of the fre-
quency noise contribution is amplified according to the steepness of the
resonances slope. The characteristics of the probe lasers intensity and
frequency noise are subject of the employed laser type [29] and of its
operation. Different driving currents may yield different intensity fluc-
tuations, or a noisy driving source may influence the laser’s output
quality. Additionally, noise from the surroundings may be coupled into
the system by acoustic or mechanical impact. Acoustic waves modulate
the sample’s index of refraction as a result of pressure changes. These
changes will cause shifts of the cavity resonances similar to photo-
thermally generated refractive index alterations. Again, transduced
signals of interfering acoustic waves will be directly amplified according
to the utilized slope’s steepness. Mechanical impacts may cause tiny
changes in the interferometers geometry which may affect the trans-
mission function’s shape and position.

An effective way to reject noise in an ICAPS setup has been shown by
the implementation of a balanced detection scheme [19,20]. In these
setups common-mode noise is cancelled by concurrently detection of the
probe lasers intensity with and without the photothermal contribution.
For this purpose, the probe beam is divided in two alike parts, a sample
probe beam and a reference probe beam. The two parts are subsequently
transmitted into two interferometers, a sample cavity and a reference
cavity. The sample probe beam crosses the excitation beam inside the
cavity, passing through the transiently heated gas zone. This beam
carries both, the transduced photothermal signal together with noise.
The reference probe beam, however, solely carries noise as it does not
pass through the generated photothermal waves. The two beams are
detected by two separate photodiodes, whose outputs are electronically
subtracted. This method has the clear benefit that it allows for elimi-
nation of the noise contributions which are equal in both branches with
a high common-mode rejection ratio down to the sensors fundamental
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limit of shot noise. This scheme increases the sensor’s sensitivity by
improving the signal-to-noise ratio but also the sensor’s robustness by
elimination of environmental noise such as sound. This very effective
method, however, comes with the downside of increased system
complexity. It requires the operation of two independent FPIs together
with the corresponding sample and reference beams. A less complex, but
still effective method for noise cancellation is proposed in this work. It
can be realized by simultaneous detection of a single cavity's reflectance
and transmittance.

3. Balanced-detection ICAPS employing a single cavity

The scheme of balanced-detection ICAPS employing a single cavity is
depicted in Fig. 1. The setup uses an all fiber-coupled probe laser
configuration. The probe beam is directly coupled into the interferom-
eter where it intersects with the excitation beam. In presence of targeted
analyte molecules the probe beam propagates through the photo-
induced heated region of the sample, experiencing refractive index
variations caused by the thermal wave. Each output beam at each mirror
is collected by a coupler and sent to separate photodiodes. The backward
traveling beam (reflectance) is collected by the same coupler which is
used to couple the beam into the cavity. This beam is separated from the
forward traveling light coming from the laser source via an optical
circulator. The transmitted part is collected by another coupler. In order
to transduce a photothermal signal the probe laser frequency is tuned to
one side of the interferometer’s resonance, i.e. to partial transmission
and partial reflectance, respectively. The reflected and transmitted
probe beams carry the photothermal signal with apposed sign, but
identical intensity noise (see Fig. 1). The signals of the two photodiodes

—»—  Optical Signal and Traveling Direction
——  Electronic Signal
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are subtracted by a differential amplifier, enabling the detection of an
enhanced photothermal signal with an improved noise figure by
cancellation of intensity noise present in both branches.

The primary benefit of the proposed single-cavity balanced-detection
ICAPS (single-BICAPS) method is addressed to the reduced number of
only one cavity used for noise reduction, compared to the method of
balanced-detection ICAPS shown in [19] and [20] using two identical
cavities. The use of a single cavity is a main benefit, due to a reduced
overall system complexity concerning components and controls.

The method allows for easy adjustment of a high performing balance
when locking the probe laser frequency to the cavity’s operation point.
Efficient noise cancellation requires exactly the same intensity levels of
the two probe laser beams at the photodetectors. Any imbalance within
the two channels causes a decreased noise cancellation performance or
even complete failure of noise reduction. When locking the probe laser
frequency to the operation point the reflectance and transmittance
channel will respond identically to any drift not requiring an active
control of the used cavity. This is not the case for the conventional
balanced-detection ICAPS system [19,20]. Here, identical intensities
may be difficult to achieve due to individual drifts of the transmission
frequencies of the separate cavities e.g. by temperature, typically
requiring active control of at least one of the two cavities to compensate
any drift and to keep the detected intensities of the two channels as
similar as possible.

