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Mid-Infrared Sensing Using a Hollow—Core Fiber in a

Nonlinear Interferometer

Thomas Produit, Tanmoy Chakraborty, Ang Deng, Leonid Krivitsky, Wonkeun Chang,

and Anna V. Paterova™>

Increasing the interaction path length is a well-known method for enhancing
the sensitivity of the optical detection system. Hollow—core fibers (HCFs)
represent a viable alternative to the traditional multi-path cells offering low
optical losses and strong confinement of the optical field. Here, the
incorporation of an Antiresonant Hollow—core Fiber (AR-HCF) section into a
nonlinear interferometer, where the AR-HCF section serves as a gas-sensing
cell operating in the IR range is presented. By exploiting the effect of nonlinear
interference, the detection is brought into the more operation-friendly visible
range. The detection of methane (CH,) gas at mid-IR wavelengths within a
half-meter section of AR-HCF, with an estimated concentration accuracy of
200 ppm-m is demonstrated. These results represent the combination of two
research fields within a single instrument and pave the way for further

advancement of quantum-inspired gas sensing techniques.

1. Introduction

The ability to measure minute concentrations of gases is cru-
cial for multiple areas of strategic importance, including med-
ical diagnostics,ll environmental monitoring,?! and industrial
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applications.?! Conventional methods of
gas sensing use a mid-infrared (mid-IR)
light source, tuned to resonance absorp-
tion lines of the gas under study. The light
interacts with the gas in a multi-path cell
(MPC), and the concentration of the gas
is inferred from the light attenuation mea-
sured by a mid-IR photodetector, following
Beer-Lamber law.[*! However, the reliabil-
ity and sensitivity of these methods are hin-
dered by the opto-mechanical and thermal
drifts of MPCs.P] An alternative approach is
based on using hollow—core fibers (HCFs),
whose core is filled with the gas while guid-
ing the probing light through. Low optical
losses and strong confinement of the opti-
cal field in the HCF enhance the interaction
strength of the IR light with the gas. Among
many types of HCFs, the most promising one for gas sensing
is the anti-resonant HCFs (AR-HCFs).[°#] This type of fiber has
broadband guidance and a large diameter of the central hollow
core, which leads to shorter gas exchange time. AR-HCFs have
already been demonstrated for gas sensing experiments,®12]
where several meters of interaction path length were achieved.'!]
Specifically in the mid-IR, recent spectroscopic results have
shown impressive sensitivity using AR-HCF as gas cells,['*] but
these geometries still require specialized detectors tailored to de-
tect mid-IR photons, like Mercury Cadmium Telluride (HgCdTe,
MCT) detectors. These detectors are expensive, less sensitive
than detectors in the visible, and often require cooling for proper
functionality, as they suffer from thermal noise at ambient
temperatures.!1]

An alternative to the scheme with direct detection of mid-IR
light can be based on using the principles of nonlinear op-
tical processes like sum-frequency generation™1%l or using
interference of correlated photons pairs.'’-*) However, the
technique based on sum-frequency generation still requires
powerful pump lasers, like Nd:YAG pulsed lasers, to drive the
upconversion process and transform the probing IR beam to a
detectable visible wavelength range. Moreover, these upconvert-
ing techniques also do not circumvent the need of an IR photon
source at the first place, such as quantum cascade laser (QCL) or
supercontinuum laser sources. The latter technique employing
the interferometry of correlated photon pairs, known as “in-
duced coherence without induced emission”,[2°22] has already
been demonstrated for applications in IR spectroscopy.l'’~1!
This technique allows obtaining information about sample’s
interaction with IR wavelengths by detecting correlated pho-
tons at conjugate visible or near-IR wavelengths through the
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implementation of the nonlinear interferometry scheme. Thus,
inferring sample properties at mid-IR (A = 3-50 pm)[®] or even
THz wavelengths(1*2* (1 = 100-1 mm)!®! can be performed
using detectors for visible range. Furthermore, it is argued that
these quantum techniques could achieve increased sensitivity in
comparison with their classical counterparts.[?!

In this work, we combine our expertise in nonlinear interfer-
ometry with the use of HCFs for gas sensing measurements. We
demonstrate the integration of an AR-HCEF section into the non-
linear interferometry scheme. This allows increasing the optical
path length of the probe beam through the gas under study. We
report the sensing of methane gas (CH,) at one of its absorp-
tion peaks via the detection of visible light, hence bypassing the
need for mid-IR detectors. This approach demonstrates the com-
bination of nonlinear interferometry and AR-HCF in a single in-
strument for gas detection measurements, expanding quantum-
based sensing techniques.

