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1. Introduction

Optical fiber technology is playing an increasingly important
role in environmental and safety monitoring, as well as chemical
and biological sensing. They are based upon different sensing
mechanisms such as absorption [1-3], Raman scattering [4-6],
fluorescence [7,8], surface plasmon resonance [9-11], and mechan-
ical-deformation caused by gas-material interaction [12,13]. There
are pros and cons associated with sensors based on different mech-
anisms [14-17]. This paper focused on fiber sensors based on di-
rect absorption and photoacoustic spectroscopic principles,
which have been studied extensively recently for its simplicity,
high sensitivity, multiplexing capability, and greater potential for
field applications.

There have been considerable efforts in developing absorption-
based fiber-optic systems for gas detection and recent researches
are directed toward developing systems with higher sensitivity,
faster response time, wider coverage of gas species, and distributed
sensing capability. A number of sensor structures, system configu-
rations and signal detection techniques have been developed and
successfully employed. They vary significantly depending on their
desired characteristics and applications. Conventionally, fiber optic
gas sensors are based on measuring the optical absorption at spe-
cific wavelengths with an open-path absorption cell comprising a
pair of collimator lenses with fiber pigtails. The optical fiber here
just performs a purely passive role in transferring light to and from
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the absorption cell but plays no part in gas sensing. The sensitivity
of such sensors can be improved by increasing absorption path
length. However, the improvement is limited because of the diffi-
culty in fabricating a long absorption cell. Very long optical path
lengths may be achieved by using multi-pass optical cells such as
the White cells [18] or Herriott cells [19]. However, these gas cells
are bulky, expensive and unsuitable for field applications. Gas
detection by evanescent field absorption has been demonstrated
with a D-shaped optical fiber (D-fiber) [20] and a single mode fiber
(SMF) with a small hole at the center of the core [21]. Such fibers
offer the possibility of extra-long interaction length and potentially
distributed sensing. However, they suffer from relatively low sen-
sitivity as compared to open path sensors due to the very little
optical power fraction available for light and gas interaction.

Microstructure optical fibers (MOFs) are a novel class of optical
fibers that appeared since 1990s [8]. MOF family includes index-
guided photonic crystal fibers (IG-PCFs), hollow-core photonic
bandgap fiber (HC-PBGFs), and suspended-core fiber (SCFs). These
fibers offer novel optical properties including extended single-
[22,23] and two-mode [24] wavelength range, unusual dispersion
characteristics and enhanced non-linearity [25-27], and light guid-
ing in an air-core [28]. The special holey structure of MOFs opens
up new possibilities for novel sensing applications by exploiting
light and matter interaction within the hole-columns. Gas detec-
tion based on absorption spectroscopy with IG-PCFs was proposed
by Monro et al. in 1999 [29] and experimentally demonstrated by
Hoo et al. in 2002 [30]. Afterwards, numerous designs and config-
urations of MOF based gas sensors have been reported [31-35],
aiming to develop sensors with better sensitivity and distributed
detection capability.

In the meanwhile, efforts are being made to develop fiber-optic
gas sensors based on photoacoustic spectroscopy (PAS). Early PAS
systems use optical fibers to deliver light to photoacoustic (PA)
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cells to excite acoustic waves, while the detection of the acoustic
wave is performed by electro-mechanical transducers [36-38].
Recently there have been reports in developing optical and fiber-
optic means to probe the acoustic wave [39-41]. The use of optical
fibers for excitation as well as detection of the PA pressure wave
makes it possible for remote and multi-point gas detection in a
multiplexed fiber-optic sensor network.

In this article, we start with a brief overview of the foundations
of absorption spectroscopy and PAS, and a review of past develop-
ment on gas detection using optical fibers; then discuss current re-
searches on absorption-based gas sensors with SCFs, HC-PBGFs, as
well as fiber gas sensors with PAS; and look into potential further
development in distributed and multiplexed fiber-optic gas detec-
tion systems.

