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ABSTRACT. Growing awareness of the adverse health effects of air pollution has increased the
demand for reliable, sensitive, and mass-producible sensor systems. Photothermal
interferometry has shown great promise for sensitive, selective, and miniaturized
gas sensing solutions. This work describes the development of a macroscopic pho-
tothermal sensor system with a sensor head consisting of a low-cost, custom-made,
and fiber-coupled Fabry—Pérot etalon. The sensor was tested with NO,, achieving
a 3o limit of detection (LOD) of approximately 370 ppbv (1 s). Exhibiting little drift,
a LOD of 15 ppbv is achievable for 200 s integration time. Compensating for the
excitation power, the normalized noise equivalent absorption was calculated to
be 1.4 x 10~8 cm~'W+/Hz. The sensor system is not limited to NO, but can be used
for any gas or aerosol species by exchanging the excitation laser source.
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1 Introduction

The detection of trace concentrations of gases is crucial in countless fields of application. From
environmental monitoring to leakage detection in industrial applications or in the medical sector,
sensitive and selective determination of gas concentrations has to be ensured in a cost-effective
way. There are many known gas sensing methods, but they either lack the necessary accuracy or
do not meet the price requirements for the respective application.! Laser-based spectroscopic
sensor systems offer the advantage of a high sensitivity and selectivity.? In tunable diode laser
based absorption spectroscopy, the signal scales with the gas-laser beam interaction length
according to the Beer—Lambert law. It states that the incident laser power is attenuated expo-
nentially over the detection path length, thereby posing a limit to the miniaturization potential.’
In photothermal spectroscopy on the other hand, the signal detection can be done with interfero-
metric precision and sensitivity, enabling the realization of just minute detection volumes.*™
However, most of the photothermal interferometry (PTI) setups presented to date, are large and
rather complex bench-top systems relying on the use of expensive equipment. For field appli-
cation, the sensing system needs to be down-scaled and a rugged interferometric sensing unit is
essential. For the characterization of the setup proposed in this work, we have chosen nitrogen
dioxide (NO,) as analyte, whose detrimental effect on both health and climate has been proven in
many studies.” Evidence suggests that elevated exposure levels can be associated with respiratory
diseases as well as premature deaths.'” Precise monitoring of gas concentration levels is essential
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for raising public and political awareness to the problem of air pollution, and thus the enforce-
ment of strict regulation standards. Optical sensors, such as photothermal and photoacoustic gas
sensors, allow selective measurements and sensitivities down to the parts per billion by volume
(ppbv) region have already been demonstrated.!'~'> This work presents the characterization of
a novel optical fiber-based PTI gas sensing system. Instead of relying on a commercially avail-
able and expensive Fabry—Pérot etalon (FPE), we make use of a low-cost and custom-made FPE.
The etalon has been manufactured with an easily accessible fabrication method using only basic
photonic equipment, available in any photonic laboratory.'® The price of commercially available
high-finesse FPEs surmounts the commonly acceptable budget for prototyping. By relying on
off-the-shelf bulk-optic and telecom fiber-optic components, the material costs of the FPE, as
used here, could be reduced to less than 400 euros. A comparison to similar configurations is
difficult, given the lack of disclosed details about the fabrication methods as well as the equip-
ment necessary for glass processing and coating. See, e.g., reference Chen et al.'” Convenient
handling of the main sensing unit is ensured by fiber-coupling the air-spaced etalon. The pre-
sented gas sensing system is calibrated with well-defined concentrations of NO,, demonstrating
its potential for various gas sensing applications. The calibration results also more generally
display the favorable capabilities of the developed low-cost FPEs as a required next step toward
low-cost sensitive photothermal trace gas monitoring.

2 Methods

2.1 PTI Working Principle
In PTI, minute changes in refractive index (RI), induced by exciting and thereby heating the
target gas periodically via laser irradiation, are measured interferometrically.'® Careful selection
of the excitation wavelength with respect to cross-sensitivities to other gases ensures a high selec-
tivity toward the target gas while being unaffected by other gases, which may be present during
the measurement. Periodic modulation of the excitation laser, either in wavelength or in intensity,
leads to modulated absorption and RI changes, proportional to the gas concentration present.
Neglecting excitational relaxation losses, the oscillatory temperature AT, and phase A
amplitudes, induced in the gas by intensity-modulated and collimated laser irradiation, can
be calculated with the following equations:'®

2P ng —1

Angg =

AT . =
® awipec,o’ T,

AT e o
where a is the absorption coefficient of the gas, P the effective optical power of the excitation
laser (peak-to-peak power), w the excitation laser’s beam radius, po and c,, the density and spe-
cific heat capacity of air, and o is the angular excitation frequency. These changes in RI are then
detected, e.g., using an FPE, as illustrated in Fig. 1. In order to perform wavelength modulation
spectroscopy (WMS), distinct absorption peaks are beneficial.'” In the region around 450 nm,
NO, exhibits strong but broad absorption features®® not suitable for WMS, which is why inten-
sity modulation was performed for the measurements presented here.

