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Abstract—Recent progress in gas detection with hollow-core
microstructured optical fibers (HC-MOFs) and direct
absorption/photothermal interferometry spectroscopy are
reported. For direct-absorption sensors, the issue of mode
interference noise is addressed and techniques to minimize such a
noise are experimentally demonstrated. Large-scale drilling of
hundreds of low-loss micro-channels along a single HC-MOF is
demonstrated, which reduces the diffusion-limited response time
from hours to ~40 seconds for sensing HC-MOFs of 2.3 meters.
For photothermal inteferometry sensors, novel detection
configurations based on respectively a Sagnac interferometer and
an in-fiber modal interferometer are proposed and
experimentally demonstrated. The Sagnac configuration avoids
the need for complex servo-control for interferometer
stabilization while the in-fiber configuration simplifies the
detection, reducing the size and cost of the sensor system.
Sub-ppm gas detection can be achieved easily with photothermal
interferometry spectroscopic HC-MOF sensors but is difficult to
achieve for direct-absorption sensors with the current commercial
HC-MOFs.

Index Terms—Optical fiber applications, optical fibers, optical
spectroscopy, optical fiber measurements, gas detectors,
photothermal effects.

I. INTRODUCTION

AS detection has important applications in environmental

and air-pollution monitoring, medicine, petrochemical
industry and combustion processes monitoring [1-4]. There is a
strong demand for trace gas detectors that can detect various
molecular samples in low concentration with high accuracy.
Conventional trace gas detectors include gas chromatograph [5],
semiconductor [6], and electrochemical sensors [7].
Semiconductor gas sensors can achieve low ppm level
sensitivity, they however suffer from drift and cross-sensitivity
to other gases and changing humidity levels [8].
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Electrochemical gas sensors show relatively good selectivity,
however they have limited lifetime and also have
cross-responsivity to for example humidity [7]. Laser
absorption spectroscopy, which relies on the “finger-print”
absorption lines of molecules for identifying and detecting
trace chemicals, is a powerful technique that offers high
selectivity and sensitivity [9]. The employment of fiber-based
technologies enables compact sensors with lower cost,
immunity to electromagnetic interference, capability of
operating in harsh environment and remote interrogation and
multiplexed multi-point detection [10].

When a laser beam with a specific wavelength (or frequency)
propagates through a gaseous medium, part of the light energy
will be absorbed, as shown in Fig. 1. The transmitted optical
intensity through the absorptive gas is governed by the
Beer-Lambert Law.

1,,v)=1,(v)exp(-a(v)CL) (1)
where / (v)and I (v) are the light intensities with and

without absorption, V is the frequency of the light, a(v)is the

gas absorption coefficient for 100% concentration, C is the
relative gas concentration, L is the length of the gas cell. The
absorption spectrum and strength are unique for specific gas
molecules, which can be used to identify the gas species and
determine its concentration.
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Fig. 1. Schematic of an optical absorption sensor.
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A key performance indicator of gas sensors is the limit of
detection (LOD), which is often expressed in terms of noise
equivalent concentration (NEC) for a signal-to-noise ratio
(SNR) of unity. For absorption-based sensors, the LOD is also
expressed in terms of noise equivalent absorption coefficient
(NEAC) [11], which is independent of absorption line-strength
and reflects the capability of the optical detection system. The
value of NEAC may be obtained from that of NEC by simply
multiplying the peak absorption coefficient for a relative
concentration of 100%.

Several review papers on the recent developments of
direct-absorption optical and fiber-optic gas sensors may be
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found in [8, 12-14].

Conventional direct absorption optical fiber gas sensors use
open-path (bulk or micro-optic) absorption cell with optical
fibers as light guides to transmit signals to/from the gas cells
[15-17]. However, standard silica fibers have a transparent
window from ~0.5 to ~2 um, covering only the relatively weak
absorption lines of gas molecules. These sensors have
limitations in achieving higher sensitivity due to difficulty in
fabricating long-path-length absorption cells with compact
sizes. Very long optical path lengths may be achieved by using
multi-pass optical cells such as the White cells [18], Herriott
cells [19] or cavity enhanced optical cells [20]. However, these
cells are bulky, expensive and need careful alignment.

Attempts were made to develop all-fiber evanescent field gas
sensors with D-shaped optical fibers [21, 22]. However, the
fraction of evanescent field is too small to enable any practical
sensing devices with good detection sensitivity.

Small-core index-guiding photonic crystal fibers (PCFs) and
suspended-core fibers have a larger fraction (e.g., 1 to 30% at
1.5 um) of evanescent field power located in air-holes and they
have been exploited for gas detection [12, 23, 24]. The first gas
detection experiment was done with a 10-cm-long small-core
PCF and it was predicted that ppm level gas detection could be
achieved with ~5 m of such fiber. The response time is limited
by the time for gas to diffuse into the air-holes and it was
proposed to introduce multiple side-openings along the fiber to
facilitate fast access to the evanescent field [23, 25].

Hollow-core microstructured optical fiber (HC-MOF)
confines an optical mode within its hollow core and the optical
power propagating in the central hollow core can be >95% of
the total mode power [26, 27]. The state-of-the-art HC-MOFs
have sufficiently low attenuation [28-31], which enables
stronger light-gas interaction over a longer distance and would
allow developing higher sensitivity gas sensors. There are three
types of HC-MOFs that may be exploited for gas detection. The
first type is a hollow-core photonic bandgap fiber (HC-PBF)
(Fig. 2(a)) which has a periodic air-silica cladding structure.
The air-silica cladding has a full two-dimensional photonic
bandgap, within which light is prohibited to travel in the
transverse direction but confined within the hollow core and
propagates along the fiber with low loss [32, 33]. The other two
types of HC-MOFs are Kagome fibers [34, 35] (Fig. 2(b)) and a
simpler structure with a single ring of antiresonant elements [29,
36, 37] (Fig. 2(c)). Kagome cladding lattice does not have a full
photonic bandgap and such a fiber guides light via inhibited
coupling between the core modes and the cladding modes [34,
35]. The lowest transmission loss is reported to be 12.3 dB/km
[38]. Very recently, Uebel et al. reported a broadband
single-mode hollow-core fiber by resonant filtering of
higher-order modes [30]. Most of the HC-MOF gas sensors
reported so far used HC-PBFs, and very little work has been
reported using the other two types of HC-MOFs [39]. Hence,
we focus here on the HC-PBFs with a cladding structure
illustrated in Fig. 2(a).

