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Abstract: Micro-drilled anti-resonant fiber is demonstrated as a practicable tool for laser-based
spectroscopic acetylene sensing, overcoming the slow fiber-filling time usually associated with
hollow-core fiber-based methods. Microchannels were drilled through the side of the fiber,
periodically along its length, using image processing to accurately target the gap between the
capillaries for minimal loss. A 0.3% acetylene / 0.3% methane gas mixture balanced in air
was tested in the near-infrared on two micro-machined fiber samples. Wavelength modulation
spectroscopy was used to enhance the sensitivity of the detection. A 1 m anti-resonant fiber with
microchannels every 5 cm was found to have a minimum detection limit of 380 parts per billion
at atmospheric pressure and 100 s acquisition time with a 22 s fiber filling time without the use
of a pressure differential. The filling time was 4.2 s for a 30 cm fiber with a closer microchannel
separation of 2 cm.
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1. Introduction

Many applications, including atmospheric mapping [1] and combustion diagnostics [2], can
benefit from using hollow-core fiber as a gas sensing medium [3]. It has the flexibility to enable
spatially selective measurements over a long path length while not being restricted to strict
line-of-sight and alignment criteria. The sensitivity can be increased by using longer path lengths;
however, this can result in a slow response time if relying on diffusion alone to transfer the
analyte of interest into the fiber, from the fiber ends. Fiber gas absorption spectroscopy was
initially investigated using hollow-core photonic crystal fiber (PCF) [4-8] and the response time
improved by inserting holes in the side of the fiber to reduce the diffusion length and hence
decrease the diffusion time [6—8]. However, because of the internal structure of the PCF, optical
loss was introduced, which limited the achievable sensitivity. More recently, anti-resonant fiber
(ARF) has been used [9-18], which consists of a hollow-core surrounded by several non-touching
capillaries for light confinement [19-22]. This fiber structure is therefore more suitable for gas
detection, where the gas-filled hollow-core can be used as the sensing channel, without altering
the light guiding properties of the fiber [23,24]. Pressure filling has previously been used to
reduce the diffusion time for both PCF [4,5] and ARF [9-16,18], but it is not always a practical
approach, particularly for remote sensing. A summary of these previous demonstrations of fiber
gas absorption spectroscopy, found in the literature, is given in Table 1.

Recently, Koziot ef al. [25] machined holes in the side of ARF, without damaging the light
guiding structure and used it to measure direct absorption spectra [17]. However, the fabrication
process meant that there was a 15 cm separation between sections of fiber containing holes, so the
diffusion time was as high as 330 s, and the sensitivity was limited by the use of direct absorption.

#583087 https://doi.org/10.1364/OE.583087
Journal © 2026 Received 3 Nov 2025; revised 13 Jan 2026; accepted 14 Jan 2026; published 9 Feb 2026


https://orcid.org/0000-0003-0142-852X
https://orcid.org/0000-0003-1688-259X
https://orcid.org/0000-0002-9525-8981
https://orcid.org/0000-0002-0644-6156
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.583087&amp;domain=pdf&amp;date_stamp=2026-02-09

Research Article Vol. 34, No. 4/23 Feb 2026/ Optics Express 5789 |

Optics EXPRESS i NN

Table 1. Summary of a selection of previous relevant work in fiber spectroscopy for gas detection.

Length of Microchannel Pressure Gas Detected Wavelength Detection Time
Fiber (m)  Seperation (cm)  Differential? (um) Limit Response (s)
1.3 [4] - v CHy 34 1 ppm <10
13 [5] - v CoH; 1.53 1 ppmv -
0.07 [6] 1 - CHy4 1.665 647 ppmv 3
§ 0.48 [7] 12 - CHy 1.666 ~ 158 ppmv 248
0.9 [8] 30 - CyH, 1.550 500 ppmv 1200
1[9] - v CHy 3.334 24 ppbv 19
CO, 1.574 114 ppmv
1.15[10] - v NO 5.26 10 ppbv ~9
0.85[11] - v Cco 23 ~ 0.4 ppmv 5
1.35[12] - v CO, 2 ~ 5 ppmv 5
& 3.2[13] - v NO 4.53 1 ppbv <30
< 0.5[14] . v CH, 33 2.24 ppmv 54
7.5[15] - v CHy 3.27 1.54 ppbv <120
5[16] - v CHy 1.65 45 ppbv 486
dissolved in
liquid
1.25[17] 15 - N,O 4.57 - 330