2. Direct absorption spectroscopic gas detection with optical
fibers

2.1. Open-path sensor

Optical methods for the identification of chemical species
including gases are well known [42] and were widely used long be-
fore the advent of optical fibers. Most of these techniques are based
on measurement of radiation absorption by the chemical species.
The characteristic absorption spectra can be used as “finger print”
to identify different chemical species. The experiments in the early
part of this century by Planck, Bohr and Einstein showed that the
energy of a microscopic system such as an atom or a molecule is
quantized [1]. In a certain approximation, we may resolve the total
energy of a molecule into the sum of electronic, vibrational, and
rotational energy [42]. Transitions between different energy levels
can take place by either energy absorption or emission. Corre-
sponding to different type of transitions, the molecular absorption
spectra can be classified into four categories [43]: rotational spec-
tra, vibrational spectra, vibrational-rotational spectra and elec-
tronic spectra. Many gas molecules have absorption lines in the
low loss transmission window of the silica fiber, i.e., 0.8-1.8 pm,
corresponding to vibrational or vibrational-rotational transitions.
The absorption wavelengths and line strength of some common
gases are listed in Table 1.

The strength of gas absorption lines can be used to perform
quantitative measurement of gas concentration. For light of inten-
sity I, incident on a cell of length [ containing a chemical species
which has an absorption line or band at specific wavelengths, the
output intensity I is given by the Beer-Lambert law [42]:

I = Iy exp[—adC] (1)

where « is the absorption coefficient and is proportional to the line
strength, and C is the concentration of the sample gas (see Fig. 1).
The absorbance of the sample is defined as [43]

Table 1
Absorption wavelengths and line strength of some common gases [44,45].

Gas Absorption Line strength
wavelength (nm) (cm2atm™1)
Acetylene (C,H,) 1533 ~20 x 1072
Hydrogen iodide (HI) 1541 0.775 x 1072
Ammonia (NHs) 1544 0.925 x 102
Carbon monoxide (CO) 1567 0.0575 x 1072
Carbon dioxide (CO;) 1573 0.048 x 1072
Hydrogen sulfide (H,S) 1578 0325 x 1072
Methane (CH.) 1667 1.5 x 1072
Hydrogen fluoride (HF) 1330 325 x 1072
Hydrogen bromide (HBr) 1341 0.0525 x 102
Water (H,0) 1365 52.5 x 1072
Oxygen (0,) 761 0.019 x 102
Nitrogen dioxide (NO,) 800 0.125 x 1072

Gas sample

I /

Fig. 1. Principle of absorption spectroscopy.

A=log <170> = 0.4340IC (2)

The absorbance is linearly proportional to «, [ and C; and can
then be used to obtain gas concentration C if the cell length | and
the absorption coefficient o are known.

The use of wavelength modulation spectroscopy (WMS) signif-
icantly enhances the signal-to-noise ratio (SNR) since the noise at
frequencies other than that of the reference is rejected [46]. Fig. 2
shows the basic principle of WMS. A sinusoidal modulation is im-
pressed onto the optical wavelength of a narrow line-width light
source while the center wavelength is slowly ramped over the
absorption line of interest by for example temperature tuning.
The signal output is processed by, in general, a lock-in or harmonic
detector referenced to the modulation frequency. The absorption
strength (thus the gas concentration) is proportional to the ampli-
tude of the second or first harmonic signal.

A typical open path gas cell uses a pair of pigtailed graded index
(GRIN) lenses to collimate the output light from the input fiber, and
collect the light back into the output fiber. Interaction between
light and gas takes place at the space between the lenses. Fig. 3a
shows a home-made fiber-optic open path cell with an absorption
path length of 25 mm. With such a cell, a detection sensitivity of
75 ppm acetylene was achieved [47]. Reflections at the GRIN
lenses’ surfaces and the lens/fiber joints were found to induce un-
wanted interference signals due to etalon effect, and WMS with
appropriate modulation amplitudes [48] combined with wave-
length scanning has been identified to be an effective method to
minimize such unwanted signals [48-50]. Morante et al. proposed
a novel micro-optic cell by employing a pair of GRIN lenses with a
pitch of 0.264 [51], and with such a cell, back-reflected light from
the lenses become highly divergent and the etalon effect is effec-
tively reduced.

