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Heterodyne photothermal spectroscopy of
methane near 1651 nm inside hollow-core fiber
using a bismuth-doped fiber amplifier
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We present laser-based methane detection near 1651 nm inside an antiresonant hollow-core fiber (HCF) using pho-
tothermal spectroscopy (PTS). A bismuth-doped fiber amplifier capable of delivering up to more than 160 mW at
1651 nm is used to boost the PTS signal amplitude. The design of the system is described, and the impact of various
experimental parameters (such as pump source modulation frequency, modulation amplitude, and optical power)
on signal amplitude and signal-to-noise ratio is analyzed. Comparison with similar PTS/HCF-based systems is
presented. With 1.3 m long HCF and a fiber amplifier for signal enhancement, this technique is capable of detecting
methane at single parts-per-million levels, which makes this robust in-fiber sensing approach promising also for

industrial applications such as, e.g., natural gas leak detection.
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1. INTRODUCTION

Trace gas detection plays a significant role in numerous appli-
cations, including industrial process control, environmental
monitoring, security, and medical diagnostics. Optical sensing,
based on light—matter interaction principles, has proven to
have excellent sensitivity, selectivity, and stability not only in
laboratories but also in harsh environmental conditions. When
combined with optical fibers, sensing systems become even
more flexible, robust, and immune to external disturbances,
e.g., optical fibers enable simplification of the beam delivery
from the source to the sensing cell [1] or allow for multipoint gas
detection [2]. These configurations are particularly attractive in
the near-infrared spectral region where components designed
for telecom systems can be used and where numerous gases (such
as methane [3,4], ethane [5], ammonia [6], hydrogen sulfide
[7], and acetylene [8]) can be detected.

Another interesting possibility offered by optical fiber tech-
nology is to use optical fibers as gas cells for molecular detection.
This can be accomplished with hollow-core fibers (HCFs),
which have the ability to be filled with a gas sample. Various
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types of HCFs can be used for this purpose, including capil-
lary fibers/waveguides with reflective inner coating, photonics
band-gap (PBG) HCFs, or antiresonant (AR) HCFs. Capillary
fibers, due to broadband transmission, are particularly attrac-
tive in the mid-infrared [9]. However, their integration with
fiber-based near-infrared systems may not be straightforward. In
this respect, silica-made PBG or AR HCFs have an advantage,
e.g., they can be even spliced to standard single-mode fibers
[10,11]. In the past two decades, the main focus was on PBG
HCFs, and numerous examples of using them for gas sensing
have been demonstrated (e.g., [8,12-15]). However, more
recently, the attention has shifted toward AR HCFs (often also
referred as negative curvature HCFs) [16—19]. When used in gas
detection, their main advantages are broad transmission bands
(also in the mid-infrared [20,21]) and relatively large core size.
The latter is beneficial when the fiber core has to be filled with
gas: previous studies show filling times of less than 10 s when
fiber lengths near 1 m were used [22,23]. This is far shorter time
than in the case of PBG HCFs, where few minutes are typically
reported [24,25].
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The biggest drawback of using any kind of HCF for gas
sensing is the presence of interference fringes in the measured
spectra. Typically, those fringes are due to the propagation of
higher-order spatial modes through the fiber. They may sig-
nificantly reduce the detection limit of the system that retrieves
information about the sample directly from the measurement
of molecular absorption or molecular dispersion (using meth-
ods such as direct laser absorption spectroscopy, wavelength
modulation spectroscopy, or chirped laser dispersion spectros-
copy). However, when techniques that rely on second-order
effects are used (such as photothermal or photoacoustic spec-
troscopy), the impact of fringes is naturally reduced. For this
reason, photothermal spectroscopy (PTS; often also referred
to as photothermal interferometry or PTI) inside HCFs has
been extensively studied by several groups, usually with very
good performance. Typically, the HCF is placed in one arm of
a Mach-Zehnder interferometer. The pump beam is used to
produce density changes inside the HCF due to the photother-
mal effect. These density changes (and therefore the refractive
index changes) are detected as changes of the phase of the probe
beam. The critical part of this approach is that one has to ensure
that the interferometer operates at the quadrature. Therefore, a
piezoelectric actuator is usually placed in the setup, and its role
is to control the length of one arm of the interferometer. This
configuration has been presented in multiple papers, e.g., in
[26-29]. Some other examples of PTS-based sensing detect
density changes using a Fabry—Perot interferometer [30,31] or
the interference between different spatial modes that propagate
inside HCF [32,33].