Within the proposed method the photothermal signal is detected in
both, the transmitted and reflected channel. Therefore, the differential
amplified output will yield an increased transduced PTS signal by a
factor of 2 (6 dB) compared to the conventional balanced-detection
ICAPS scheme [19,20], where the photothermal signal is only present
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Fig. 1. Principle of balanced-detection ICAPS employing a single cavity. A probe laser is coupled into the cavity of a Fabry-Perot interferometer monitoring the
reflected and transmitted beams via individual photodiodes. In case of photothermal excitation both beams carry the photothermal signal with opposed sign and
noise. By subtraction of the two photodiode signals, the photothermal signal is received along with an enhancement factor of up to 2 compared to the single trace as

well as effective rejection of common mode intensity noise.
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in one path.

The proposed single-cavity balanced-detection ICAPS scheme is
capable of rejection of the probe laser’s intensity noise in principle down
to the fundamental limit of shot noise, yielding an improved noise level
compared to the basic ICAPS setup not using any balanced-detection
scheme [18]. However, probe laser frequency and environmental
noise, such as acoustic waves, will not be cancelled but instead will be
enhanced by a factor of 2 (6 dB) in the similar way as the photothermal
signal. This characteristic of the single-cavity balanced-detection ICAPS
scheme is disadvantageous compared to the previous published
balanced detection scheme, employing two interferometers [20]. This
can be explained by the fact that when performing balanced-detection
using two cavities both noise sources, laser frequency and also envi-
ronmental (acoustic) noise can be efficiently corrected for. For reducing
the influence of external acoustic noise in the single-cavity balanced
approach implementation of a dedicated acoustic shielding unit, i.e., a
proper housing is required. Such an installation, while technically
feasible, was not the topic of this study. Probe laser frequency noise,
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however, can be minimized by using an adequate laser source and
driver.

4. Sensor architecture

The architecture of the single-cavity balanced-detection ICAPS based
gas sensor employing a fiber-coupled probe laser configuration is
depicted in Fig. 2. This setup used a single air-spaced optical cavity,
consisting of two fused silica plates (10 x 5 x 2 mm) on which dielectric-
coated mirrors with a reflectivity of R = 0.989 were deposited. The
mirrors were separated by spacers of 1 mm thickness. The cavity was
simultaneously used as the transducer for monitoring induced changes
in the refractive index, as well as the reference to apply balanced
detection. Photothermal-induced refractive index changes inside the
cavity were monitored via a fiber-coupled, single-mode tunable
continuous wave (CW), distributed feedback (DFB), fiber laser (FL),
acting as the probe laser. This probe laser emitted a beam at a central
wavelength of ~ 1550 nm and could be thermally tuned within a total

(b)
Gas Outlet
Gas Inlet
Window Reference
. Probe Beam
(a) Excitation 2
Beam Sample Probe Beam
Interferometer
Photo-
Detector
| Attenuator
Photo-
Detector B
Coupler
Reference Pressure
Gas Cell Val\(“e Sensor
| & | S48 InIet_» Pressure L1 Vacuum L_ e
Control |—| Pump [
Gas Cell., Exhaust
Lens
Excitation > & /—l
Laser 0 \_l Beam Dump
A ; ’ Wi
Beam Splitter Sample b0
Cavity »
" Coupler
Probe B
> Probe robe beam \» Photo- AN DC
Laser Detector A
. Attenuator AC AC
Circulator A 4
High-Pass Filter + \/
Differential Amplifier
A\ 4 \ 4
Laser LIA, 2f LIA, 3f
Driver + TEC ¢ ‘
Laser * +

Data Acquisition |<€—
and Processing P Computer

7y
[

Driver + TEC |

Control Electronics

Fig. 2. (a) Schematic of the balanced-detection ICAPS based gas sensor employing a single cavity and a fiber-coupled probe laser configuration, simultaneously
monitoring the reflectance and transmission of the Fabry-Perot interferometer; (b) Illustration (section view) of the employed gas cell [28], having a total sample