To achieve a higher detection sensitivity, Sa et al. and Ho et al.
proposed to use cascaded GRIN lenses to increase the effective
absorption path length [52,53]. The latter fabricated a gas cell
by cascading 10 pairs of fiber pigtailed GRIN lenses fixed to a cir-
cular metallic frame with an inner diameter of 10 cm. The inser-
tion loss of such a gas cell is less than 8 dB. By connecting six
such cells in serial, a super gas cell with an overall absorption
path length of 6 m was built (Fig. 3(b)) and was used for detecting
multiple gases for fault monitoring in oil-filled transformers [53].
Recently a compact reflective gas cell was constructed by Liu et al.
for which a pair of GRIN lenses and a pair of flat-bottomed glass
blocks with highly reflective coating were used [54]. The distance
between the glass blocks is 2 cm and the effective absorption path
length of this reflective gas cell is 30 cm with an insertion loss of
~1.5dB. .

2.2. Evanescent wave gas sensor

Evanescent wave (EW) gas sensors refer to where light-gas
interaction occurs within the evanescent field region of the optical
fiber. In this case, the optical fiber plays the most direct role in the
sensing process and the characteristic equation of the sensors may
be re-written as [55,56]
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Fig. 2. Principle of wavelength modulation spectroscopy with a scanning approach.
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I = Iy exp[—ralC] 3)

where r is the relative sensitivity with respect to direct absorption
for the same absorber with the same length. r in Eq. (3) is defined as
[57]

r= (nr/ne)f (4)

where n; is the index of the gas species and is approximately equal
to 1. n, is the effective index of the guided mode. f is the fraction of
the total EW power that interacts with gas. Typical EW sensors use
side-polished fibers, tapered micro/nano fibers and D-fibers as illus-
trated in Fig. 4; as well as IG-PCFs and SCFs.

Side-polished fiber can be fabricated by polishing a curved SMF
embedded in for example a quartz block (Fig. 4a). The cladding re-
gion on one side of the fiber can then be removed. The disadvan-
tages of this sensor are its time-consuming fabrication process
and difficulty to fabricate long length of side-polished fibers. Hus-
sey et al. developed a wheel-polishing method, which allows the
fabrication side-polished fibers with a length of several centime-
ters [58]. However, the fraction of EW power exposed to the envi-
ronment is small and it is difficult to built high sensitivity sensors
with such fibers.

Tapered optical micro/nano fibers (Fig. 4b) have received con-
siderable attention recently. They are typically fabricated from a
standard fiber by the flame-brushing technique [59,60] in which

(b)

Fig. 3. (a) A 2.5 cm long open path gas cell and (b) a 6 m long gas cell made by cascading 60 pairs of fiber-pigtailed GRIN lenses.

the fiber is stretched when it is heated with a stationary or an oscil-
lating flame torch. The waist diameter of fiber tapers can be re-
duced down to less than one micrometer. The small diameter
means that a considerable fraction of optical power is propagating
outside the air/silica boundary in the form of EW. An early demon-
stration using tapered fiber for methane gas detection was per-
formed at 3.3 pm, however, remote detection is not possible
because of the large attenuation of silica fibers at this wavelength.
Low loss bi-conical tapers with a submicron-diameter taper waist
and a waist length of up to ~10 cm have been fabricated with the
flame-brushing technique [59], and the EW power fraction can be
over 20% around 1550 nm. However, the thin tapered region is not
easy to handle, making it difficult to be used as practical sensors.