So far, PTS-based near-infrared gas detection inside HCFs
has been demonstrated primarily near 1.53 pm, using acetylene
as target gas [26,27,30]. However, this approach can also be
used with other molecules that have absorption lines in the
near-infrared spectral region, e.g., certain applications may ben-
efit from using PTS and HCFs for methane (CHy) detection:
HCF-based sensing of methane in the near-infrared spectral
region (typically near 1651 or 1653 nm) may be suitable for
multipoint sensing applications such as fugitive leak detection
[34]. In this approach, the sensing nodes may be formed with
multiple HCF pieces that are connected with standard single-
mode fiber [35,36]. Additionally, it was demonstrated that
PTS has some unique properties, e.g., it enables simultaneous
detection and localization of multiple, daisy-chained sensors
[37]. Taking these into account, it seems that the main limita-
tion for methane sensing in this configuration is the relatively
low optical power that is available from laser diodes emitting
near 1.65 pm (typically only a few milliwatts, seldomly slightly
over ten milliwatts). This is particularly a problem in PTS, in
which signal amplitude directly depends on optical power level
[29,30]. In this work we address this issue by using a bismuth-
doped fiber amplifier (BDFA) capable of delivering up to more
than 160 mW when operating near 1651 nm. The main aim of
this paper is to present photothermal spectroscopy of methane
inside AR HCE We demonstrate that, using 1.3 m long HCF
and a fiber amplifier, this technique is capable of detecting
methane at parts-per-million (ppm) levels, with simple, fiber-
to-fiber coupling only and with no need for active mechanical
stabilization of the interferometer. Performance of the system is
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presented, and technical challenges and limitations of the setup
are discussed.

2. EXPERIMENTAL SETUP

The optical arrangement used for the heterodyne photothermal
spectroscopy is schematically presented in Fig. 1. The proposed
system works in the pump-probe configuration. The pump
beam at 1651 nm is responsible for inducing the photothermal
effect. The pump source comprises of a single-frequency dis-
tributed feedback (DFB) laser diode (from NTT Electronics)
followed by an in-house developed BDFA. The laser diode is
current modulated with a sinewave signal at f;, to enable phase-
sensitive detection of the photothermal signal. Additionally,
the laser current could be ramped in order to scan the emitted
wavelength across the absorption line of methane. The BDFA
is using bismuth-doped fiber made in the Dianov Fiber Optics
Research Center and is capable of delivering up to ~160 mW
of optical power at its output (more details can be found in
[38]). The amplified light at 1651 nm is guided through an
optical circulator into the 1.3 m long silica-based HCE The
HCEF has been made using the stack-and-draw technique in
the Institute of Microelectronics and Photonics, Poland (an
institute of the Fukasiewicz Research Network), and it has an
outer diameter of ~125 um and core diameter of ~41 pum.
Figure 2 shows the image of the HCF and its transmission bands
in the visible and near-infrared spectral regions. The core of the
HCEF could be filled with a mixture of methane and air. The
HCEF is placed in one arm of the interferometer, which is used
to detect the photothermal-induced density changes by meas-
uring the changes of the phase of the probe beam. The probe
source is a 1550 nm DFB laser diode with an output power
of up to 20 mW. The probe beam is divided into two using a
fiber coupler. The first beam is sent through the HCF, and the
second is frequency shifted by f, =200 MHz using an acousto-
optical modulator (AOM; Fiber Q from Gooch&Housego).
Both beams are subsequently combined using another fiber
coupler and sent to a fast photodetector (model APD430C/M
from Thorlabs), where they produce a heterodyne beatnote
at f,. In this sensing approach the phase changes due to pho-
tothermal effect could be detected as changes in the phase of the
beatnote signal. In order to retrieve these phase changes, a fast
lock-in amplifier is used (UHFLI from Zurich Instruments).
Subsequently, the signal is demodulated at 2 x f;,, which
ensures that only signal from methane absorption will be
measured.