The transmittance 7 and reflectance R = 1 — T through the FPE can be described by
the Airy distribution.”! Depending on the reflectivity R,, € [0,1] of the identical mirrors and
the phase ¢, the transmittance for the case of normal incidence can be written as

B (1-R,,)? b= 4znd
1 —=2R,,cos(¢) + R’ oA

(@)

where n is the RI, d is the distance between the two mirrors, and A is the wavelength of the
etalon’s probe laser. The red dotted line in Fig. 1 depicts the gradient of the function, here
referred to as sensitivity S = (dR/d¢), which acts as conversion factor between the generated
phase change and the subsequent change in reflected intensity. For photothermal measurements,
the operation point of the interferometric detection unit is chosen to be at the inflection point of
the function, where the sensitivity to phase changes is the highest. The sensitivity is proportional
to the finesse of the FPE, which is commonly used as a figure of merit of an FPE. The use of
such multi-pass interferometers allows miniaturization of the detection unit of a PTI sensor,
by reducing the necessary gas-laser interaction path. By proper selection of the wavelength of
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Fig. 1 Exemplary reflection function of an FPE, plotted over the phase ¢ = (4znd/4). The periodic
change of Rl leads to a periodic change of the phase inside the etalon and therefore a modulation
of the backreflected light AR. Given that the slope of the function can be assumed linear (dotted
line) around the inflection point (black dot), AR is proportional to the gas concentration Nyg,.

the excitation laser, minimum cross-interferences with other gases, in terms of absorption as well
as excitational relaxation pathways can be ensured. This makes PTI gas sensors highly selective
and the interchangeable nature of the excitation laser allows detection of many gas and aerosol
species, given the right laser source is available.

2.2 Experimental Methods

A schematic of the macroscopic sensor system is shown in Fig. 2. The fiber-optic interferometric
sensing part is depicted in the lower left corner of the figure. To minimize the influence of laser
phase noise on the setup, an ultra-narrow linewidth fiber-coupled laser source (NKT, E15,
1550 nm) is used as probe laser. An optical isolator (AFW Technologies, SM dual-stage isolator)
is installed, to prevent back-reflections into the laser. As a balanced detection (BD) scheme is
used, the light intensity is subsequently split by a 90:10 fiber-optic splitter (Agiltron, SM micro-
optic coupler) into a reference and signal path. Roughly 10 % of the light is directed onto the

---------- > Gas Flow
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Fig. 2 A schematic of the developed macroscopic sensor system visualizing its working principle.
In the center, the 3D-printed measurement cell with the integrated fiber-coupled FPE is depicted.
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Fig. 3 Picture of the measurement cell with the excitation laser turned on.

reference photodiode of the balanced detector (Newport, Nirvana 2017), whereas the rest passes
a circulator (AFW Technologies, SM circulator) before entering the FPE.

Etalons act as converter from frequency modulation, due to the laser’s phase noise, to ampli-
tude modulation (FM to AM noise). As the FPE used for detection of the photothermal signal, is
only present in the signal path, BD cannot compensate for the additional amplitude noise, high-
lighting the need for an ultra-low-noise laser source. Alternatively, a feedback-based stabilization
scheme could be implemented, e.g., Pound-Drever—Hall method, with the advantage of having a
larger tolerance toward low-cost laser sources.”> However, additional optical and electronical
components would be required, adding to the complexity and size of the setup. To allow inter-
action between the target gas and the laser light, an air-spaced FPE has to be used. As commer-
cially available FPEs are typically expensive, a novel low-cost method to fabricate fiber-coupled,
air-spaced FPEs was developed, to allow fast and easy prototyping. Details of the fabrication
process can be found in Tanzer et al.'® The FPE used for the NO, measurements, as presented
here, has a finesse of roughly 30 and a sensitivity to RI changes of 8.2 - 10° RZ"U. Direct mounting
of the FPE to a single-mode fiber collimator (DK photonics, SM fiber collimator) creates a high
mechanical stability of the detection unit, without the need for re-alignment after handling of the
measurement cell. A picture of the measurement cell is shown in Fig. 3.