volume of 1.8 cm®.
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range of ~ 1.2 nm. The FL emitted a constant optical output power of
40 mW over its whole tuning range. The fiber-coupled output beam of
the probe laser was routed through a fiber-coupled optical circulator
whose corresponding port was connected to a fiber-coupled gradient-
index (GRIN) collimator. This collimator served to couple the forward
traveling light into the cavity and the reflected, backward travelling
light again into the fiber. To achieve stable long-term coupling of the
probe beam into the interferometer, the fiber-optic collimator was
mounted in a robust opto-mechanical GRIN-lens holder. The reflected
light was separated from the forward traveling light by the circulator
and sent to a photodetector (photodetector A). The transmitted beam
was coupled by a further coupler into an optical fiber and again sent to a
photodetector (photodetector B). Both detectors consisted of a gallium
indium arsenide (GalnAs) positive intrinsic negative junction (PIN)
photodiode amplifying the signal via a trans-impedance amplifier (TIA).
The power of these individually reflected and transmitted beams were
adjusted by fiber-coupled attenuators ahead of the detectors to avoid
saturation. At the sensor’s operation point the power of the reflected and
transmitted beam was identical. This yielded the same response to in-
tensity noise in both channels. The electronic outputs of the photodiodes
were passed to a 4th order Gaussian high-pass filter with a 3 dB cut-off
frequency of 200 Hz and a low-noise differential amplifier with a gain of
100, whose output was fed into a lock-in amplifier (LIA). The probe
laser’s emission frequency was maintained at the operation point of the
cavities’ resonance via a slow feedback circuit (mHz), by using the DC
component of the photodetector, which monitored the transmitted
probe laser intensity (photodetector B). By monitoring the DC-
component and adjusting the probe laser frequency, any drift of the
transducer, e.g., due to temperature, pressure or changing sample gas
composition, or due to a drift of the emitted laser frequency was auto-
matically compensated. The setup used the same gas cell as described in
[28], see Fig. 2 (b). The interferometer was fixed on one side into the
compact and gas-tight aluminum cell, having a total sample volume of
~ 1.8 cm?®. Transmission of the probe laser beam was enabled by the
interferometer substrates and a fused silica window, respectively,
transmission of the excitation laser beam through the cell was enabled
by two CaF, windows. Sample gas exchange was performed via gas in-
and outlets. For probing the analyte present in the sample gas inside the
interferometer a collimated, high heat load (HHL) packaged CW-DFB
quantum cascade laser (QCL) emitting at a wavelength of 4.59 pm
(excitation laser) was used, whose frequency could be tuned by varying
the QCL temperature via the applied injection current and by temper-
ature control by means of a Peltier element included in the laser mount.
The QCL output beam was focused by a plano-convex CaF; lens (f = 50
mm) between the two mirrors forming the cavity to induce strong
photothermal excitation via the high laser intensity, intersecting the
standing wave of the probe beam in the transverse direction. The sensor
platform was based on photothermal sample excitation via wavelength
modulation (WM) and detection of the second harmonic (2f) [31] by
demodulation of the alternating current (AC) component of the differ-
entially amplified photodetector signals, i.e., the balanced signal, using
a lock-in amplifier (LIA). The digitized electronic signals were trans-
ferred to a computer for further data processing in a LabVIEW-based
program. Additionally, the QCL output beam was split by a beam
splitter (97:3), whose low power part was guided through a reference
cell filled with CO in N at reduced pressure, and finally onto a pyro-
electric photodetector. The reference gas cell and the photodetector
were used as the reference channel to monitor the emitted QCL wave-
length feeding the detector signal to another LIA. The ICAPS detection
was performed in scan mode, where 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 using a sawtooth function. To imple-
ment the WM technique, the emission wavelength of the QCL was
modulated by adding a sinusoidal function to the DC injection current
input. The pressure and flow of the sample gas inside the measurement
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cell were controlled and maintained by using a metering valve, pressure
sensor, pressure controller, and mini diaphragm vacuum pump. In a
previous study [20] it has been shown that an optimum sensor response
of an ICAPS system employing comparable components can be found at
modulation frequencies around a few 100 Hz showing the highest
signal-to-noise ratio at fimoq = 150 Hz with its corresponding 2f detection
frequency of 300 Hz. This finding corresponds to the inverse nature of
the photothermal signal strength with modulation frequency and the
limitation at comparatively low frequencies by electronic 1/f noise. In
order to be able to facilitate direct comparison to previous publications
the metrological figures of merit for the presented sensor were investi-
gated by employing a modulation frequency of fnod = 297 Hz, a mod-
ulation depth of Av = +0.09 cm™!, an LIA time constant setto 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 =
850 mbar and u = 25 mL min "