The heterodyne-based detection of the photothermal signal
was previously demonstrated in [39], where a radio-frequency
spectrum analyzer was used for beatnote signal demodulation.
This approach has an important advantage compared to more
the common homodyne detection presented, e.g., in [26]: it
does not require the interferometer to be actively stabilized (in
order to keep it in a quadrature point). The only requirement
(that guarantees low noise level) is that the lengths of the two
arms of the interferometer should be similar, which can be
achieved without great effort. For example, in our setup the
lengths of the two arms were adjusted with fiber patch cords, and
the difference of ~5 cm was obtained. An additional advantage
of using heterodyne detection is separation of pump and probe
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Fig. 1. Experimental setup used to perform heterodyne photothermal spectroscopy of methane at 1651 nm inside the antiresonant hollow-core
fiber.
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Fig. 2. Transmission bands of the HCF used in this work. For the
measurement of the transmission bands, light from a supercontinuum
source (from Leukos) was coupled into the HCE, and the optical spec-
trum was measured. Three spectrum analyzers were used to cover the
whole spectrum: Ocean Optics Red Tide (up to 1000 nm; black line),
Avantes Acaspec-nir256-1.7 (from 1000 to 1200 nm; red line) and
OSA from Yokogawa (beyond 1200 nm; blue line). The inset shows
the SEM image of the HCE

signals in the RF domain: even when some small part of the
pump beam reaches the detector (e.g., due to some backreflec-
tions), as long as it does not saturate the detector, it will have no
impact on PTS measurement (because it is retrieved from the
phase of the 200 MHz beatnote).

The light was coupled in and out of the HCF by aligning both
of its ends with standard single-mode fibers (SMFs) (as shown
in the image in Fig. 1). Small (~10 um) gaps were left between
the HCF and SMFs. In this configuration the light coupling
efficiency from SMF to HCF of more than ~35% could be
typically obtained (dependence of coupling efficiency on the
gap length is shown in Fig. 3). The transmission from HCF to
SMEF was lower, usually near 10%.

Dependence of the coupling efficiency from SMF to HCF
on the length of the gap between fibers.

3. DIRECT ABSORPTION SPECTROSCOPY

The HCF could be filled with a methane sample by applying
a small (0.1-0.2 bar) pressure difference between its two ends.
The filling times of only few seconds were observed, which is a
similar value to that reported previously for AR HCFs with the
same or similar length [23,40,41]. After the HCF was filled, the
sample was kept at ambient pressure, and the setup was aligned
so that the exact concentration of methane could be determined
based on the direct absorption measurements and the HITRAN
database [42]. In order to record a direct absorption spectrum,
the laser current was modulated with a saw-tooth signal, and the
optical power was measured using the photodetector (placed
between the fiber coupler and the isolator). Figure 4(a) shows
the signal at the output of the photodetector measured as the
source was wavelength-scanned across the methane transition
(indicated with an arrow). The R(4) line near 1651 nm was
selected because it is not only the strongest transition in the 2v3
methane absorption band but it also has minimal interference
from absorption lines of other molecules such as water vapor or
carbon dioxide. After subtracting the baseline the absorption
spectrum was obtained. It is presented in Fig. 4(b), together
with a spectrum simulated using the HITRAN database for
methane in air with CHy4 concentration of 125 ppm. Although
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Fig.4. (a) Signal at the output of the photodetector measured as the
1651 nm source was scanned across the methane transition; (b) absorp-
tion spectrum after baseline subtraction (“Measurement” plot) and
HITRAN:-based absorption spectrum of methane near 1651 nm.

the absorption line is clearly visible, there are also optical fringes
present in the background, which most likely are due to inter-
ference between the fundamental and higher-order modes
propagating in the HCE

4. PHOTOTHERMAL SPECTROSCOPY
A. System Optimization

In PTS, two experimental parameters related to sinusoidal
wavelength modulation of the pump beam had to be optimized:
modulation amplitude and modulation frequency. Optimal
modulation amplitude (that results in the highest PTS signal)
depends on the width of the absorption line and is typically
found experimentally (e.g., [31]). Figure 5 shows how PTS
signal amplitude changes with modulation amplitude in our
setup. A sample PTS spectrum is also presented in the inset. The
signals were recorded at f,, = 2.5 kHz and for optical power
of ~35mW (inside HCF). The wavelength modulation was
obtained through modulation of the laser current with ampli-
tudes from 10 to 30 mA (peak to peak). The optimum value was
found to be near 20 mA, which corresponds to a modulation
amplitude of ~8 GHz (approximately 0.27 cm™!). Good agree-
ment between the measurement and simulation (model) based
on the HITRAN database is obtained.