As an alternative, photothermal spectroscopy has also been used on ARF with microchannels [26].
However, photothermal spectroscopy is complex to implement, gives an indirect measurement
of absorption, and suffers from slow response times. A method of fabricating microchannels
through the side of ARF with arbitrarily close separation over arbitrarily long fiber lengths has
recently been shown [27]. In this work, sensitive gas spectroscopy is demonstrated on ARF with
closely spaced microchannels along its length, fabricated using this technique, and wavelength
modulation spectroscopy (WMS) is used to enhance the sensitivity. In this technique, the central
frequency is slowly tuned through an absorption feature using a current ramp.

2. Microchannels and diffusion

A thorough description of the microchannel fabrication procedure used is described in [27],
including details on microchannel placement and transmission loss. A 790 nm femtosecond laser
(Spectra Physics Solstice) with a pulse duration of 140 fs, a 1 kHz repetition rate and a pulse
energy of 5.5 uJ was used to fabricate the microchannels through the side of the ARF into the
core by laser ablation [27,28]. The fiber was held in a mount which allowed rotation about its
transmission axis. The laser beam was focused on the fiber using a 20x 0.5 NA objective. The
fiber was imaged onto a CCD camera with LED reflection illumination.

The ARF used (Exail IXF-ARF-45-240-V1, Photonics Bretagne) is designed for light guidance
at 1550 nm. A scanning electron microscope (SEM) image of the ARF with a microchannel is
shown in Fig. 1. To fabricate each microchannel, the fiber was first rotated such that a gap between
two of the capillaries was present in the uppermost position. This was achieved by correlating
the live image from the top of the fiber with a known reference image as detailed in [27]. This
reference image was taken using a short sample of the same fiber which was locked at the desired
rotation with a capillary gap at the top, found using the visible end cross-section. The reference
image was then taken of the reflected light intensity off the top of the fiber. The fiber sample for
machining was then rotated until the correlation coefficient between the reference image and
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the live image was at a maximum. Once the fiber was in the correct rotational orientation, the
microchannel was created by first ablating a notch in the fiber layer by layer. This large notch
allowed easy debris removal. A hole was then drilled through into the capillary gap to create the
microchannel, with minimal disruption to the guiding region. Further details behind this notch
design can be found in [27].

(”)- 9.

WD 7.2mm .3.UI:"' x‘»m'.'

Fig. 1. SEM image of the fabricated microchannel in the anti-resonant hollow-core fiber.
Reproduced from [27].

From Fig. 1 it can be seen that the microchannel covers a depth of 50 um into the fiber. With
sufficient debris removal, one 5 X 50 um microchannel gives 0.056 dB of additional optical
loss. A series of microchannels were fabricated at intervals along the fiber perpendicular to the
core edge as further detailed in [27]. This is an important quality to ensure the light-guiding
capillaries are not damaged from the microchannel fabrication and maximizes the amount of gas
which can enter the core. The fiber rotation was adjusted before machining each microchannel to
allow for twists in the fiber. This method has the advantage of allowing long lengths of fiber to
be machined with close microchannel separation, to achieve high sensitivity and fast response
simultaneously.

Two fiber samples were machined, denoted A and B respectively, with different lengths and
fabrication parameters to observe the effect of varying microchannel seperation. Cleaved Fiber A
was 1 m in length with microchannels located every 5 cm (with 11 cm non-machined length on
either end). Cleaved Fiber B was 30 cm in length with microchannels placed every 2 cm (with
2 cm non-machined length at either end). The additional length allowed for the splicing to a
single-mode fiber (SMF) bringing the total fiber length post-splicing to around 122 cm and 34
cm.