The spacing of the cavity mirrors was chosen to be 1 mm because of
several characteristics: The free spectral range (FSR) of a 1-mm spaced
cavity is about 150 GHz, which corresponds to a wavelength span of 1.2
nm at the probe laser’s central wavelength of 1550 nm. The FSR is same
as the total tuning range of the probe laser, being a perquisite to be able
to tune its wavelength at least to one inflection point on one side of the
cavity’s transmission for every potential refractive index of the gas
which varies with sample temperature, pressure and composition. A
small spacing is advantageous for coupling the probe beam into the
cavity achieving high transmission. At the same the slope around the
operation point of the cavity’s transmission decreases with decreasing
spacing, weakening the transduction to photothermal induced signals.
Moreover, the generated photothermal wave is highly damped and only
expands in the very vicinity of its generation. Therefore, a mirror
spacing of 1 mm allows for reasonable well probe laser coupling to the
cavity, but also allows for reasonable well transduction of the induced
photo-thermal wave. Moreover, a cavity spacing of 1 mm admits for
simple transmission of the focused excitation laser beam in the trans-
verse direction without touching any cavity mirrors, which could
potentially introduce noise. For this various reasons, a 1-mm cavity
mirrors spacing is the sweet spot for achieving sensitive and robust
ICAPS measurements.

5. Results
5.1. Overview

In order to verify the functional principle of the proposed sensing
scheme, it’s metrological figures of merit were determined using carbon
monoxide (CO) as target molecule. Investigations of the sensor’s noise
cancellation and signal enhancement performance were conducted.
Also, the influence of water vapor on the photothermal signal was
studied, as well as the sensor’s sensitivity and linear response were
analyzed. Different trace gas concentration levels were obtained by
blending a 100 ppmv CO calibration mixture with Ny via a custom gas
mixing system. The N used for dilution could be moisturized with water
vapor in a wide concentration range. Spectra of CO were acquired via
tuning the QCL frequency across the selected absorption line.

5.2. Signal enhancement and noise reduction

In order to confirm the enhancement of the detected photothermal
signal of the presented setup two spectra of 10 ppmv CO in Ny were
acquired (see Fig. 3): the first spectrum was recorded when balanced
detection was deactivated, i.e. only the signal of photodiode A was
recorded (see Fig. 3 red trace, non balanced-detection). Next a spectrum
in active balanced detection mode was recorded (see Fig. 3, blue trace,
balanced detection). Comparison of the two spectra shows an
improvement in the detected signal amplitude by a factor of approxi-
mately 1.9 when employing balanced-detection. This result is in very
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Fig. 3. Normalized 2f-WM single-cavity ICAPS sensor response for non
balanced-detection (red trace) and balanced-detection (blue trace) operation,
when the QCL frequency was tuned across the targeted CO absorption band
centered at 2179.77 cm™! at an absolute pressure of 850 mbar.

good agreement with the maximum achievable value of 6 dB (factor 2).
The small deviation of the measured data from the maximum theoretical
enhancement factor may have been caused by a small experimental
discrepancy in the absolute power levels at the photodetectors caused by
a small mismatch of the transmission’s and reflectance’s resonance
height, causing a slightly different transduction to the photothermal
signal in the two channels.

To investigate the noise cancellation performance of the presented
configuration, the noise floor of the sensor was recorded again for both
settings, the non balanced-detection and the balanced detection mode.
Each setting was recorded for a total duration of 30 min when the cell
was flushed with moisturized Ny and the QCL frequency was kept at
2179.77 cm'. The results of the two measurements are shown Fig. 4.
Comparison of the calculated standard deviations of the measured data
show a noise reduction by a factor of approximately 9.7, when
employing the balanced-detection scheme.

In total, the measured results show an improvement in the sensor’s
signal-to-noise ratio by a factor of ~ 18, when employing balanced
detection compared to non-balanced operation. The improvement in the
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Fig. 4. 2f-WM ICAPS sensor response for non balanced detection (blue trace)
and balanced detection within a single cavity (red trace) for pure N, when the
QCL was kept at 2179.77 cm ™' at an absolute sample pressure of 850 mbar.

Infrared Physics and Technology 155 (2026) 106497

signal-to-noise ratio is composed one the one hand by an enhancement
of the signal by a factor of 1.9, and on the other hand by a reduction in
noise by a factor of 9.7. This result clearly highlights the benefit of the
single-cavity balanced-detection ICAPS operation mode.