D-fibers (Fig. 4c) are drawn from a conventional preform but
with half of the cladding region removed. This fiber allows contin-
uous access to the evanescent field, thus very long interaction
length. The use of D-fiber for gas detection has been demonstrated
[61,62] but the sensitivity is very low, on the order of 0.01% that of
the open path sensor of the same length. Calculation shows that
the use of a high index overlay on top of the flat surface enhances
the sensitivity but the improvement factor is modest, typically <10
[61,63].

IG-PCFs are made with a stack-and-draw process and they have
a periodic array of air-holes running in the cladding region and
light is confined to a solid core by modified total internal reflection
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Fig. 4. (a) Side-polished fiber; (b) Tapered fiber; (c) D-fiber.

(M-TIR) from the reduced-effective-index cladding. A properly de-
signed PCF has a significant fraction of EW located within the air-
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holes and hence can be a good platform to study light-gas interac-
tion through EW.

The relative sensitivity r of an IG-PCF based gas sensor is af-
fected by a number of parameters including operating wavelength
J, the core-size, the size d and pitch A of the air-hole array in the
cladding. Fig. 5(a) shows the cross section of a particular IG-PCF.
The relative sensitivity r as a function of wavelength is calculated
by using Finite Element Method (FEM) and shown in Fig. 5(b). At
wavelengths of 1.53 and 1.65 pum, corresponding to respectively
the absorption lines of Acetylene (C;H,) and Methane (CH,4) gases,
the relative sensitivities are respectively 12.6% and 14.9% that of an
open path cell per equal length. This sensitivity is about 3 orders of
magnitude higher than that of the D-fiber. Theoretical simulation
shows that the relative sensitivity increases with the operating
wavelength / and relative hole size d/ A, but decreases with struc-
tural size d or A (for the same d/A). There have been reported that
specially designed IG-PCF could achieve a relative sensitivity as
large as 30% [29,64].

Hoo et al. carried out the first experimental demonstration of
gas detection with IG-PCF. We used 10 cm small core PCF with
one end fusion-spliced to a SMF, while the other end is butt cou-
pled to a second SMF with ~50 pm gap between the two fiber ends
to allow for gas diffusion into the holes (Fig. 6). The fusion spliced
end of the PCF is effectively sealed and the experimental system
can be regarded as a diffusion system with a single open end.

Fig. 7 shows the measured normalized minimum transmit-
tances as functions of time when the source wavelength is tuned
to a particular absorption line of acetylene at 1531.53 nm. The
measured results (the crosses) are in close agreement with the the-
oretical prediction (the solid line) from an equivalent system mod-
el of twice the length (i.e., 20 cm) with two ends opened for

1.0 1.2 1.4 1.6

wavelength (um)

(b)

1.8

Fig. 5. (a) Cross-section of the highly non-linear fiber from Crystal Fiber A/S. Diameter of the central silica region is ~1.7 um, and the pitch and the diameter of the cladding
holes are respectively A = ~3.24 pm and d = ~3 pm. (b) The relative sensitivity r as a function of wavelength. Reprinted from [31], Copyright (2003), with permission from

OSA.

ASE TOF

rc

Source

SMF

L1

PCF SMF

GAS CHAMBER

Fig. 6. The first demonstration of gas detection with PCF. TOF: Tunable Optical Filter; PD: Photo-detector; PC: Personal Computer. Reprinted from [31], Copyright (2003), with

permission from OSA.
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Fig. 7. Measured normalized minimum transmittance at 1531.53 nm as function of

time. Reprinted from [31], Copyright (2003), with permission from OSA.

diffusion. The relative sensitivity was determined from the mini-
mum transmittance to be ~13.6%.

Further theoretical modeling of the gas diffusion dynamics
showed that the response time, defined as the time taken for the
average concentration of detected gas (C;H,) in the air-columns
over the entire sensing length reaches 90% of the surrounding
gas concentration is found to be 63 s for a 7 cm long PCF. For gas
sensing application that requires response time of ~1 min, the
length of the sensing PCF should be limited to less than 7 cm,
assuming both ends are open for diffusion.