The diffusion of gas through the core of an ARF, after entering via the microchannels, can
be quantified analytically. Hoo er al. [29] gives the following equation for the distribution of
gas concentration, with a diffusion constant, D, along a holey column of a PCF, which can be
considered comparable to the case of ARF [30]:

C(x,t)=Cy|1 - % Z 1 [sm (jﬂx) exp (—12—7;) Dt] ) €))

j=1,35 J

Here, Cy is the concentration of the gas species at the open end of the fiber air column and the
diffusion starting point for a gas that has reached position x along the fiber at time ¢. The path
length, and hence consequently the fiber length in this case, is /. From Eq. (1), the average
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concentration of gas species within the fiber of total length L can be calculated by [8]:

C(1) ! /L C(x,t)dx = Cp| 1 3 3 1 e n th
= = —_— x p—
L J, X, 0 ) E 7 P I

j=13,5

@)

3. Experimental setup

The experimental setup is shown in Fig. 2. The fiber sample under test was spliced to SMF using
a Sumitomo T-72C fusion splicer. This was performed using the standard settings for SMF-SMF
splicing and adapting the parameters to include fiber overlap [31]. By including this setting on
the fusion splicer, the two fibers were pushed together in the fiber axis when the electric arc was
applied. This ensured that the ARF-SMF splice was fused completely with good mechanical
strength. The splicing incurred a transmission loss of 5.25 dB which was acceptable considering
there are only two points of splice loss along the path length in Fig. 2. The fiber was placed inside
1/4 inch diameter tubing to ensure the response time of the system was dominated by fiber filling
time and not the vessel filling time. The tube ends had vacuum seals around the fiber with a cross
piece at one end connected to a vacuum pump, pressure gauge and inlet for the gas sample. The
other end of the tube had an outlet for the gas sample. Valves were present on the inlet and outlet.

1532 nm DFB diode laser Function

generator

Current and
temperature
controller

Amplifier

Lock-in
amplifier
Photodiode

Objective
lens

Single mode fiber 20x 0.4 NA

Vacuum . o )
seal 1.2 m tubing containing anti-resonant fiber

<+— Inlet for 0.3%
acetylene sample
Gas
Pressure outlet

gauge

Fig. 2. Diagram of the fiber spectroscopy system. The sample of ARF is contained within
1.2 m of compact vacuum-sealed tubing.

One end of the fiber sample was connected to a 1532 nm DFB laser with FC/APC connectors.
The laser was mounted in a Thorlabs laser diode butterfly mount controlled by a combined
temperature and current controller (ITC 510), which allowed the laser to be current-tuned. The
laser was calibrated with a Burleigh WA-1000 wavemeter and found to have a tuning sensitivity
of 0.88 GHz/mA. The other end of the fiber sample was coupled to a photodiode via a 20x 0.4
NA objective mounted on an xyz translation stage. A 20 dB neutral density filter was placed
prior to the photodiode to prevent signal saturation. Etalon effects within the optical system were
mitigated by purposeful angular misalignment of the components.

The laser current controller was driven by an AIM-TTI 10 MHz DDS function generator. The
photodiode output was amplified (femto DLPCA-200) and connected to a LeCroy 200 MHz
oscilloscope as well as a Stanford Research Systems DSP lock-in amplifier. The lock-in amplifier
reference signal was also connected to the modulation input of the function generator.

Direct absorption spectroscopy was first used to measure the absorption spectrum by tuning the
laser frequency and measuring the detected optical power. The strong near-IR absorption lines of
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acetylene were detected by driving the laser with a scanning speed of 25 Hz and a scanning range
of 42.4 mA. The amplification for these direct absorption measurements was set to 10° V/A with
a bandwidth of 400 kHz for Fiber A, and 10® V/A with a 7 kHz bandwidth for Fiber B.