5.3. Influence of water vapor on the CO ICAPS signal

In order to investigate the influence of varying water vapor con-
centration on the detected photothermal CO signal of the presented
ICAPS based sensor, two different experiments are reported:

First, the sensor signal for 10 ppm CO as a function of the HyO
concentration was recorded. The dependence of the signal amplitudes
versus absolute humidity is shown in Fig. 5. The results show an initial
decrease of the recorded photothermal signal with increasing humidity
reaching a minimum at 0.18 vol% H20, before increasing with
increasing humidity. A maximum improvement of the measured ICAPS
signal by a factor of approximately 7.7 was received, when the analyzed
gas mixture was humidified with 2.1 vol% HyO. This behavior can be
explained by competing endothermal and exothermal pathways of the
vibrational relaxation of CO in N3 and H,0, and is discussed in detail in
[32].

Second, a spectra of 10 ppmv CO in dry Ny and humidified Ny were
acquired, see Fig. 6. The result again proofs the photothermal signal
enhancement via molecular V-T relaxation by a factor of 7.7 when the
analyzed sample has a water content of 2.1 vol%, clearly showing no
spectroscopic interference with water within the analyzed spectral
region.

In practical applications the analyte often needs to be quantified in
gas mixtures with unknown water content, potentially varying in a
range from 0 to 100 % relative humidity. To correct for the dependence
of the system’s CO signal amplitude on the water content, the humidity
of the sample gas has to be measured additionally. With the measured
information on the water concertation the CO signal strength can be
corrected by software according to the characterized dependency shown
in Fig. 5. The HyoO concentration of the sample gas can be measured
simply using an additional humidity and temperature sensor, e.g. the
sensor which was used in this work (SHT85, Sensirion AG). Alterna-
tively, the water content could be measured spectroscopically by the
ICAPS system itself using an HyO absorption band which is in the tuning
range of the employed QCL. For the presented system the water band
centered at 2181.33 cm™! could be used, which is neighboring the CO
absorption band centered at 2179.77 cm™'. However, this approach is

Norm. Sensor Signal

0.0 0f5 110 115 2.0
Absolute Humidity (%)

Fig. 5. Dependence of the 2f-WM ICAPS signal amplitudes on the H;O con-
centration (cco = 10 ppm, p = 850 mbar, Av = +0.09 cm™1).
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Fig. 6. 2f-WM ICAPS signals for 10 ppmv CO in dry and moisturized N5, when
the QCL was tuned across the absorption line located at 2179.99 cm™! (p =
850 mbar, m = +0.09 cm ).

more time consuming as two individual absorption lines have to be
probed alternately.

Moreover, the sample gas could be humidified before analysis to
establish consistent humidification. This approach is often used in
quartz-enhanced photoacoustic spectroscopy (QEPAS) setups whose
sensor signals are commonly also dependent on the sample’s water
concertation due to additional molecular V-T relaxation pathways of the
analyte [15,33]. If the sample is humidified to nearby 100 % relative
humidity before analysis, the sensor’s sensitivity will be highest and at
optimum working conditions due to maximum enhancement of the V-T
relaxation. This approach can be realized by using e.g. a poly-
dimethylsiloxane membrane for humidifying the sample gas. However,
this approach entails disadvantages like increased need of sample gas
volume, different membrane permeability coefficients of various gases
and additional maintenance requirements.

5.4. Sensitivity and linear response of the sensor

The selective response of the single-cavity balanced-detection ICAPS
sensor to various concentrations of CO in moisturized Ny was analyzed
by recording 2f-WM spectra for six different trace gas levels in the range
from 1 to 10 ppmv, together with the noise floor of the sensor for
moisturized Ny (see Fig. 7). Based on the signal amplitude for 10 ppmv
CO and the standard deviation of the noise level for moisturized Ny, a
signal-to-noise ratio of ~ 4103 was calculated, which yields a 16 mini-
mum detection limit (MDL) of ~ 2 ppbv for an acquisition time of 1 s.
The normalized noise equivalent absorption (NNEA) coefficient at unit
laser power and bandwidth was calculated to be NNEA = 7.4 x 107
em~! W Hz 172, using a minimum detectable CO absorption coefficient
of Omin = 6.51 x 108 em™!, an optical excitation power of P = 35 mW,
and an LIA detector bandwidth of Af =94 mHz (t =1, 18 dB/oct low-
pass filter). Moreover, the sensor yielded excellent linearity between the
measured signal amplitudes and the CO concentration (see inset, Fig. 7).