2. Nonlinear Interferometry Using Stimulated
Coherence

A nonlinear interferometry scheme implies using a source
of correlated photons, commonly, generated via spontaneous
parametric down-conversion (SPDC) in a nonlinear crystal. In
this process, the laser pump photons annihilate, and correlated
photon pairs, called signal and idler photons, are created. The
wavelengths of the signal and idler photons can be tuned in the
visible and mid-IR ranges, respectively, by changing the phase-
matching conditions in the nonlinear crystal. Incorporating se-
quentially two of such nonlinear crystals with a common pump
beam comprises a nonlinear interferometry scheme, where the
superposition of SPDC state vectors results in an interference
pattern. Thus, one can measure the losses at the IR range for idler
photons propagating between crystals by detecting the intensity
of the correlated signal photons I, at the visible range. The result-
ing interference fringes depend on the intertwined relation of
signal phase @,, idler phase ¢; and pump phase ¢, given by:1**']

I~ [1+V-cos(p,+¢,—9,)] (1)

The visibility of the interference fringes V depends on the first-
order correlation function y(At) for SPDC photons and the am-
plitude transmission coefficient 7, for idler photons at IR wave-
lengths range:

et

V= u(AY g =u(m>exp(%> @)

where «; is the absorption coefficient at IR wavelengths, and L;
is the interaction length of the idler photons with the absorbing
medium present in the interferometer. In this case, the first-order
correlation function requires balancing the path lengths of the
signal and idler photons in the interferometer within the coher-
ence length of the SPDC photons.

To increase the visibility of the interference fringes in such a
scheme it is possible to add seed photons with their wavelength
and mode-matching idler photons. Indeed, the parametric down-
conversion (PDC) in this case changes to the stimulated regime,
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where one of the SPDC modes is effectively enhanced.?”?%] In
this regime, a non-linear relation arises between the interference
visibility V’ and the amplitude transmission coefficient 7, of the
sample,[?-33] which is given by:
vV = 2 |Ti|

RS

G)

Moreover, the coherence length for stimulated PDC is then de-
termined by the coherence length of the seed photons. Thus, us-
ing seed photons with a longer coherence length reduces the bal-
ancing constraints of the interferometer. This significantly sim-
plifies the alignment of the system and allows integration of long
fibers section in the IR arm, without the need to balance the pass
length at the other arm of the interferometer. This can be partic-
ularly useful for long-distance gas sensing applications.>]

3. Experimental Setup

3.1. Nonlinear Interferometer

We built a Michelson-type nonlinear interferometer, where only
one nonlinear crystal is used, with the pump beam double
passing through it, see Figure 1. The interferometer is built
using a periodically poled lithium niobate (PPLN) nonlinear
crystal (with poling periodicity of 10.73 um), a continuous
wave (CW) pump laser at 532 nm wavelength (Oxxius LCX-
532) and a tunable Interband Cascade Laser CW seed laser at
3135-3559 nm (ICL BG-3.2-3.6, AlpesLaser SA), as sketched in
Figure 1.

Using dichroic mirrors, the pump and seed lasers are di-
rected into the nonlinear crystal, where non-degenerate stimu-
lated PDC photon pairs can be generated at visible (signal pho-
tons, 635-624 nm) and corresponding IR wavelengths (idler pho-
tons, 3.29-3.608 pm). The phase matching conditions, and hence
the idler/signal wavelengths, are tuned by controlling the temper-
ature applied to the nonlinear crystal. Specifically, we set the tem-
perature to T=56.0 + 0.1 °C to ensure that the wavelength of the
idler photons spectrally matches with one of the absorption lines
of CH, gas at 3024 cm™' (3.307 pm). Correspondingly, we set the
seed laser to the same wavelength. Then, photons are split into
two arms of the Michelson interferometer (visible and IR arms)
according to their wavelengths by another dichroic mirror. Signal
and pump photons propagate in free space, while idler and seed
photons can either propagate in free space or be guided through
the AR-HCF section of 53.5 + 0.2 cm length (single pass). IR
photons, once coupled in, are guided through the hollow core
region of the fiber, which has a diameter of 85 pm. The suppres-
sion of mode coupling between the hollow core and the cladding
ensures that light introduced into the core is effectively confined
and transmitted along the fiber with minimal leakage. More de-
tailed characteristics of the AR-HCEF section are elaborated in Ap-
pendix Al.