Wavelength modulation spectroscopy was also used for enhanced sensitivity. A fast modulation
(23.78 kHz sinusoidal) from the lock-in amplifier is imposed on the slowly varying ramp function
[32], and the resulting signal on the photodetector is demodulated by the lock-in amplifier at
different harmonics of the fast modulation frequency [33]. This technique is advantageous as the
detection is shifted to higher frequencies where noise is lower. For the WMS measurements the
gain was set to 10° V/A with a bandwidth of 400 kHz for Fiber A and 107 V/A with a 50 kHz
bandwidth for Fiber B.

The chosen test gas was acetylene, which provides easily detectable absorption lines in the
near IR, with potential applications in medical diagnostic tests [34]. The initial gas sample was a
0.3% acetylene / 0.3% methane gas mixture balanced in air, first seen tested on Fiber B in earlier
work in [24]. The exact quoted concentration of acetylene on the supplied data sheet was 0.276%.

4. Results
4.1. Direct absorption spectroscopy

The acetylene absorption spectrum in the region of interest consists of rotationally-resolved lines
belonging to a combination band comprising one quantum of excitation in each of the acetylene
C-H stretches and some of these are simulated in Fig. 3 at 293 K, assuming a Voigt profile
spectral lineshape. These two absorption lines were measured 60 s after the acetylene valve
was opened, to confirm the presence of acetylene in the fiber; the gas having entered via the
microchannels. Specifically, the lines are ro-vibrational transitions in the v; + v3 combination
band present at wavenumbers, 6526.54 cm™! (P(12e)) and 6529.17 cm™! (P(11e)) and are also
shown in Fig. 3. These are P branch transitions with AJ = —1, where J is the rotational quantum
number which charaterises the initial energy state of the molecule. The initial ro-vibrational
states are the J = 12 and J = 11 states, respectively, both with even parity.
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Fig. 3. Direct absorption detected for a 0.276% acetylene gas sample for Fiber A at 6526.54
cm™! and 6529.17 cm™!, fitted with a Voigt profile with the calculated Gaussian width.
The simulated HITRAN spectrum is also plotted for comparison. See Data File 1 for the
underlying data.
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The target absorption lines occur at the correct wavenumber and relative intensity, and are
fitted with a Voigt profile for which the Gaussian component is fixed at that calculated for a
temperature of 293 K. Figure 3 gives an example of the Voigt profile fittings for the two lines,
taken at atmospheric pressure, compared to a HITRAN simulation of the absorption spectrum for
Fiber A. The values of the Lorentzian width and therefore full-width-half-maximum (FWHM)
were determined. High-frequency noise was found to be present in the signal of Fiber A, thought
to be due to etalon effects from the ARF-SMF splices in the longer fiber, but this was filtered
out. The unfiltered signals are also provided in Data File 1. This direct absorption measurement
provides a calibration for the harmonics produced from WMS, since the value of « is determined
for a known concentration.

4.1.1. Effective path length

The effective path length of light within the fiber, /., can be deduced by using the measured
value of absorbance, @/, and the Beer-Lambert law. Taking the P(11e) line at 6529.17 cm™, the
integrated cross-section, o7, is reported to be 1.165 x 1072 cm?cm™! [35]. Using the ideal gas
law to deduce the number density, the effective path lengths for Fiber A and B were found to be
equal to 120.17 cm and 31.61 cm, respectively. These values are consistent with the machined
fiber lengths (taking into account the excess fiber at either end available for splicing), so it is
evident that the entire fiber was filled with the acetylene gas sample.

4.1.2. Pressure broadening parameter

To investigate the effect of pressure in the micro-machined fibers, and to calculate the broadening
parameter, y, the direct absorption lines were also recorded for a variety of pressures using
Fiber A. This is to confirm that the fiber responds as expected to changes in pressure, and no
unwanted effects arise such as etalon formation. A Voigt fit with a fixed Gaussian width was
used to determine the increase in the Lorentzian linewidth. Example Voigt profiles for the P(11e)
line are shown in Fig. 4(a). A plot of the half-width-half-maximum (HWHM) against pressure
in Fig. 4(b), gives y equal to 0.080 + 0.003 cm~!/atm for the P(12e) line and 0.081 + 0.003
cm~/atm for the P(11e) line. These are consistent with the HITRAN values of 0.0787 cm™!/atm
and 0.0796 cm™~!/atm respectively [35]. It should be noted that these values are reported for
pure air, whereas the sample used in this section also contains methane, and hence this may be a
source of the discrepancy. The Gaussian width is given by the y-axis intercept at zero pressure
and is found for the two lines to be 0.014 + 0.003 cm~! and 0.015 + 0.004 cm™! respectively,
compared to the calculated values in Table 2.