A gradient index lens collimates the laser beam out of the fiber and collects the reflected light
from the FPE. The circulator then directs the reflected light onto the signal photodiode of the
balanced detector. The excitation laser (Laser Components, PLT5 450B, 450 nm, 80 mW) beam
is focused perpendicularly onto the probe laser beam inside the air-spaced etalon. Two wedged
windows ensure that the measurement cell is air-tight while allowing the excitation beam to pass.
For data acquisition and management of the system, an FPGA-based system (NI, cRIO9031)
with a 24 bit ADC (NI, 9234) is used. This system controls the laser drivers, acquires data from
the detectors and also features a lock-in amplifier (LIA), which allows for phase sensitive back-
ground correction of the photothermal signal amplitude. Operation of the system is done via
a custom LabView-based user interface. To maintain the probe laser’s wavelength at the
FPE transfer function’s inflection point and ensure optimum sensitivity of the system during
measurements, a PID-controller was implemented. A fast response of the controller has to be
ensured, to avoid drift of the operation point when the gas concentration or composition changes
throughout the measurement campaign. For the characterization of the instrument with well-
defined NO, concentrations, a custom-made gas diluter, based on critical orifices, is used, to
dilute 1000 ppmv of NO, with pure nitrogen N, down to the desired concentration levels.”
As abrupt changes of the flow rate can lead to a strong drift of the operation point, a pump in
combination with a critical orifice (0.249 slm) is installed downstream of the cell. Together with a
venting tube upstream of the cell, constant flow through the FPE is ensured. For environmental
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sensing applications however, fast changes of pressure and flow rate through the system can be
avoided, making the use of these additional components obsolete. To achieve maximum sensi-
tivity, the operation parameters of the setup were determined in the following way: with the
maximum NO, concentration present in the measurement cell, a frequency sweep of the intensity
modulated excitation laser (50% duty cycle) was performed, to determine the optimal excitation
frequency. As longer integration times lower the limit of detection (LOD), stability measure-
ments were performed for more than 1 h. By calculating the Allan deviation, the maximum inte-
gration time was determined.***

3 Results

By comparing the measured signal-to-noise ratios (SNRs) obtained via the frequency sweep,
the ideal excitation frequency f.,. was determined, as depicted in Fig. 4. The fluctuations in
the measured data points can be attributed to the limited integration time of the LIA of 5 s.
Repeated measurements for the regions of interest around 650 and 1100 nm with an integration
time of 10 s revealed an optimum excitation frequency of 1065 Hz.

In Fig. 5, the measured background-corrected lock-in amplitude for an integration time z;,,
of 1 s is shown over the NO, concentration as set by the gas diluter.
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Fig. 4 The SNRs as obtained by sweeping the excitation frequency from 100 to 2000 Hz during
measurements of 1000 ppmv of NO, with 5 s integration time.
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Fig. 5 The measured LIA amplitude for different NO, concentrations with 1 s integration time. The
black line is a linear fit and indicates the linearity of the sensor system. As only one measurement
was performed per data point, no standard deviation can be given. The uncertainties of the gas
concentrations are too small to be visible in the plot.

Optical Engineering 064101-5 June 2024 e Vol. 63(6)



Tanzer et al.: Photothermal gas sensing with a custom-made, fiber-coupled. ..

Table 1 Main sources of uncertainty of the measurement results.

Sources of uncertainty Brief description Weight
Gas Gas bottle concentration 997 ppmv of NO, with 2 % uncertainty i
Gas diluter Uncertainty of mixing ratio (0.1% to 1.2%) i

kkkk

Incomplete gas exchange Long required flushing times of tubing and dead volumes,
especially for low concentrations

System Sensitivity fluctuations Variable conditions (p, T, n) can change the slope of the FPE **

Exc. laser power instability Fluctuating optical power emitted by exc. laser

Mechanical instabilities Variable optical alignment can change overlap between exc.
and probe laser

Fiber-optical components ~ Unwanted interference effects changing the reflected
optical power

Probe laser noise Phase noise, relative intensity noise, etc.

Electronics noise Laser drivers, detectors, data aquisition, etc. *

The black line is a first order polynomial fit with zero offset, indicating the linearity of the
sensor system. The inset on the upper left side of the plot shows the low concentration region up
to 60 ppmv. As only one measurement per data point was performed, no statistical evaluation
can be given.