Pump and signal photons (seed and idler) are then reflected
back by the mirror M, (M) into the nonlinear crystal through
their initial path; hence the idler and seed photons pass again
through the AR-HCF section. Mirror M, is mounted onto the
translation stage to introduce the additional phase into the inter-
ferometer. When the photons are recombined at the nonlinear
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Figure 1. Schematic of the experimental setup. The IR arm of the interferometer can either incorporate the AR-HCF section or operate in a free space

configuration, where a variable neutral density filter (OD) is introduced.

crystal, another stimulated PDC process takes place by the re-
flected pump and seed beams. Thus, interference of signal PDC
photons generated at forward and backward passes through the
nonlinear crystal is observed on the CMOS camera (Thorlabs Ki-
ralux CS135MUN) operating at the visible range. Due to the rela-
tively low losses of the AR-HCF and its polarization maintenance,
the interference pattern of the signal photons is observed once
the spatial modes for the signal and idler photons are aligned in-
side the interferometer.

To introduce gas into the system, we use custom-built gas
housing cells at the ends of the AR-HCF and a gas delivery sys-
tem. The gas delivery system (not shown here) works to feed
different media and has separate gas lines: one for the vacuum
pump, one for feeding the gas under study. One end of each gas
cell has an IR window, which allows to couple IR light into the
AR-HCF section, while the other end is glued to prevent any gas
leakage. During the gas sensing measurements, first, we detect
a reference interference pattern with AR-HCF section pumped
down to vacuum pressures (down to ~100 mPa). Then, we intro-
duce the 2.5% methane and air gas mixture (CALGAZ <2.5%,
Methane in Air: 18-22% O,) into the AR-HCF, monitoring the
pressure by a Bourgon gauge. Due to the absorption of the gas
at IR range we observe altered interference fringes. As a result,
by analyzing the change of the interference pattern, namely the
visibility of the interference, we sense the concentration of the
injected gas.
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4, Results and Discussion

4.1. Interference Fringes with and Without Seeding

We study the stimulated regime of PDC generation by using the
free space configuration of the IR arm of the interferometer. By
introducing a variable step neutral density (ND) filter (Thorlabs
NDL-25S-4 Step Variable ND Filter, OD: 0.1-4.0), we measure the
interference visibility both for the seeded (=150 uW power) and
unseeded regimes of PDC generation. The resulting visibilities
are presented as a function of transmittance at Figure 2a. For
the unseeded case of PDC, the curve is given by a linear func-
tion, see Equation (2).?2] For the seeded PDC, the visibility of
the interference fringes has a nonlinear relation depending on
the transmittance in the IR arm of the interferometer, see Equa-
tion (3). Figure 2b shows interference fringes measured without
introducing the ND filters. Although seeding induces an increase
in visibility of the interference, due to a lack of active cavity sta-
bilization of the seed laser, we experience slightly higher sen-
sitivity to mechanical vibration in the seeded case. This results
in the uncertainties of the interference visibility to be slightly
higher, as shown in Figure 2. Moreover, the interference fringes
exhibit a periodicity of 1.7 pm, as determined by the cosine fit-
ting. This is half the wavelength of the seed laser, resulting from
the double pass within the Michelson-type geometry of the in-
terferometer. The maximum visibility of the interference fringes
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Figure 2. a) Comparison of the visibility of interference fringes at visible range with seeded (black) and unseeded (orange) PDC light source used in the
nonlinear interferometer as a function of transmittance of IR photons. b) Example of interference fringes for signal photons at 634 nm (corresponding
to 3.307 um wavelength of the idler photons) depending on the position of mirror M. The upper fringes correspond to the interference observed at the
CMOS camera for the seeded PDC case, and the fringes below correspond to the unseeded PDC case, correspondingly.

in spontaneous PDC is 40.3%, which is due to losses at the op-
tical elements, and losses in all optical modes. In the stimulated
PDC case, one of the modes is enhanced, which allows achieving
52.8% visibility of the interference fringes.

4.2. Mid-IR Gas Sensing Results

Next, we use the mid-IR seed laser to perform gas-sensing ex-
periments. In these experiments, we introduce an AR-HCF gas
cell in the IR arm of the nonlinear interferometer. The interfer-
ence fringes are obtained using a seeding with the wavelength
aligned with the absorption line of the CH, gas at 3024 cm™
(3307 nm), corresponding to the detection of signal photons at
634 nm. In this case the interferometer arms do not require fine
balancing like with unseeded PDC, since the coherence length is
determined by the coherence of the seed laser, which corresponds
to tens of meters.