The other critical parameter for PTS is how fast the wave-
length of the pump beam is modulated. This issue was discussed
in detail in [30], where gas-filled HCF was analyzed using a
simplified model, in which HCF was considered as a capillary
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Fig. 5. PTS signal amplitude versus current/wavelength modu-
lation amplitude (of the pump source). PTS spectrum measured
for modulation amplitude of 20 mA (corresponds to wavelength
modulation amplitude of approximately 8 GHz) is shown in the inset.

that guides only the fundamental mode (with intensity pro-
file described with a Gaussian function). According to these
studies (which rely on earlier work presented in [43]), the PTS
signal amplitude behaves like a single-pole function: it does not
change with the modulation frequency up to a certain roll-off
frequency f, and it drops as the modulation frequency goes
beyond fp. The main reason for this behavior is that at some
point modulation of the gas temperature (which we observe
as phase modulation of the probe beam) is not able to follow
modulation of the pump beam, and the system acts like a low-
pass filter. As demonstrated in [30], the roll-off frequency of this
filter depends on the mode field diameter of the pump beam:
smaller diameter leads to larger roll-off frequency, which can
reach a few kilohertz for AR HCFs [with a core diameter of tens
of micrometers (Lm)] [28,29] or even tens of kilohertz for PBG
HCFs (with a core diameter of less than 10 pum) [26].

Figure 6(a) shows how PTS amplitude depends on modu-
lation frequency f,, in our setup. For frequencies up to few
kilohertz, the PTS amplitude is relatively constant, but it
drops when f;, larger than 5 kHz is used. This agrees well with
the model and data presented in [30] [shown with the line in
Fig. 6(a)].

Additionally, we have analyzed how modulation frequency
affects noise and SNR. These data are shown in Fig. 6(b) and
6(c), respectively. The noise was measured as the standard devi-
ation of the signal amplitude, recorded when the wavelength of
the pump source was adjusted to the center of the absorption
line. As shown in Fig. 6(b), the noise drops when the modula-
tion frequency increases. This can be explained by the simple
assumption that noise comes from two main sources: mechani-
cal vibrations, which are particularly strong for frequencies
below 1 kHz, and phase noise of the probe beam source, which
for frequencies larger than kilohertz may be considered constant
[44]. As a result, there is a certain modulation frequency for
which SNR reaches maximum (which again agrees well with
the work of others [28,29]). In the case of our setup, the optimal
value of f;, was found to be near 2.5 kHz.
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on modulation frequency f,,. Squares show the actual measurement;
line shows the model (see text and [30] for details).

B. Performance Evaluation

For the detection limit estimation, the HCF was filled with
methane/air mixture. The methane concentration of 125 ppm
was determined based on direct absorption spectroscopy and
data from the HITRAN database (as described in Section 2).
Subsequently, the signal amplitude dependence on pump power
was analyzed. As mentioned earlier, the fiber amplifier was used
in the setup. This possibility of PTS signal enhancement has
been previously demonstrated in other spectral regions where
more common fiber amplifiers are available (e.g., at 2 ttm using
thulium-doped fiber amplifier), but not at 1651 nm, where
optical amplification is challenging. Figure 7(a) shows PTS
spectra for four different pump powers. A linear dependence
between the optical power and PTS amplitude is obtained as
shown in Fig. 7(b). It is also demonstrated that noise level does
notdepend on pump power level.