@ ® G
Fig. 2. Scanning electronic microscope (SEM) images of (a) HC-1550-02 fiber
from NKT Photonics, (b) Kagome lattice fiber [38], and (c) hollow antiresonant
fiber [29].

The HC-1550-02 HC-PBF shown in Fig. 2(a) has a
hollow-core diameter of ~11 pm and supports a few guided
modes. It has a bandgap-limited transmission windows of ~200
nm centered around 1550 nm, and the attenuation within the
window is <24 dB/km. There are other commercial HC-PBFs
that have different wavelength transmission windows ranging
from 440 nm to 2000 nm (HC-PBFs from NKT Photonics),
covering the absorption lines of many important gases.
HC-PBFs with a larger hollow-core (19-cell HC-PBF from
NKT Photonics) is also commercially available and these fibers
have demonstrated lower transmission loss but support a larger
number of guided core modes.

The possibility of using HC-PBFs for gas detection was
suggested by Cregan et al. in 1999 [26]. Hoo et al. firstly
reported gas diffusion measurement with absorption
spectroscopy in a HC-PBF [40]. A while later, Ritari et al.
reported gas absorption measurement using HC-PBFs with
transmission windows centered at 1300 and 1500 nm [41].
Since then, several research groups have used HC-PBFs for
detection different gases such as C,H,, C;Hs, CHs, CO,, NH3
and O, [42-56].

Nwaboh et al. fabricated HC-PBF with transmission band in
the 2 pm wavelength region. By using 5.27-m-long HC-PBF
gas cell, a NEC of 311 ppm CO, was demonstrated,
corresponding to a NEAC of 2.6x103 cm™! [51]. Cubillas et al.
demonstrated detection of methane gas using HC-PBFs in the
1.3 um [53] and 1.6 um bands [45]. For the latter case, a NEC
of ~10 ppm methane with 5.1-m-long HC-PBF cells was
achieved, corresponding to a NEAC of 1.6x10% cm™ [45].
There are more works on gas detection using HC-PBFs, and
they are summarized in Table II in Section IV.

The low attenuation of HC-PBFs and its capability of being
coiled to small diameters (e.g., a couple of cm) with minimum
additional loss [57] would in principle enable highly sensitive
and compact “point” all-fiber gas sensors based on absorption
spectroscopy. In combination with optical time-domain
reflectometry technique, HC-PBFs would also allow
distributed detection of gas concentration along a single optical
fiber [12]. However, the detection limit of the HC-PBF sensors
was found seriously limited by the mode interference (MI)
noise [12, 55, 58]. Current commercial HC-PBFs support
several groups of modes and the interference of these modes
results in fluctuation of the transmitted light intensity and limits
the LOD. Efforts were made to develop truly single-mode (and
single polarization) HC-PBFs within which the MI could be
avoided [59, 60]. However, so far there is no true single-mode
HC-PBFs available on the market. The use of long (e.g., a few



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

meters) sensing HC-PBF also results in impractically slow
response of the sensor, due to time taken for gas to get into the
hollow core.

In this article, we report recent development in HC-PBF gas
sensors. We start from our recent work on improving the
detection sensitivity by minimizing the modal interference
noise and shortening the response time by drilling large-scale
micro-channels along the HC-PBFs. We then report the
progress developing a novel type of HC-PBF gas sensors based
on photothermal interferometry spectroscopy, compare the
performances of various HC-PBF gas sensors, discuss possible
future development, and conclude with a summary of the
findings.

II. DIRECT ABSORPTION HC-MOF GAS SENSOR

A. Reduction of Mode Interference (MI)
1) Effect of Mode Launch, Fiber Length and Wavelength
Modulation

Although the HC-PBF shown in Fig. 2(a) supports a few core
modes as well as cladding modes (surface modes), the
difference between the effective refractive indexes of the
fundamental, higher order core modes and cladding modes are
large [28]; hence coupling between these modes would usually
not occur unless with extremely strong disturbances such as
long period gratings are made along the fiber [61]. This means
that the MI noise could be significantly reduced by avoiding the
excitation of higher modes at the input end of the fiber. It has
been shown that by introducing a ~100 pum gap between a
standard single-mode fiber (SMF, SMF-28e from Corning Inc.)
and a HC-PBF, it is possible to launch more favorably the
fundamental mode while minimizing the higher order core
modes and cladding modes and reducing the MI by a factor of 2
[62].

The losses of higher order core modes and cladding modes in
a HC-PBEF are larger than the fundamental mode, and hence if
the HC-PBF used is sufficiently long, the higher order core
modes and cladding modes could in principle be attenuated
completely and no interference between different spatial modes
would then be observed. However, for sensor applications
which typically use a shorter length of HC-PBF, the MI would
almost certainly exist. We have studied the effect of the
increasing HC-PBF length on MI and found the magnitude of
the MI noise is reduced by a factor 4 and 7 when the length of
the HC-PBF is increased from 0.3 to 5 and 13 meters,
respectively [62].