From above discussion, it becomes clear that by use of a long
length of IG-PCF, high sensitivity gas detection may be achieved.
However, the long response time needed for gas to diffuse into
the holes from the ends of PCF is an issue that needs to be ad-
dressed. The introduction of side openings by for example etching
into the innermost holes to get access to the EW from aside was
proposed [31], however, it is challenging to implement it in prac-
tice considering the complex microstructured holey cladding
structure of the fiber. The other issue is the low-loss connection be-
tween a small-core IG-PCF and a standard SMF. Since the effective
mode field diameters of the two types of fibers are significantly dif-

(b)

Fig. 8. (a) Sketch of a SCF reported by Selleri et al. [68]. dc, do and s, represent respectively the core diameter, cladding hole diameter, and struts width; (b) Distribution of
the fundamental mode (magnetic field) for the SCF with de,=1.17 pm, dq =24.5 pm and s =0.19 um at 4=1550 nm. Reprinted from [68], Copyright (2009), with

permission from SPIE.
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Fig. 9. Fraction of EW of the fundamental mode for SCFs with different core diameters when holes are filled with air (n, =1) or water (ny =1.33). Reprinted from [68],

Copyright (2009), with permission from SPIE.
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ferent, the direct splicing loss can be very large. The loss may be re-
duced to an acceptable level by use of an intermediate fiber [65].

SCFs have a wavelength or sub-wavelength scale solid core sup-
ported by few thin struts connected to the outer cladding [66,67].
Fig. 8(a) and (b) show respectively the cross section of a particular
SCF with 3 struts and the fundamental mode distribution of mag-
netic field at the wavelength of 1550 nm [68]. The very small solid
core and the large index contrast results in tight confinement of
light and strong evanescent field extending into surrounding air-
holes. Fig. 9 shows the relationship between wavelength and
power fraction of fundamental mode in the air-holes with different
core diameters. The holes are filled respectively with air (refractive
index nq = 1) and water (nq = 1.33). The power fraction of evanes-
cent field increases with reducing core diameter, and a power frac-
tion up to 30% in air can be achieved with a SCF with core diameter
of 0.89 um at 4 =1550 nm. Investigations on the SCFs with similar
structures have been carried out by Webb et al. [35], Cordeiro et al.
[69] and Monro et al. [67,70], respectively.

Similar to IG-PCF, gas diffusion rate limits the response time of
the SCF-based sensors. Webb et al. carried out experimental tests
with a 1 m long SCF with a core diameter = 1.2 um, hole diame-
ter=8 um and strut thickness = 0.2 pum [35], and it took about
7 h to fill the SCF with 100% C,H, by free diffusion. However, since
SCFs have only a few larger size air-holes and hence it is relatively
easier (compared with IG-PCFs) to fabricate side-openings to get
access to the evanescent field. van Brakel et al. demonstrated the
fabrication of a micro-channel by use of femtosecond infrared laser
by which one third of the evanescent field of the fiber can be ac-
cessed and the loss introduced was found to be 0.5dB [71]. For
the structure shown in Fig. 8a, three micro-channels drilled into

—————1 100 gm
(a) (b)

Fig. 10. Exposed-core silica fiber drawn from a slotted preform: (a) cross section of
the preform and (b) SEM image of the fiber. Reprinted from [74], Copyright (2012),
with permission from OSA.

the three hole-columns would be sufficient to make a full access
of the entire evanescent field.