5.5. Long-term stability

To analyze the noise characteristics and long-term stability of the
single-cavity balanced-detection ICAPS setup, an Allan-Werle deviation
investigation [31] was performed. Data were recorded for an overall
time period of 8 h in the controlled conditions of the laboratory
employing the LIA settings described above, i.e., a detection bandwidth
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Fig. 7. 2f-WM single-cavity balanced-detection ICAPS sensor response for six
different CO gas concentrations in moisturized N2 (cy20 = 2.1 vol%) as well as
the sensor noise floor for moisturized Ny, recorded when the QCL frequency was
tuned over the targeted absorption band centered at 2179.77 cm™! at an ab-
solute pressure of 850 mbar. (b) Measured signal amplitudes as a function of CO
concentration.

of Af = 0.094 Hz with an 18 dB/oct low-pass filter. During the mea-
surement the cell was flushed with pure Ny. The Allan-Werle plot of the
measurement is depicted in Fig. 8. The plotted Allan-Werle deviation
indicates excellent long-term stability of the sensor, showing that the
single-cavity balanced-detection ICAPS system is dominated by white
noise characteristics, as any additional sensor drift is inherently
compensated by the probe laser lock described in Section 4. If required,
this white-noise dominated region allows for signal averaging up to a
few thousands of seconds, proportionally improving the sensor’s
sensitivity.

6. Conclusions

The presented work demonstrates sensitive and compact trace gas
detection by the implementation of a new balanced-detection scheme to
the ICAPS configuration, employing only a single cavity. This layout was
realized by the simultaneous monitoring of the cavity’s transmission and

0.14

0.01 5

Norm. Allan Deviation

0.001 4 . . .
10" 102 10° 10*

Integration Time (s)

Fig. 8. Allan-Werle deviation plot of the sensor noise recorded over a time
period of 8 h.
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reflection, utilizing a fiber-coupled probe laser configuration. The ca-
pabilities of the method were demonstrated on the example of CO
detection, exploiting a CW-DFB-QCL as the excitation source to target
strong fundamental absorption features of the sample molecules in the
mid-infrared region. The single-cavity balancing method demonstrated
substantial advancement in the analytical figures of merit compared to
the basic ICAPS scheme [18] by cancellation of common mode noise
present in both detection branches and by an enhancement of the
detected photothermal signal, resulting in a total improvement of the
signal-to-noise ratio by a factor of 18. The 16 MDL was determined to be
2 ppbv CO in moisturized Ny, employing a 1 s integration time. This
value corresponds to NNEA of 7.4 x 1072 ecm™! W Hz™ /2. In this work
also the influence of water vapor on the photothermal signal through its
role in the V-T relaxation process of CO has been investigated in detail.
For practical applications the photothermal cross-sensitivity to water
has to be considered. Strategies for compensating this influence have
been discussed, such as independent moisture sensing and software
correction. The presented layout offers a simple beam alignment,
enabling a robust and compact gas sensor design. High sensitivity was
accomplished by application of interferometers with moderate finesse as
well as a small mirror spacing of 1 mm together with strong photo-
thermal signal generation by use of high excitation laser intensities.
Additionally, the system showed excellent long-term stability due to
feedback-controlled compensation of any transducer drifts. This char-
acteristic potentially allows to improve sensitivity by application of
long-term integration times. The presented sensor is based on a compact
arrangement with a total cell volume of only 1.8 ml, and shows high
potential for further miniaturization, even down to photonic integration
on a chip. Since the ICAPS technique is based on indirect detection, this
method is not limited to a particular excitation wavelength range but
can be applied to a broad range of excitation sources. Also, more than
one excitation source may be coupled to the transducer, allowing for
multi-component analysis. Additionally, the robust transducer element
holds potential for use in elevated temperature and pressure applica-
tions. In conclusion, the method of single-cavity balanced-detection
ICAPS offers a substantial improvement in the sensor’s sensitivity
compared to the basic ICAPS configuration [18], when operated under
conditions without additional probe laser frequency and environmental
noise contribution. Moreover, the method features an alternative noise
cancellation method with less system complexity and simplified control
of signal balancing, compared to the powerful balanced-detection ICAPS
scheme employing two cavities [20].
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