With wavelength-modulation spectroscopy (WMS), the
coherent MI noise may also be reduced by selecting proper
modulation parameters [63, 64], as have been done for the
reducing the residual etalon effect in direct-absorption gas
sensors [65]. The MI fringes have different spectral
decomposition from the gas absorption signal and hence the MI
noise may be further reduced by post signal processing. We
have demonstrated the reduction of MI by a factor of 5 by
proper wavelength modulation, and a further improvement of
SNR by a factor of 3 by applying a digital low-pass filtering
after lock-in detection.

With the aforementioned techniques, we have demonstrated
acetylene gas detection down to ~1 ppm with ~13-m-long
sensing HC-PBF [62]. However, in many practical applications,
a shorter HC-PBF is preferred for faster response and cost
reduction, and it would also be better to fusion splice the
sensing HC-PBF directly to single-mode transmission fibers to
improve robustness. Recently we developed two novel
techniques for MI reduction in shorter HC-PBF samples with
SMF pigtails. They are presented in Section I A(2) and II
AQ3).

2) MI Reduction with LMA-5 Fiber as Modal Filter

The LMA-5 fiber (NKT Photonics), shown in Fig. 3(a) is a
true single-mode fiber. The core diameter, spacing between the
cladding holes (pitch) and mode-field diameter (MFD) of the
HC-1550-02 fiber and LMA-5 fiber are listed in Table I . The
spatial overlap between the fundamental mode in LMA-5 and
the cladding modes in HC-1550-02 is small and hence the
LMA-5 fiber may be used as a modal filter to reduce the content
of the cladding modes and hence the MI noise due to cladding
modes.

In this paper, all the fibers are cleaved by a fiber cleaver
(FC-6S, Sumitomo Electric Industries LTD.) before fusion
splicing.
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Fig. 3. (a) Cross-section of LMA-5 fiber. (b) Three HC-1550-02 samples with
SMF/LMA-5 fiber pigtails, the lengths of the HC-1550-02 fibers are ~30 cm. (c)
Transmission spectrums of the HC-1550-02 samples. (d) The Fourier
transforms of the transmission spectrums in (c).
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TABLE I
FIBER PARAMETERS AT 1550 NM

Fiber Core diameter Pitch MFD
(pm) (pum) (pm)
HC-1550-02 10.9 3.8 7.5
LMA-5 4.5 2.9 4.1

We conducted experiments with three HC-1550-02 samples
spliced to SMF and/or LMA-5 fibers by using an Ericsson
FSU-975 fusion splicer. The sequence of the SMF, LMA-5 and
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HC-1550-02 for the three fiber samples are shown in Fig. 3(b).
Before fusion splicing, the end of all the fibers were cleaved by
a fiber cleaver (FC-6S, Sumitomo Electric Industries). The
fusion current used was low with short duration to avoid
collapse of air-holes. The normalized transmission spectrums
of these samples were measured by use of a wavelength-tunable
external cavity diode laser (ECDL) and a photodetector. The
wavelength tuning resolution was set to 1 pm. The lengths of
HC-1550-02 fiber and the LMA-5 pigtails are 30 and 10 cm,
respectively.

The measured transmission spectrums of the fiber samples
are shown in Fig. 3(c). The SMF/LMA-5/HC-1550-02/SMF
sample was tested twice with light launched into the sample
from different ends. The periodic fringes observed are due to
interference between different modes and the mode contents in
each of samples may be observed by the Fourier transforms of
the spectrums [58, 66], as shown in Fig. 3(d).

The HC-1550-02 sample with one end spliced to a SMF and
the other end to a LAM-5 demonstrated a reduction of MI by
6.7 times in decibel with additional splicing loss of 1.68 dB
compared with the sample with both ends spliced to SMFs. The
reduction of MI is primarily due to the reduction of cladding
modes, as labeled in Fig. 3(d). The HC-1550-02 sample with
both ends spliced to the LMA-5 fibers demonstrated further
reduction in cladding modes, but the LPp mode is
excited/collected more and the peak-to-peak value of the MI
increases due to interference of the fundamental core mode
with the LPy, mode. This is because the MFD of LM A-5 fiber is
smaller than the standard SMF and the mode field of LMA-5
overlaps more with the LPy; mode of the HC-1550-02 [62].

The splicing loss between SMF and LMA-5 fiber may be
reduced to less than 1 dB by repeated arc discharges using a
fusion splicer [67].

3) MI Reduction by Controlled Collapsing of Cladding Air
Holes

Splicing the sensing HC-PBF to SMF transmission fibers
enables robust all-fiber gas sensors. Fusion splicing could
however collapse the air holes in the cladding and affect the
splice loss [68]. We experimentally studied the effect of fusion
splicing on MI noise and found that the MI noise could be
reduced considerably without significantly increasing the splice
loss.

The HC-1550-02 fiber samples were fusion spliced to SMFs
at both ends by use of the Ericsson FSU-975 fusion splicer. For
the splice at the output end of the HC-PBF, the fusion current
used was low with short duration to prevent collapse of
air-holes in the HC-PBF [67]. The input end of the HC-1550-02
fiber was however spliced to SMF with different fusion
currents from 14 to 17 mA. The fusion duration was setto 0.2 s,
and the offset and overlap were 45 and 10 pum, respectively.

The transmission spectrums of several samples with different
splicing fusion currents applied to the input splices are shown
in Fig. 4. The spectrums were measured by the same ECDL and
photodetector combination as in Section I A(2)). The length of
the HC-1550-02 fiber was about 57 cm and the lengths of the

SMF pigtails were ~2 m. The spectrums were normalized to the
source spectrum measured directly from its SMF pigtails.
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Fig. 4. (a) Measured (normalized) transmission spectrums of ~57 cm HC-PBF
with different fusion currents from 14 to 17 mA applied to the input splice. (b)
Average transmission loss in the wavelength range of 1529-1530 nm and
peak-to-peak amplitude of MI as a function of fusion current.