We start the gas sensing measurements by pumping down the
air pressure to vacuum inside the AR-HCF section to obtain the
reference interference fringes, see Figure 3a. The visibility of the
interference is reduced to 44.3% due to coupling losses into HCF,
compared to initially 52.8% in the free space configuration of the
IR arm of the interferometer. Next, we introduce the methane gas
into the hollow core region of the fiber at different pressures of
70 and 90 kPa, which further reduces the visibility of the interfer-
ence fringes due to the absorption of the gas. We take three mea-
surements at each pressure value of the gas and calculate their
average. Figure 3b,c shows the interference fringes obtained with
AR-HCEF gas cell filled with an air-CH, mixture (see full compo-
sition of the gas mixture in Appendix A3) at different pressures.

The results of the visibility measurements are presented in
Figure 3d, where the visibility of the interference fringes drops
with increasing pressure of the gas inside the hollow core region
of the fiber. Since the visibility of the interferometric pattern is
proportional to the absorption inside the AR-HCF gas cell, a re-
duction of visibility is used as means of sensing in the mid-IR.

Adv. Quantum Technol. 2025, 8, 2400397 2400397 (4 of 6)

Given a visibility error of 1% and employing Equation (3) (see the
full description in Appendix A2), we estimate the path-integrated
sensitivity of this setup to be 2000 ppm-m. We obtained the fair
sensitivity of the system, since we utilized the weaker absorp-
tion line at 3024 cm™! in the experiment, see Figure S2 (Sup-
porting Information) in Appendix A3. If the stronger absorption
at 3067.2 cm™! had been utilized, the estimated path-integrated
sensitivity would be 200 ppm-m. This sensitivity is approximately
two orders of magnitude lower than the detectivity reported in ex-
periments using AR-HCF for Raman spectroscopy.l*’] However,
unlike that work, our system operates with two orders of magni-
tude less laser power and integrates 100 times faster. Addition-
ally, compared to commercial systems, which typically achieve
sensitivities on the order of tens of ppm, our system can achieve
similar sensitivity by utilizing longer HCF sections. This value
can be further improved even further by targeting other stronger
absorption peaks, introducing a longer AR-HCF section, by re-
ducing the interferometric noise or using a more powerful seed
laser. Furthermore, the spectral resolution of our method is de-
termined by the linewidth of the seed laser, which, based on our
estimation, is better than 0.01 nm.

Additionally, our method allows gas specificity measurements
via tuning the wavelength of the probe photons within the 3135—
3559 nm range, facilitated by the tunability of the seed laser. One
can also imagine pushing the spectral limits to 10 ym or beyond
by employing other nonlinear crystals like for instance AgGas,
(AGS)*?3¢] and corresponding seed sources. However, this tech-
nique does not require direct detection of mid-IR light, relying
instead on available off-the-shelf components for visible light.

Our work, among others, proposes an extension to geome-
tries and capabilities of the nonlinear interferometry schemes
using hollow core fibers.’”] The use of HCFs brings significant
flexibility to the setup, enabling the exploration and implemen-
tation of various interferometry schemes. For instance, IR opti-
cal coherence tomography**°! with HCFs may hold significant
promise for imaging of bio-tissues, especially in applications for
live-sensing/imaging.
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Figure 3. a) Reference interference fringes corresponding the AR-HCF filled with vacuum. Interference fringes corresponding to AR-HCF filled b) with
an air-CH, gas mixture at an absolute pressure of P = 70 kPa, c) with an air-CH, gas mixture at an absolute pressure of P = 90 kPa. d) The visibility of
the interference fringes depending on the pressure of the gas introduced into HCF.

5. Conclusion

In conclusion, we utilized a nonlinear interferometry method in-
tegrated with an AR-HCEF section for gas sensing measurements.
This innovative approach enables the detection of gases with mid-
IR features using only a visible detector by observing the reduc-
tion in visibility, which correlates to gas absorption. We report the
sensing of methane gas (CH,) at one of its absorption peaks at
3024 cm™! (3307 nm) via the detection of visible light at 634 nm
wavelength, hence bypassing the need of mid-IR detectors. We
estimate 200 ppm-m sensitivity of our method using an HCF
section of 53 cm length, which can be increased further by us-
ing longer fiber sections. Our work demonstrates the successful
combination of nonlinear interferometry and AR-HCF for gas
detection, marking a significant advancement over earlier meth-
ods that relied on bulk optics and free-space IR light propaga-
tion. This limitation is effectively addressed by the inclusion of
AR-HCF in our setup, paving the way for further innovations in
nonlinear interferometry.
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