Alternatively, SCFs with exposed-core may be made directly
during fiber-drawing process. Cox et al. [72] reported a polymethyl
methacrylate (PMMA) SCF fabricated by drilling lateral holes into
the preform in addition to the standard drawing process by which
a slot was created along the length of the fiber and one out of three
cladding hole-columns was open to the surrounding environment.
Warren-Smith et al. [73] reported the fabrication of exposed-core
SCFs with lead-silicate glass, which is directly drawn from a slotted
wagon wheel structured preform. The average loss of these ex-
posed-core SCFs over the 400-1600 nm wavelength range is from
2.2 to 4.1 dB/m, depending on the thicknesses of the struts. More
recently, a low loss exposed-core silica SCF was reported by Kos-
tecki et al. [74]. The fiber was directly drawn from a slotted per-
form and the cross-section is shown in Fig. 10.

Similar to the IG-PCF, a problem associated with the use of SCF
for gas detection is the efficient coupling of light from source to SCF
and between a SCF and a standard SMF. Chen et al. demonstrated
direct-coupling of vertical-cavity surface-emitting lasers (VCSELSs)
of 763 nm, 1674 nm and 2004 nm to a SCF by which in-fiber O,,
CH4 and CO, sensing was performed [75]. The coupling efficiencies
for the 763 nm and 1674 nm VCSELs are 13% and 15% respectively
while the value for 2004 nm laser was not provided. Dong et al.
demonstrated fusion splicing of a SCF with a core diameter of
~1.27 um to Hi1060 via an intermediate fiber (Nufern, NA = 0.35,
diameter = 2.1 pm), and the total loss for the two splices was mea-
sured to be ~0.8 dB [76].

In summary, small-core IG-PCF and SCFs have large percentage
of optical power located within air-holes and may be good plat-
form to study gas-light interaction via evanescent field. The state
of the art IG-PCFs and SCFs have a sufficiently low attenuation,
which allows the use of long (tens of meters) such fibers for high
sensitivity gas detection. Compared with IG-PCF, it is easier to fab-
ricate side-openings on a SCF or to expose the core of a SCF, since it
has only one ring of air-holes surrounding the core. SCFs are then
better candidate for high sensitivity gas detection with fast re-
sponse. In addition, both IG-PCF and SCFs have broad low-loss
transmission windows and it is possible to use them for the detec-
tion of multiple gas species, assuming they have absorption lines
within the transmission band of the fibers.

2.3. Gas detection with hollow-core optical fibers

Hollow-core photonic bandgap fibers (HC-PBGFs) also belong to
the family of microstructured fibers [77]. Unlike IG-PCFs and SCFs,
HC-PBGFs guide light through photonic bandgap effect. Since the
its first demonstration in 1999 [78], significant progress has been
made in the design and fabrication air/silica HC-PBGFs. The
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Fig. 11. (a) Schematic cross section of a commercial HC-PBGF (NTK Photonics A/S, HC-1550-02), (b) Transmission characteristic of the fiber, and (c) Typical near field intensity
profile of the fundamental mode. Reprinted from [82] with permission from NKT Photonics A/S.



W. Jin et al./ Optical Fiber Technology 19 (2013) 741-759 747

minimum fiber loss has been reduced down to 13 dB/km at
1500 nm in 2003 [79] and 1.2 dB/km at 1620 nm in 2005 [80].

Compared with IG-PCFs and SCFs, the transmission window of a
HC-PBGF is much narrower and on the order of a few hundreds of
nanometers. Fig. 11(a) shows the cross section of a commercial HC-
PBGF with a seven-unit-cell air core (NKT HC-1550-02 fiber). This
fiber has a transmission window from 1490 to 1680 nm
(Fig. 11(b)), within which several guided modes are supported.
The intensity distribution of the fundamental mode is shown in
Fig. 11(c). However, HC-PBGFs with different transmission bands
may be fabricated by varying the diameter and pitch of the air-
holes. HC-PBGFs with transmission windows from 440 nm to
2 um are now commercially available [81].