When the sensing HC-PBF is short (<3 m) and the ends of
HC-PBF are fusion spliced with SMFs, the interference
between the cladding modes and fundamental mode dominates
MI [62] and results in the higher frequency oscillations shown
in Fig. 4(a). However, for a fusion current of 16 mA applied to
the input splice, the peak-to-peak value of the MI is reduced by
7.3 times as compared with butt-coupling and only ~1 dB
additional loss is introduced in the wavelength range of
1529-1530 nm. The significant reduction of MI was
demonstrated for several samples with lengths below 3 m, and
the cladding mode power was significantly reduced by using a
fusion current of 16 mA.

Figures 4(b) and 4(c) show respectively the measured
average transmission loss and the peak-to-peak value of the MI
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in the wavelength range of 1529-1530 nm for different fusion
currents. The increase of splice loss with increasing fusion
current is expected due to distortion/collapse of air-holes and
the increased recess of HC-PBF at the splice joint [68].

(© (d)
Fig. 5. Side view of HC-1550-02 samples with different fusion current applied.
(a) 14 mA, (b) 15 mA, (c¢) 16 mA and (d) 17 mA.

To see what happened to the HC-PBF for different fusion
currents, we repeated the experiments for the same fusion
parameters but the SMF was withdrawn just before the start of
the arc discharge. By doing so, the tip of the HC-1550-02 fiber
was not spliced to the SMF but heated up by the arc discharge
so that we could observe the degree of air-hole collapse for
different fusion currents. Figure 5 shows the optical microscope
images of the HC-1550-02 samples when after they were
subjected to arc discharges with fusion currents from 14 to 17
mA. With increasing fusion currents from 14 to 16 mA, a larger
degree of air-hole collapse in the cladding was observed. For 16
mA, all the cladding holes would collapse over a short section
of the HC-PBF, which would induce a larger loss to the
cladding modes. However, the hollow core remains relatively
unaffected, and hence the core modes are relatively unaffected.
The short collapse region would act as a mode filter to reduce
the power of the cladding modes but not the core-modes. The
side view of a typical HC-1550-02/SMF splicing joint with 16
mA fusion current is shown in Fig. 6. The extent of collapse of
cladding air-holes is similar to that shown in Fig. 5(c).

When the fusion current was increased to 17 mA, the hollow
core was also affected considerably, which results in a larger
transmission loss to the fundamental core mode as well as
increasing coupling to the higher order LP¢» mode. Hence the
MI due to interference of the fundamental and the LPyp; mode of
the HC-PBF increases, as shown in Fig. 4.

Fig. 6. Optical image of a typical HC-PBF/SMF splice.

B. Improving Response Time
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Fig. 7. (a) Schematic of HC-PBF with multiple micro-channels. (b) Schematic
diagram of HC-PBF sensor with multiple micro-channels. Point 1 is the
SMF/HC-PBF splice joint. The red dots show the drilling points of the
micro-channels. Solid lines of HC-PBF are in one side of PMMA board and
dotted lines of the HC-PBF are in the other side. (c) SEM image of HC-1550-02
fiber with a femtosecond-drilled micro-channel [12].

An important issue associated with the use of a long HC-PBF
is the slow response limited by the time taken for gas to get into
the hollow core. The fabrication of side-holes or
micro-channels along the sensing HC-PBF would enable faster
gas diffusion into the hollow core and hence improve the sensor
response time. Figure 7(a) shows the schematic of HC-PBF
with multiple micro-channels.

Different techniques have been wused to fabricate
micro-channels such as using a 193 nm ArF laser [69], a
heating and pressure assisted method [70], a focused ion beam
milling technique [71, 72] and a femtosecond laser [56, 73, 74].
Among the various approaches studied, the drilling of low-loss
micro-channels directly on HC-PBFs with a femtosecond
infrared laser seems an attractive approach with potential for
fast and large-scale manufacturing capability [12]. Hensley et
al. [73] fabricated six micro-channels in a 33-cm-long HC-PBF
by a femtosecond laser. Index-matching fluid was used to
circumvent the fiber and to keep the tight focus of femtosecond
laser pulses into the fiber. The loss induced by each channel
was estimated to be 0.35 dB. van Brakel et al. [74] drilled
micro-channels in both acrylate-coated and uncoated HC-PBFs.
The success in fabrication of micro-channels in the coated
HC-PBF is beneficial for improving the mechanical strength of
the sensor.

We studied the use of femtosecond infrared laser to drill
micro-channels in HC-1550-02 fiber and investigated the
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impact of drilling micro-channels on the loss and MI. Before
drilling, HC-1550-02 fibers were firstly fusion spliced to SMF
pigtails at both ends, then fixed onto a PMMA board
(20cm*x10cmx1cm) as illustrated in Fig. 7(b). The black dot
marked in Fig. 6(b) represents a SMF/HC-1550-02 fiber splice
joint, while the red dots indicate the positions where
micro-channels were to be fabricated. Near the edge of the
PMMA board, a short length (~2.5 cm) of HC-PBF was bent
and the bending loss was found negligible. The micro-channels
were fabricated in the straight portion of the HC-PBF. The SMF
pigtails were connected to a broadband light source and an
optical spectrum analyzer respectively and used monitor in-situ
the transmission spectrum during the fabrication of
micro-channels. The experimental setup used for drilling the
micro-channels into the HC-PBF was similar to that reported in
[12]. Femtosecond laser pulses with 120 fs duration and a
repetition rate of 1 kHz were produced at central wavelength of
800 nm by a Ti: sapphire laser system. The laser beam was
focused on the HC-PBF with a spot size of ~2 um by a
microscope objective (x20, NA=0.5, working distance=2.1
mm). The intensity of the laser beam was controlled using a
half-wave plate and a linearly polarizer. The fiber sample was
mounted on a computer-controlled, three-axis translation stage
with 100 nm resolution. With the assistant of a Nikon 80i
optical microscope and a CCD camera, we could accurately
determine and clearly observe the focus position. To fabricate a
micro-channels, femtosecond laser pulses with pulse energy of
~5 uJ were focused on the fiber surface for ~30 s. A typical
micro-channel from fiber surface to fiber core is shown in Fig.
7(c).