For the highest available pump power (158 mW at the
output of the BDFA, which corresponds to approximately
55 mW inside the HCF) the SNR of ~34.8 was obtained,
where the noise was calculated as the standard deviation of
the signal amplitude recorded continuously for 10 s, after the
wavelength of the pump source was adjusted to the transition
center. Based on this SNR, the detection limit of 3.6 ppm can
be calculated. Because the detection bandwidth was 3.124 Hz,
this corresponds to bandwidth normalized concentration of
~2.04 ppm Hz~'/? and noise equivalent absorption coefficient
(NEA) 0f9.5 x 1077 cm™! Hz /2.

5. DISCUSSION

The setup presented in this paper is, to our best knowledge, the
first ever example of methane detection inside a HCF using
photothermal spectroscopy/interferometry. This method is
particularly well-suited for HCF-based sensing because it is less
affected by the optical fringes than standard methods that meas-
ure absorption directly. This is clearly visible when the baselines
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pump powers (data points correspond to the wavelength, as the pump
source was wavelength-scanned during the measurement). The inset
shows data recorded after the pump source wavelength was adjusted
to the center of the methane line; (b) PTS signal amplitude and noise
Versus pump power.

in direct absorption measurement (Fig. 4) and PTS measure-
ment (Fig. 7) are compared, both performed for the same gas
sample. We can also compare the detection limit obtained in
this work with the setup reported in [23], where the wavelength
modulation spectroscopy (WMS) technique was used near
3.3 um and performance was limited by optical fringes. Despite
the fact that the setup presented in that work was targeting the
mid-infrared transition (almost 2 orders of magnitude stronger
than absorption lines in the near-infrared), the detection limit
was similar to that presented here for PTS at ~1651 nm.

As we have pointed out across this work, PTS inside HCFs
has been presented several times in the last few years, using
different HCF types and different target molecules. The
unique feature of the setup described in this paper is that it
uses heterodyne-based detection, which does not require the
interferometer to be stabilized at its quadrature point. Moreover,
with a fast lock-in amplifier used for phase demodulation, the
PTS signal is retrieved more efficiently compared to the configu-
ration demonstrated previously in [39], where a radio frequency
spectrum analyzer was used. Furthermore, in order to boost
the PTS signal amplitude, the system was combined with an
in-house developed BDFA. As a result, the detection limit at the
single-digit ppm level was obtained using only 1.3 m long HCE

Despite its simplicity (no need for interferometer stabi-
lization), the setup presented in this paper reached a noise
equivalent absorption coefficient comparable with some other
PTS/AR HCEF-based sensors. In particular, in [28,29], NEA of
4 x 107° cm~! Hz~'/? (carbon dioxide detection near 2.3 pm,
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Table 1. Performance Comparison of Several
Reported Methane Sensor Systems and the Reported
Setup

Detection Limit Path Length DL x

Configuration (DL) (PL) [m] PL[ppm x m]
Single-pass [45] 11 ppm 0.2 2.2
Dual-pass, 29.5 ppm (for 0.4 11.8
open-path [46]  averaging time of 1 5)
Multipass [47] 12 ppb (for 290 3.48
averaging time of 1 s)
Multipass [3] 79 ppb (for 26.4 2.09
averaging time of 1 s)
PBG HCF [12] 10 ppm 5.1 51
PBG HCF [47] 10 ppm (for 0.8 8
averaging time of 1 s)
PBG HCF [49] 4.3 ppm (for 0.45 1.94
averaging time of
0.55s)
This work (AR 2.06 ppm (for 1 Hz 1.3 2.68
HCF) bandwidth)

with 1.1 mW of optical power) and 2.5 x 107¢ cm™! Hz /2
(formaldehyde sensing near 3.6 pm, with 1.6 mW of optical
power) were obtained, respectively. However, in both these
cases active stabilization of the interferometer had to be imple-
mented. Another example was published even more recently
and can be found in [31]: ethane detection near 3.35 wm was
demonstrated with novel interferometer design, and NEA of
8.15 x 1077 cm™! (for 1 s integration time) was obtained.