HC-PBGFs allow the confinement of an optical mode and gas
phase materials simultaneously within the hollow-core. This pro-
vides an excellent platform for strong light/gas interaction inside
the fiber core over a long distance. Long HC-PBGFs can be coiled
to very small diameters (e.g., 1 cm) without introducing significant
loss, allowing highly sensitive and compact “point” sensors to be
developed. A typical HC-PBGF designed to operate at 1550 nm have
a transmission window of ~200 nm, covering the absorption bands
of many important gases such as CO, CO,, NHs, H,S, C;H; and CHa,.

The possibility of using HC-PBGFs for gas sensing was raised by
Cregan et al. as early as the first air/silica HC-PBGFs was demon-
strated [78]. In 2004, Hoo et al. reported online the results of the
experimental investigation on gas diffusion measurement with
HC-PBGF [32]. After a short while, Ritari et al. reported the demon-
stration of high sensitivity gas sensing using HC-PBGFs with trans-
mission windows cnetred at 1300 and 1500 nm respectively with
which detection of C;H,, HCN, CH4 and NH3 gas was performed
[33]. They have also investigated the dynamics of gas filling and
evacuation processes under vacuum conditions down to 10 mBar,
and concluded that the use of higher pressure results in a shorter
filling time and a longer evacuation time. A more detail analysis
on the dynamics of gas flow in HC-PBGFs has been carried out by
Henningsen et al. in 2008 [83].

Similar to IG-PCF and SCF based sensors, the slow response due
to time taken for gas filling and venting is an obstacle for develop-
ing practical HC-PBGF gas sensors. Different approaches for
improving the response time of the HC-PBGF sensors have been re-
ported. Wynne et al. reported a pressure-driven gas-filling method

SMF HC-PBGFs

o, L)

[84] by which the filling times have been significantly enhanced by
a pressure differential applied between the two ends of the sensing
fiber. However, this method is restrictive for a compact fashion;
and more importantly it is not suitable for real-time gas sensing
applications where no pressure differential is guaranteed. Methane
sensors using multiple segments of HC-PBGF with coupling gaps
has been reported by Parry et al. [85] and Carvalho et al. [86]
respectively. Fig. 12 illustrates an assembly of a multi-segment
HC-PBGF gas sensor and different approaches for butt-coupling.
However, the coupling loss between the segments may limit the
number of segments. In addition, alignment between the fiber seg-
ments may affect the compactness and stability of the sensor.

In 2005, Lehmann et al. [87] reported fabrication of microchan-
nels into the core of HC-PBGFs by using a 193 nm ArF laser with a
repetition rate of 50 Hz (Fig. 13(a)). Cordeiro et al. [88] demon-
strated a local-heating/pressure-assisted method for formation of
a side hole (side opening) through the wall of a HC-PBGF. The
method is based on increasing the pressure inside the air holes
of MOF while local heat is applied at the desired position of the
side-opening by using a standard fusion splicer. The heated fiber
segment expanded and was laterally torn, thus a side-opening is
formed (Fig. 13(b)). Besides, a focused ion beam (FIB) milling tech-
nique may be implemented for introducing side-openings. This
technique has been used for cutting [89] and creating a small chan-
nel [90] at the end of HC-PBGF (Fig. 13(c)).

Femtosecond (fs) laser micromachining [91] is an alternative
technique for fabricating microchannels on SMFs and MOFs. Lai
et al. demonstrated the fabrication of a microchannel of 4 um in
diameter in a conventional SMF by means of fs laser processing
and chemical etching [92]. Hensley et al. [93] reported the drilling
of six evenly spaced holes over a 2 mm section of a 33-cm long HC-
PBGF. Index-matching fluid with n = 1.45 was used to circumvent
the fiber and continuously pumped into the core and cladding
holes in order to keep the tight focus of fs-laser pulses into the
cylindrical fiber. Keep circulating of fluid would also help in
removing the debris inside the fiber produced during the laser dril-
ling process. With this approach, microchannels with a diameter of
1.5 um on the surface of the fiber were fabricated. However, the
loss induced by each channel was estimated to be 0.35 dB. The
ends of the HC-PBGF were fusion spliced to two sections of SMF
to form an all-fiber variable-pressure gas cell. van Brakel et al.
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Fig. 12. (a) Assembly of a multi-segment HC-PBGF gas sensor; (b) HC-PBGFs butt-coupling within a glass capillary tube on which an air-hole is introduced for gas filling [85];
(c) Standard zirconia ferrules connected with a standard zirconia mating sleeve for HC-PBGFs butt-coupling [86] where gases can diffuse into the air-core through the slit of