Figures 8(a) and 8(b) show the normalized transmission
spectrums for different numbers of drilled micro-channels for a
2.3-m-long and a 3.2-m-long HC-PBF, respectively. For the
2.3-m-long HC-PBF sample, the average loss from 1525.5 to
1535 nm for 80 side-holes was measured to be ~0.78 dB, giving
an average loss of less than 0.01 dB per channel. For the
3.2-m-long HC-PBF sample, the mean loss of the
micro-channels or holes is less than 0.027 dB per hole for 144
holes. These low-loss holes would enable fast gas sensor based
on direct absorption spectroscopy as described in this section,
as well as photothermal interferometry sensors as will be
described in Section III.

We conducted gas detection experiment with a 2.3-m-long
HC-1550-02 fiber sample with 242 micro-channels made along
the HC-PBF. The micro-channels were made in pairs with the
two holes of a pair separated by ~100 um, while the interval
between the pairs of ~2 cm.
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Fig. 8. Normalized transmission spectrums of (a) a 2.3-m-long HC-PBF and (b)
a 3.2-m-long HC-PBF with multiple micro-channels. The spectrums were
recorded with an OSA with 0.01 nm wavelength resolution.
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To test the response time, we put the HC-PBF gas cell into a
20cmx20cm*10cm gas chamber operating at atmospheric
condition. The target gas was 0.5% acetylene balanced by high
purity nitrogen. The HC-PBF sample was connected to a DFB
laser and a photodetector. The output signal from the
photodetector during the gas loading process is shown in Fig. 9,
where the wavelength of the DFB laser was tuned to the P(9)
absorption line center of acetylene at 1530.37 nm. The response
time too, which is defined as the time taken to reach 90% of the
applied concentration [75], is measured to be ~40 s. It would

take much longer (several hours) if no micro-channels were
drilled on the fiber [23].

| | | | |
0 50 100 150 200 250 300
Time (s)

Fig. 9. Output signal with gas loading when the laser wavelength was tuned to
the absorption peak at 1530.37 nm. At ~75 s, the gas was loaded into the gas
chamber. At ~170 s, we stop the gas loading and open the cover of the gas
chamber to allow gas to diffuse out from the chamber.
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III. PHOTOTHERMAL SPECTROSCOPY WITH HOLLOW-CORE
FIBERS

Direct absorption HC-PBF gas sensors are intensity-based
sensors and relative simple in configuration. However, with the
current commercial HC-MOFs, the LOD is primarily limited by
the MI noise [55, 62] and has a value of ~1 ppm acetylene in
terms of NEC or 1.2x10 ¢cm! in terms of NEAC. We recently
studied photothermal (PT) effect in a gas-filled HC-PBF and
found the absorption-induced phase change due to PT effect
could be exploited to develop interferometric optical fiber gas
sensors with ultra-sensitivity and dynamic range [10]. In this
section, we summarize the basics of the method and report the
results of recent developments in alternative and more practical
phase detection techniques for such PT gas sensors.

A. Basics of Photothermal Interferometry

The basis of PT spectroscopy is the photo-induced change in
the thermal state of the sample. When the input light is
absorbed by the gas molecules, the molecules are excited to
higher energy states and then return to their initial state via
molecular collision. This process results in heating [76] and
changes the refractive index of the gas sample.

PT interferometry (PTI) measures the change of the sample’s
refractive index (RI) through the optical phase modulation. PTI
typically uses a pump-probe configuration. When a modulated
pump (either in wavelength or in intensity) and a probe beam
propagate along the same path, the induced phase modulation
in the probe beam may be expressed as [76]:

P
Agpoc " [ (2), @)
Tw

where P,mmp is the power and @ the mode field radius of

modulated pump beam, [ the interaction length, a(A)

absorption coefficient of the gas.

PTI has been studied for the detection of gases or chemical
vapors such as methanol [77], ammonia [78], sulfur
hexafluoride [79], hydrazines [80], as well as aerosols [81] and
nitrogen dioxide [82] with very high sensitivity. Previous
works however used bulk optical gas cells and mid-infrared
pump laser sources. These free-space systems are complex,
bulky, expensive and incompatible with fiber-optic systems.
Until very recently, no sensitive PTI-based gas sensors
operating in the near-infrared telecom wavelength range were
reported, probably due to the very small phase modulation
resulted from the weak absorption of gases within this
wavelength region.

B. PT Phase Modulation in HC-PBF

HC-PBF provides an efficient platform for non-linear
light-gas interaction and enables significant enhancement of PT
phase modulation. As shown in Fig. 10, when a periodically
modulated pump beam is co-propagating with a probe beam in
a gas-filled HC-PBF, the phase of the probe is modulated due to
periodic pump absorption within the HC-PBF.

Probe

(Aprobe) /‘\
4

Modulated
pump
(Apump)
Fig. 10. PT phase modulation in HC-PBF [83]. Pump and probe light beams
propagate through the same gas-filled HC-PBF.