Table 2. Broadening components of the two detected acetylene transitions in Fiber A.

Transition Wavenumber Calculated Gaussian width Lorentzian width, FWHM / Peak value
/em™! at 1 atm and 293 K, wg /cm™! (GHz) wy /cm™! (GHz) cm™! (GHz) of al
P(12e) 6526.54 0.015676 (0.46995) 0.1741 (8) (5.22)  0.1754 (3) (5.26) 0.103
P(11e) 6529.17 0.015682 (0.47008) 0.1799 (13) (5.39) 0.1818 (5) (5.45) 0.322

4.2. Wavelength modulation spectroscopy

To further increase the sensitivity of the system, the WMS technique was then implemented. For
different gas pressures and therefore line-widths, there exists an optimal modulation amplitude
of the laser frequency which will yield the maximum first harmonic amplitude. This can be
determined by varying the modulation amplitude, A,,,s, and recording the subsequent first
harmonic amplitude. For the case of Fiber A, at atmospheric pressure, the optimal modulation
amplitude was found to be equal to 7.302 GHz using the P(11e) line.
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Fig. 4. Calculating the broadening parameter, y: (a) Examples of the direct absorption
lines measured with Fiber A fitted with a Voigt profile at 6529.17 em™! for a selection of
pressures. See Data File 2 for the underlying data. (b) The best fit HWHM as a function of
pressure for the P(12e) and P(11e) lines. The error bars on each point were calculated using
the standard deviation from the fitted straight line. See Data File 3 for the underlying data.
The linewidth errors from the individual line fits in (a) were generally around 1/4 of this
value.
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The first harmonics of absorption lines P(12e) and P(11e) were recorded at this optimum
modulation depth and where the lock-in sensitivity was set to 50 mV with a 30 ps detection time
constant. Figure 5(a) shows this data alongside best fits using theoretical first harmonic lineshapes
for Fiber A. The DC baseline offset was measured prior to measurements and accounted for in
analysis of the first harmonic signals shown in Fig. 5(a). The calculated Lorentzian widths were
6.95 GHz and 6.79 GHz for the P(12e) and P(11e) lines, respectively. The modulation index, as
defined by the ratio of the optimal modulation amplitude to the half width at half maximum, is
therefore ~ 2.15 for the P(11e) line. This is consistent with that detailed in [36] as estimated by
the value of wy, in this case of a first harmonic. The 0.276% acetylene mixture was then diluted to
0.0276% using nitrogen, to give the first harmonic of the P(11e) transition in Fig. 5(a) using Fiber
A at atmospheric pressure. By comparing to the amplitude of the corresponding first harmonic in
Fig. 5, this result provides an indication of the low concentrations that the experiment is capable
of detecting. The corresponding second harmonics measured at their optimal modulation depth
are shown in Fig. 5(b), again for the P(12e) and P(11e) transitions detected using Fiber A. The
fast modulation frequency remained the same for this measurement.

4.3. Sensitivity

An overlapping Allan deviation test (OADEV) was carried out on raw 1-f WMS data to show the
long-term stability of the system using the P(11e) line, which is shown in Fig. 6. To produce
this figure, the signal amplitude was taken at regular intervals over the measurement time of 5
minutes. The Allan deviation refers to the square-root of the Allan variance, which is a metric
used to determine the temporal stability of a measurement and hence optimal acquisition time
before further averaging leads to no improvement or is even counterproductive [37,38]. The
OADEYV is an improvement on the original form of the Allan deviation (or variance) based on a
development by Snyder [39] where many overlapping series are generated from the measurement
dataset. The method is equivalent to averaging the measurement samples in blocks prior to the
processing for the analysis and has been found to give a more accurate Allan variance [40].