The main source of uncertainty in the measurement results can be attributed to the reference
system, namely the gas diluter and the subsequent tubing system for supplying gas to the meas-
urement cell. The uncertainties of the concentrations, as given by the gas diluter, are plotted as
errorbars in x-direction, however, they are too small to be visible in the graph. The deviations
from the linear fit, especially in the low concentration regions, are mainly stemming from insuf-
ficient gas exchange times. The long tubing and possible dead volumes in the measurement cell
demand flushing times for multiple hours, which was not practical during the measurement cam-
paign. As no reference sensor was used, no quantification thereof can be given at this point. In
Table 1 a list of sources adding to the uncertainty of the measurement is given, together with a
ranking in terms of relative weight of the respective source. For most of the indicated sources,
mitigation measures have been taken. To address fluctuations of the sensitivity of the FPE, a PID-
controller based operation point stabilization was implemented, as mentioned before. To avoid
excitation laser power fluctuations, low-noise drivers were employed. Mechanical instabilities
causing a changing overlap of probe and excitation laser were avoided by sturdy mounting. From
Eq. 1, the theoretical influence of both last-mentioned factors can be assessed (AP and Aw).
Parasitic etalon effects stemming from reflections of fiber connectors were reduced by the use of
index matching gel. Non-ideal behavior of the fiber-optic components (isolator, splitter, and
circulator) has to be considered and they have to be chosen according to the highest possible
standards. The use of an ultra-low-noise laser source in combination with a BD scheme reduces
the influence of probe laser-related noise on the measurement. Finally, as only low-noise elec-
tronics were used, the relative weight of electronics noise is ranked as minute.

With the measured SNRs for each individual concentration, a mean 30 LOD of roughly 370
ppbv (1 s integration time) could be achieved. To allow for comparison to previously reported
setups, the normalized noise equivalent absorption (NNEA) is calculated, independent of the
optical laser power and bandwidth. For the effective optical power Py of 40 mW and 1 s inte-

. . . _ aPeg -8 -1 26 :
gration time, we achieve an NNEA = SNRy/a7 of 1.4x107° cm™ W+vHz.”™ Here, a is the

absorption coefficient of the gas and the measurement noise bandwidth Af was approximated
by a first-order filter noise bandwidth of Af = % = f for the LIA’s low-pass filter.”” To inves-

tigate the stability of the sensor system, measurements of the background signal, with a constant
flow of N,, were performed for more than 1 hour. By calculating the Allan deviation and
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Fig. 6 The black line indicates the calculated Allan deviation in units of NO, concentration as
measured from the background signal. The gray dotted lines depict the standard error.

converting it into units of NO, concentration, as shown in Fig. 6, the LOD for longer integration
times can be evaluated.

The system shows good stability up to 200 s, until drift starts to dominate. With an inte-
gration time of 200 s a theoretical 36 LOD of approximately 15 ppbv can be achieved. Similar
long-term measurements of the photothermal signal with NO, present revealed stronger insta-
bilities. Ongoing work indicates that additional, parasitic etalon effects, stemming from fiber-
optic components and connectors, on top of the measurement FPE’s transfer function, lead to
varying sensitivity. Additional factors influencing the stability during a photothermal measure-
ment are the fluctuations and drift of the excitation laser’s optical power and mechanical insta-
bilities of the setup, leading to a degradation of the overlap between probe and excitation laser.

4 Conclusions and Outlook

In this paper, an interferometric gas sensing system utilizing the photothermal effect has been
presented. As a detection unit, a custom-made fiber-coupled FPE was employed, which is based
on a fabrication method for low-cost fiber-coupled FPEs.'® By measuring the reflected light of
the FPE, one single optical fiber is sufficient to lead light in and out of the etalon, allowing
easier handling of the sensor head and simplifying the alignment process. The system was
characterized with NO, concentrations ranging from 1 to 1000 ppmv. With 1 s integration time,
a LOD of approximately 370 ppbv can be achieved. The stability of the sensor system allows
for integration times up to 200 s, thereby lowering the LOD down to approximately 15 ppbv.
To benchmark the system against previously published results, the NNEA was calculated to be
1.4 x 10~® cm~'W+/Hz, thereby proving to be competitive, despite the used low-cost FPE. An
additional advantage of the proposed sensing system is the interchangeable nature of the excitation
laser source. Basically any absorbing gas or aerosol species can be detected, given the appro-
priate excitation laser source is available. By introducing multiple excitation beams with different
wavelengths, the system could also be easily adapted for multi-gas detection. Observed insta-
bilities of the photothermal signal are related to parasitic etalon effects, introduced by reflecting
surfaces of connectors and other optical components. These effects are added on top of the FPE’s
transfer function, leading to signal non-linearities. Further investigations to quantify the influ-
ence of said effect are still ongoing. The use of index-matching gel reduced the effect signifi-
cantly and splicing of the fiber connections is expected to suppress unwanted etalon effects below
the level of detection. Effort is also put into the implementation of further excitation sources, e.g.,
a 4 ym interband cascade laser, to target the strong mid-infrared absorption bands of CO,.?
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