Microstructured cladding \

The radius of the fundamental mode in a HC-PBF is much
smaller than a typical free-space beam, this means that the
phase modulation, according to Eq. (2), can be made
significantly higher than a free-space case for the same pump
power level and the same interaction length. The transmission
loss of the fundamental mode in a HC-PBF is very low [32],
meaning that a long HC-PBF may be used as the gas cell that
further enhances the phase modulation. Hence the use of
HC-PBF would enable sufficient phase modulation with a
relatively low-power pump operating at a wavelength with
relatively weak gas absorption. This would allow the use of
laser sources and photonic components operating at the
near-infrared wavelength range that are typically more
cost-effective, compact and compatible with the standard
telecommunication optical fiber systems.

However, the phase modulation process in a HC-PBF could
be more complex than in a free-space beam. The
absorption-induced periodic heating in the hollow core
modulates the temperature, density and pressure distribution in
the hollow core, which would not only modulate the RI of the
gas within the hollow core, but also perturb the transverse and
longitudinal dimensions of the HC-PBF. We studied
experimentally and numerically the phase sensitivity of the
fundamental mode of a HC-PBF to internal gas pressure [84]
and found that the phase changes due to the pressure-induced
transverse dimension and fiber length (longitudinal) changes
are at least two orders of magnitude smaller compared with that
due to the gas RI change. More work is currently directed to
understand gas thermal dynamics in the hollow core and its
effect on the PT phase modulation.

C. Phase Detection Techniques

In our first demonstration of PT HC-PBF gas sensors, an
optical fiber Mach-Zehnder interferometer (MZI) was used to
detect the PT phase modulation. The sensing HC-PBF forms
one arm of the fiber-optic MZI while the reference arm is made
of a standard SMF. To perform sensitive phase demodulation,
the MZI needs to operate around a quadrature point where the
phase to intensity conversion is linear and most efficient (Fig.
11). Operating at other point (e.g., point B in Fig. 11) would
cause signal fading or distortion. However, it is well known that
operating point of a fiber MZI is unstable and sensitive to
environmental disturbance. Hence active feedback control is
needed to maintain the operation around the quadrature point
[85]. With a stabilized MZI, we have demonstrated ppb level
detection of acetylene and a dynamic range of ~6 orders of
magnitude, ~3 orders better than the previous direct
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absorption-based HC-PBF sensors [10].
A

output signal

Intensity

Phase

ﬂ n output signal

interference fringe

MZI phase
variation

Fig. 11. Illustration of the phase versus intensity of a MZI at different operating
points.

However, the fiber MZI configuration is not ideal since
electronic feedback needed to maintain quadrature operation.
Furthermore, it is not a universal demodulation system since
the use of sensing HC-PBF with different length would change
the optical path difference (OPD) between the two arms, which
results in changes in the operating point as well as the noise
performance. The system needs to be re-set or re-calibrated for
different lengths of HC-PBFs and each time when the system is
switched off. The use of phase generated carrier (PGC)
demodulation could overcome the problem of electronic
feedback but the OPD related issue remains. We recently
worked on developing alternative detection techniques to
enable simpler/more practical gas sensors. One technique uses
a fiber Sagnac interferometer to passively achieve quadrature
operation, and the operating point is stable and remains

unchanged regardless the length change of the sensing HC-PBF.

The other is a simpler scheme that uses an in-fiber modal
interferometer for phase demodulation. These techniques are
described in Section IIIC(1) and IIIC(2), respectively.

1) Demodulation with a Sagnac Interferometer

A fiber Sagnac interferometer is a single fiber interferometer
in which counter-propagating beams travel through the same
fiber loop. It has the advantage of zero OPD regardless of the
fiber loop length and is much more stable than a fiber MZI
when subjected to environmental disturbance [86, 87].

Figure 12 shows the Sagnac interferometer for PT phase
detection using a 3x3 coupler. A 0.62-m-long HC-1550-02
fiber was fusion spliced to SMF at both ends with one end using
controlled collapsing of air holes to reduce MI between
cladding modes and fundamental core modes.

ECDL TF

. Trigger :
Oscilloscope; 88
generator

Fig. 12. Phase detection experimental setup with Sagnac interferometer
combined with a 3x3 coupler. BS, broadband source; PZT, piezoelectrical
transducer; PC, polarization controller; ECDL, external cavity diode laser;
EDFA, erbium doped fiber amplifier; TF, tunable filter; AOM, acousto-optic
modulator; BPD, balanced photodetector; CW, clockwise wave; CCW, counter
clockwise wave; RF, radio frequency. The tunable filter is used to remove the
amplified spontaneous emission noise. Filterl and filter2 are used to remove
the pump light.

RF driver

15 micro-channels were drilled along this HC-PBF sample to
improve the response time. A broadband source (HY-SLED,
HOYATEK LTD.) with 65 nm bandwidth centered at 1550 nm
was used as the probe source to reduce the effect of coherent
backscattering noise in Sagnac interferometer. The output of
the 3x3 coupler have 120 degree phase difference with each
other [87]. And the use of a balanced photodetector as showing
in Fig. 12 gives us a stable output which is proportional to the
sine of the phase difference between the counter-propagating
beams in the Sagnac loop. The balanced photodetector can also
significantly reduce the laser intensity noise [88, 89]. The phase
difference between the counter-propagating beams is maximum

at proper frequency when sin(z f Az )=1[87], where f is
the proper frequency and Az, the time delay between the

counter-propagating beams. Then the proper frequency can be
calculated to be 50 kHz with ~2 km total fiber length (only
considering the 2 km SMF shown in Fig. 12 and neglecting the
SMF pigtail and HC-PBF sample).