Many sensing systems that target methane transitions near
1651 nm or 1653 nm can be found in the literature. In Table 1
we have listed some of their performances. In [45] a minimum
detection limit of 11 ppm was obtained for the path length of
20 cm. A similar result was demonstrated in [46] where limit
of detection of 29.5 ppm was obtained using a fiber-coupled
open-path probe with a path length of 40 m. Much lower
detection limits was demonstrated when multipass cells were
used for absorption signal enhancement. For example, 12 ppb
was reported in [47] using path length of 290 m, which cor-
responds to ~3.5 ppm when normalized to the path length
of 1 m. Similar performance was also reported in [3], where a
dense multipass cell with the path length 0£26.4 m was used and
limit of detection of 79 ppb was obtained (which corresponds
to ~2 ppm when normalized to the path length of 1 m). These
results (all obtained using the WMS technique) are similar to
the performance of the setup presented in this work (detection
limit of 2.06 ppm in 1 Hz for 1.3 m path length, which corre-
sponds to 2.68 ppm when normalized to the path length of 1 m).
Moreover, comparing to methane sensors based on PBG HCFs,
the setup presented in this paper offers a detection limit better
than most of them (e.g., [12,48]). Similar performance was
demonstrated only in [49] (4.3 ppm using 45 cm long HCEF),
but it required a more complex free-space coupling setup than
presented in this paper.

The main technical limitations/challenges of the presented
setup are related to light coupling in/out of the HCF and to
heterodyne-signal phase demodulation using a lock-in ampli-
fier. Because the signal amplitude in PTS directly depends on
pump power, it is critical to couple as much of the pump beam
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into the HCF as possible. Furthermore, any optical power
fluctuations will directly affect signal amplitude, which will
also require frequent calibration. Coupling efficiency can be
improved using more sophisticated optical setup, e.g., efficiency
oflight coupling into AR HCF as high as 80% has been demon-
strated in [50] with some bulk optics elements like mirrors and
lenses. Another possibility is to permanently splice the HCF to a
standard solid-core fiber. The advantage of this approach is that
it would additionally improve the robustness of the setup and
address the stability issue. Recently it has been demonstrated
that AR HCF similar to one used in this work can be spliced to
conventional fiber with losses as lowas 2 dB [51]. In this scenario
side holes may be drilled in the HCF so that gas sample can still
enter and leave the hollow core of the fiber [52,53].

The other issue is related to signal demodulation with the
high-speed lock-in amplifier, which is used to detect and
demodulate the phase of the heterodyne beatnote. Although
we are only interested in its 2 X f,, component, the measured
phase also has baseline that drifts (due to mechanical drifts of the
setup) and, from time to time, jumps by 2 x 7. And anytime
such a phase jump occurs (which in our experiments was from
a few times per second when the setup was disturbed to only
once every few seconds during undisturbed operation), a spike
is present in the PTS signal. It is important to point out that
this issue is not related to the heterodyne-based PTS detection
method itself; it only depends on how the demodulation process
is performed, e.g., it was not observed when a radio frequency
analyzer was used for signal demodulation [39]. For the setup
presented here, if the long-term continuous operation of the
sensor is needed, several options are possible. The simplest is to
simultaneously observe the phase of the beatnote and remove
unwanted data points (which account for only a few percent
of total data points acquired). This can be done in real time or
during postprocessing. A more advanced option would be to
monitor the phase signal and, anytime it gets close to the 2 x 7
jump, correct the phase of the local oscillator. This approach
would serve as a software-based equivalent of the mechanical
stabilization of the interferometer that was presented in many of
the PTS-based sensors. Another solution that does not require
mechanical modifications of the setup is to track the phase signal
and use itas a feedback that controls the wavelength of the probe
beam as demonstrated recently in [31].

6. CONCLUSIONS

In conclusion, we have demonstrated photothermal spectros-
copy of methane inside an antiresonant hollow-core fiber. A
detection limit of ~3.6 ppm was obtained using 1.3 m long
fiber, corresponding to the minimum detectable absorption
coefficient just below 107¢cm™! Hz /2. This performance
was obtained using near-infrared transitions, which makes
the system compatible with standard fiber-based compo-
nents. Additional signal enhancement was achieved by using a
bismuth-doped fiber amplifier. We believe that similar sensing
configurations, in which AR HCFs are used for methane detec-
tion near 1651 nm, may be very beneficial in applications such
as fugitive methane leak detection and pipeline monitoring.
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