It is clear that after an integration time of ~ 100 s, the Allan deviation, o4 (V), is minimised
and the measurement has highest sensitivity. It must be noted however that shorter integration
times may be sufficient depending upon the specific application, and the short time response
presented in the next section may be a more applicable measure of the time needed to produce a
useful and detectable absorption signal.

The sensitivity and minimum detection limit can therefore be determined by quantifying
the maximum detected first harmonic amplitude and the standard deviation of the baseline at
100 s integration time. For Fiber A, the measured value of @/ from the direct absorption, the
signal-to-noise ratio and the effective path length were used to quantify a minimum detectable a!/
value, which was found to be 4.43 x 107>. For the 120.17 cm path length, @, = 3.69 X 1077
cm™!. This is equivalent to 380 parts per billion at atmospheric pressure. This will be compared
to Fiber B later in this work.

4.4. Response time

The time response of each fiber was measured by recording the first harmonic amplitude over
time at a gas flow rate of 0.2 SLM. The flow rate was also varied between 0.025 SLM and 0.8
SLM with no change in the time response or fiber filling time observed, indicating that under
these conditions the limiting factor is the microchannel separation. These data can be found in
Data File 7. The amplitude of the first harmonic signal was converted into a concentration using
the calibration from the direct absorption spectroscopy in Section 4.1, which gives the amount
of absorbance for the known gas concentration. Figure 7(a) shows the measured concentration
against time for Fibers A and B. For comparison, Fig. 7(b) shows the theoretical C/Cy for fibers
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Fig. 5. Harmonics detected for Fiber A for a 0.276% acetylene gas sample at line centers
6526.54 cm™! and 6529.17 cm™!: (a) First harmonics at the optimal modulation amplitude,
7.302 GHz. Also shown is the first harmonic of the 0.0276% acetylene gas for the 6529.17
cm™! line. See Data File 4 for the underlying data. (b) Second harmonics. See Data File 5
for the underlying data.

with the corresponding microchannel separations of 5 cm and 2 cm. These results show good
agreement between the experimental results and the theoretical predictions.

To model the diffusion of the gas along the fiber after entering the microchannels, Eq. (2)
gives the average concentration at time, ¢, integrated over the fiber length, L. The difference in
this case is that there are two sources of concentration, one from each microchannel either side
of the section of fiber under consideration. As both fluxes are towards the center of the fiber
length between microchannels, the difference will be the total flux, J = J; + J,. Since the flow
and concentration of gas are the same for each microchannel, this introduces a factor of 2 into the
diffusion flux, and this propagates through as a factor of 2D. For an acetylene gas sample, the
diffusion coefficient in air is quoted to be 0.146 cm?/s [41]. Using Eq. (2), the time response of
C/Cy can be determined for different microchannel separations.
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Fig. 6. Allan deviation analysis on raw 1-f WMS data showing the long-term stability of
the absorption measurement. The deviation no longer continues to improve after ~ 100 s.
(See Data File 6 for the underlying data). The Allan deviation can be readily converted to
absorption or concentration using a predetermined calibration from the direct absorption.

The fiber filling time and hence response time of the fiber can be evaluated by the amount of
time it takes for the absorption to increase from 10% to 90% of the maximum amplitude [17].
It should be noted, however, that it is not essential for the entire fiber to fill and the harmonic
amplitude to be maximal for a clear absorption to be seen, as shown by the rapid increase in
signal amplitude after 5 s as shown in Fig. 7(a). The timescale for this is on the order of 100
ms. The magnitude of the first harmonic reaches the 90% value after 22 s for Fiber A and 4.2 s
for Fiber B. This is compared to a value calculated by Eq. (2) for the case of no microchannels
where this same quantity is 3 hours and 14.7 minutes respectively. It appears that there is an
initial fast response and a longer exponential increase of the first harmonic amplitude. With
comparison to results shown in the literature in Table 1, for the length scales of 1 m of fiber, this
is a promising result for a near-IR fiber gas sensor. There is simultaneously a high sensitivity
(380 ppb) and a fast response time (22 s), quantified by the fiber filling time, without the use of a
pressure differential.