Before the gas detection experiment, we calibrated the
Sagnac interferometer with a piezoelectrical transducer (PZT)
which was driven by a sinusoidal wave. We increased the PZT
drive voltage from zero until the output of the oscilloscope
waveform looked like the one shown in Fig. 13(a). The voltage
is 5.95 V and the induced peak phase modulation is & rad (i.e.,
the peak-to-peak phase modulation is 2w rad). The voltage
applied to the PZT can then be reduced by a factor of 100z such
that the peak phase modulation is 0.01 rad and in the small
signal regime where sin(Ag) = A¢@ .

The output of the balanced photodetector was then measured
by an electrical spectrum analyzer with resolution bandwidth of
10 Hz. The black line in Fig. 13(b) is the power spectrum when
the pump is off and the peak value of the PZT induced phase
modulation is 0.01 rad. The peak value at 50 kHz is -55.93 dBm.
When the PZT is off and the pump light is on (modulated by an
acousto-optic modulator), the peak value is -74.46 dBm. The
corresponding phase change is 0.012 rad. This phase change is
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believed to be the Kerr induced phase change. By calculating
the power of pump light and the pump-probe interaction length
in the Sagnac interferometer, the cross-phase modulation
amplitude can be estimated by [90] (suppose the polarization
states of both the pump and probe light are parallel)

2z By
A ¢XPM = 2 n2 L (3 )
probe Aeff

where Ag

. 15 the phase change due to cross-phase

modulation, 4 is the wavelength of the probe light, n, is

be

the nonlinear coefficient of silica, Ppump is the pump power and

Aepis the effective area of the pump beam, L is the interaction
length of the pump beam and probe beam.

The calculated phase change due to cross-phase modulation
is ~0.001 rad which is accordance with the experimentally
measured value. We neglected the self-phase modulation
because the power of the probe light is much smaller than the
pump light. We also neglect the Kerr effect induced phase
change due to hollow-core fiber since nonlinear coefficient of
air is ~3 orders of magnitude smaller than silica [91].

When the PZT drive voltage is zero, the intensity of pump
light is modulated by an acousto-optic modulator, and the
0.62-m-long HC-PBF is filled with 100 ppm acetylene
balanced by nitrogen. The peak value is -82.19 dBm (blue line
in Fig. 13(b)). The peak intensity of the pump light input to
HC-PBF is estimated to be 28.5 mW. This phase change is due
to two reasons, one is the cross-phase modulation and the other
is the PT induced phase change (Eq. (4)). The PT induced phase
change has negative sign because absorption of pump light in
the hollow core would reduce the RI of the probe light and
hence the PT phase shift is opposite with pump intensity.

A¢ = A¢XPM - A¢Phomfher'ma/ : (4)
is the PT

hotothermal
induced phase change. The intensity of signal shown in
electrical spectrum analyzer is proportional to the absolute
value of the total phase change. In this situation, the PT induced
phase change is calculated to be 7.1x10* rad. The normalized
PT induced phase shift is then estimated to be 4x1077 rad/(ppm
-mW - m) for 50 kHz pump intensity modulation.

The phase detection performance of the Sagnac
interferometer can be estimated to be 5.5x10° rad /Hz'? from
the black line shown in Fig. 13 by calculating the SNR of the
0.01 rad signal and detection bandwidth. So the NEC is
estimated to be 775 ppb (the corresponding NEAC is 1x10°
cm™) for 1 Hz detection bandwidth.

where Ag¢ is the total phase change and Ag,
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Fig. 13. (a) Output waveform observed from an oscilloscope when the peak
value of the PZT induced phase modulation is m rad (peak-to-peak phase
modulation is 2z rad). (b) Power spectrum of the Sagnac interferometer output
measured with an electrical spectrum analyzer. Black line, when the peak value
of PZT induced phase modulation is 0.01 rad; red line, when the PZT is off and
the pump light is on; blue line, when the PZT is off, the pump light is on and the
HC-PBF is filled with 100 ppm acetylene gas. The peak pump power delivered
to HC-PBF is estimated to be 28.5 mW. The intensity of pump light is
modulated by square wave with a repetition rate of 50 kHz.

2) Demodulation with In-Fiber Modal Interferometer
The PT gas detection can also be implemented with an
in-fiber MZI. The in-fiber MZI use the fundamental core mode

as the sensing arm and the cladding modes as the reference arm.

Aprobe

Probe

Pump

44d-DH
IoquIeyd sen

/I/l/l Laser
| Computer H control

iT 58k § 1 58s § TS

Lock-in

amplifier
Fig. 14. Experimental setup for in-fiber MZI [92]. The fundamental mode of
HC-PBF is used as sensing arm while the cladding modes of HC-PBF as
reference arm. FC, fiber coupler; PD, photodetector.

Aprobe

Figure 14 shows experimental setup for in-fiber MZI. A
0.3-m-long HC-1550-02 fiber was butt-coupled to two
FC/APCs at both ends. The gaps between HC-PBF and the two
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FC/APCs are ~10 um. These two FC/APCs are used at the
launching and receiving ends to reduce Fabry-Perot
interference due to reflections at the connecting joints and
increase the excitation of cladding modes [92]. A DFB laser
with wavelength at ~1530.37 nm was used as a pump laser and
an ECDL with wavelength at 1556.58 nm was used as a probe
laser. Output from PD contains the PT-induced phase
modulation signal. The driving current of the DFB is modulated
at 51 kHz by use of the internal signal generator of the lock-in
amplifier.

Before the gas detection experiment, the transmission
spectrum of our sample was measured and shown in Fig. 15
with wavelength resolution of 0.001 nm. The average spacing
between adjacent fringe peaks is calculated to be ~70 pm,
which is in accordance with the beating between fundamental
core mode and cladding modes for a 0.3-m-long HC-PBF [62].
Heat which is generated when the gas molecules absorb the
pump light would induce the phase modulation of the
propagating modes. Because of the perfect overlap of the
propagating core modes and gas in the hollow core, the phase
change of the fundamental core mode is larger than that of the
cladding modes which results in a phase difference. The
in-fiber modal interferometer was probed by an ECDL with its
wavelength tuned to the steepest point in the transmission
spectrum, i.e., 1556.58 nm, as shown in Fig. 15.

Figure 16(a) shows the second-harmonic lock-in outputs
(lock-in amplifier R value) for different pump power levels
delivered to the HC-PBF when the pump wavelength was tuned
across the P(9) line of acetylene and the HC-PBF was filled
with 7500 ppm acetylene balanced by high purity nitrogen. For
the pump power of 14.9 mW, the SNR is calculated to be ~7517
according to Fig. 16(b). The NEC is estimated to be ~1 ppm
(~1.2x10° cm™! in terms of NEAC) for a detection bandwidth
of ~0.1 Hz. This simple sensor configuration would allow
compact novel gas sensors to be built along a single optical
fiber cable and remote detection capability.
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Fig. 15. Transmission spectrum of the SMF/HC-PBF/SMF sample.
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Fig. 16. Experimental results for 30-cm-long HC-PBF filled with 7500 ppm
acetylene gas balanced by nitrogen. (a) 2f lock-in signal output (R value) with
different pump power delivered into HC-PBF. (b) 2f signal and the standard
deviation of the noise as functions of pump power level.

IV. COMPARISON OF DIFFERENT HC-PBF SENSORS

The recent published results of gas sensors based on
HC-PBFs are summarized in Table II . With WMS and
optimized system parameters, the best result achieved for
direct-absorption gas sensors is ~1 ppm acetylene in terms of
NEC or 1.2x10° cm™ in terms of NEAC [62]. It is relatively
easy to achieve the same level of NEAC even with the simplest
all-fiber PT gas sensor as shown in Fig. 14. Recently an in-fiber
Fabry-Perot interferometer (FPI) based PTI gas sensor has
demonstrated a NEAC of 1.4x107 cm™' [93], about ten times
better than previous direct absorption sensors. The
direct-absorption and PT gas sensors discussed here are only
suitable for absorptive molecules. Raman spectroscopy is a
more versatile tool for analyzing molecules and materials and
may be used to detect gas molecules with no or weak absorption
as long as they have Raman-active transitions [94]. However,
the sensitivity of HC-PBF Raman gas sensors is limited to
~100-1000 ppm, probably due to the small Raman scattering
coefficient.
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TABLE 11
DETECTION LIMITS OF HC-PBF GAS SENSORS
Gas type Wavelength Gas cell Technique Integration NEC NEAC (cm™)
(um) time (s) (ppm)
Methane 1.666 13.7 cm HC-PBF WMS Not stated 158 1.8x107*
[95]
Methane 1.645 5.1 m HC-PBF DAS Not stated 10 1.6x10°¢
[45]
Carbon 2.005 5.27 m HC-PBF DAS 0.018 311 2.6x103"
dioxide [51]
Methane 1.665 7 cm HC-PBF DAS Not stated 647 7.4x1075*
[56]
Acetylene 1.53037 27 m HC-PBF DAS Not stated 50 5.8x103"
[46]
Ethane[96] 3.35 5.69 m HC-PBF DAS Not stated 0.9 4.6x105"
Acetylene 1.53037 13 m HC-PBF WMS 1 1 1.2x10°*
[62]
Acetylene 1.53037 10 m HC-PBF PTI 1 0.002 2.3x107
[10] (MZI)
Acetylene 1.53037 0.3 m HC-PBF PTI 1 1 1.2x10°¢
(this paper) (in-fiber
MZI)
Acetylene 1.53037 0.62 m HC-PBF PTI 1 0.775 9.3x107
(this paper) (Sagnac)
Acetylene 1.53037 0.02 m HC-PBF PTI (FP) 77 0.117 1.4x107
[93]
Methane 0.5145 1 m HC-PBF RS 20 164 N. A.
971
Carbon 0.5145 1 m HC-PBF RS 0.03 93 N. A.
dioxide [98]
Hydrogen 1.064 4.5 m HC-PBF RS 0.03 535 N. A.
991

*NEA data were calculated from NEC data and the absorption line strength from HITRAN database [100]. WMS — wavelength modulation
spectroscopy, DAS — direct absorption spectroscopy, PTI - photothermal interferometry, MZI — Mach Zehnder interferometer, FP1— Fabry-Perot

interferometer, RS — Raman spectroscopy.

V. CONCLUSIONS

In conclusion, we have reported recent developments in
HC-MOFs gas sensors based on direct absorption and PTI. For
direct-absorption sensors, the issues of MI noise in HC-PBF are
addressed and techniques to minimize such a noise are
experimentally demonstrated. Large-scale drilling of hundreds
of low-loss micro-channels along single HC-MOFs is
demonstrated. With such fibers, diffusion-limited response
time of ~40 seconds was demonstrated. For PTI sensors, novel
detection configurations based on a Sagnac interferometer and
an in-fiber modal interferometer are experimentally
demonstrated. The Sagnac configuration avoids the need for
complex servo-control to stabilize the interferometer and could
be used as a universal instrumentation to demodulate PTI
sensors made with different lengths of HC-MOFs. The in-fiber
configuration simplifies the detection system considerably,
reducing the size and cost of the sensor system. With PTI,
HC-MOF gas sensors could easily achieve sub-ppm detection
limit, which is difficult to achieve with direct absorption
sensors with the current commercial HC-MOFs. The research
of HC-MOF PTI sensors is continuing and further

improvement in performance is possible by for example using a
higher power pump laser.
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