4.5. Comparison

To compare the two fiber samples, the minimum detection limit of Fiber B was also quantified
using the same techniques as Section 4.3. An Allan deviation found a 240 s integration time for
this fiber. However, in this case, the early results in [24] were improved in this work by using a
higher concentration 5% acetylene in nitrogen mixture to give a clear direct absorption and first
harmonic with an improved signal-to-noise ratio. When the 4.96% C,H; sample was used in
Fiber B, the maximum/peak value of a! for the P(11e) line was found to be 1.51 as expected
for a 3x shorter fiber but a 16x higher concentration compared to the value of 0.322 for the
same transition for Fiber A in Table 2. The absorption results found therefore remain consistent
with the change in parameters between Fibers A and B. In an additional test of Fiber A at the
higher 4.96% concentration, it was also found that the time to reach the maximum first harmonic
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Fig. 7. (a) The recorded increase in the concentration of acetylene at 0.2 SLM flow rate for
Fiber A (5 cm microchannel separation) and Fiber B (2 cm microchannel separation). The
gas sample was introduced to the fiber tubing at 5 s, and the 10% to 90% time response can
be seen. See Data File 8 for the underlying data. (b) Theoretical prediction of concentration
for microchannel separations of 2 cm and 5 cm for comparison. A comparison with the
development predicted by Eq. (2) shows good agreement.

amplitude was consistent with the experiment conducted with the lower 0.276% concentration
gas sample.

The potential for an improved time response of 4.2 s is shown by using closer microchannel
separation in Fiber B. With improvements and optimization of the microchannel fabrication
system [27], even longer lengths of fiber could be machined with closer hole separation to push
both of these quantities further. A comparison of the optimal results of the two tested fibers
is shown in Table 3. Due to the nature of the microchannels, the fiber filling time will only
be affected by microchannel separation rather than fiber length [42]; this is consistent with the
decrease in filling time between the 5 cm and 2 cm separation.

Table 3. Comparison of the optimal results obtained using Fiber A and Fiber B of the machined

ARF.
Fiber A B
Microchannel Separation (cm) 5 2
Minimum Detection Limit (i, (cm™")) 3.69 x10~7 /380 ppb 1.56 x 107 / 16.8 ppm
(at 0.276% CyHy) (at 4.96% C,H,)

Fiber Filling Time (10% to 90%) (s) at 0.2 SLM 22 4.2
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5. Conclusion

This work has demonstrated a hollow-core optical fiber based gas sensor with simultaneous high
sensitivity and fast response time. This was achieved using 1 m of anti-resonant hollow-core fiber
with a series of microchannels fabricated in the side every 5 cm. Femtosecond laser ablation was
used to fabricate through the capillary gap into the hollow fiber core. The optimum fiber orientation
was obtained using imaging from the side, thereby allowing closely-spaced microchannels along
long lengths of fiber. Measurements using wavelength modulation spectroscopy on a 0.3%
acetylene gas mixture balanced in nitrogen showed an acetylene detection limit of 380 parts per
billion at 100 s integration time, and a fast fiber filling time of 22 s, a competitive and promising
result when compared to current literature values in Table 1. The filling time, and therefore
overall time response, also agrees well with that expected from analytical equations describing
diffusion in hollow fibers. The potential for a faster time response was shown using a separate 30
cm fiber sample with a microchannel separation of 2 cm, with a shorter fiber filling time of 4.2 s.
With improvements and optimization of the microchannel fabrication procedure, these quantities
can be improved further. This includes better debris removal practices to reduce light loss and
increased machining automation to allow for longer fiber to be produced with closer spaced
microchannels. Additionally, future applications may require the fiber to be bent. Improved
physical robustness of the fiber could be achieved by machining through the fiber coating or
reducing the dimensions of the notch in [27]. Further improvements to the detection system, such
as utilising a quartz tuning fork could enhance the sensor performance and reduce equipment
size and costs [43].
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