the mating sleeve.
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Fig. 13. (a) Cross section of HC-PBGF with a microchannel created by ArF laser. Reprinted from [87], Copyright (2005), with permission from SPIE. (b) Sidehole created by
local-heating/pressure-assisted method. Reprinted from [88], Copyright (2006), with permission from OSA. (c) A microchannel at the end of HC-PBGF fabricated by FIB
milling. Reprinted from [90], Copyright (2011), with permission from Japanese Journal of Applied Physics.

[71] fabricated microchannels in both acrylate-coated and un-
coated HC-PBGFs. The success in fabrication of microchannels in
the coated MOF is important for preserving the mechanical
strength of the fiber which is an advantage for developing practical
sensors. Gas cells of 2-m long with either 1 or 2 microchannels
have been constructed and used in out-diffusion experiments. As
shown in Fig. 14, the rate of out-diffusion was significantly accel-
erated after the introduction of the second microchannel.
HC-PBGFs gas sensor with high detection sensitivity and fast re-
sponse may be realized by fabricating a number of side-openings
or microchannels along a long length of the fiber. The major pre-
mise is achieving a low drilling-induced loss which has been dem-
onstrated by Jin et al. [94]. Fig. 15 shows a typical fs-laser setup for
microchannel fabrication on HC-PBGF. The fiber is mounted on a
computer-controlled, three-axis translation stage. The femtosec-
ond laser is first focused and aligned on the fiber surface, and then
the focus point is moved towards the fiber core. This process is re-

peated for several times and thus a micro-channel from fiber sur-
face to fiber core is created. Fig. 16(a) and (b) shows the side-
view and cross-section of a microchannel created on the HC-
1550-02 fiber. The average loss from 1500 to 1650 nm for a
30 cm long HC-PBGF with 20 evenly distributed micro-channels
was measured to be ~1 dB (Fig. 16(c)), corresponding to a loss of
~0.05 dB per channel.

With the fs-laser micromachining technique, a fast response
HC-PBGF methane sensor with multiple micro-channels has been
demonstrated by Hoo et al. in 2010 [95]. The sensing fiber was a
piece of 7 cm-long HC-1550-02 PBGF with 7 microchannels, each
separated by ~1cm. A diffusion limited response time of ~3s
and a sensitivity of ~647 ppm for methane gas have been achieved.
Fig. 17(a) shows the setup for the gas detection experiments, and
fig. 17(b) is the measured response of during an out-diffusion pro-
cess with the cell initially filled with ~ 5% methane at ambient
pressure.

IR
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Fig. 14. (Left) Cross section of acrylate-coated HC-PBGF with a microchannel; (Right) Results of the out-diffusion experiments which showed the diffusion rate was
accelerated after the 2nd micro-channel was introduced (just before C). Reprinted from [71], Copyright (2007), with permission from OSA.
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Fig. 16. (a) Side-view and (b) cross-section of a microchannel fabricated on the HC-1550-02 fiber. (c) Loss spectrum of a 30 cm long HC-1550-02 fiber with 1 micro-channel,

and 10 and 20 microchannels evenly distributed along the fiber.

3. Photoacoustic spectroscopic gas sensing with optical fibers
3.1. Principle of photoacoustic spectroscopy

Photoacoustic spectroscopy (PAS) is another important tech-
nique that is widely used for trace gas detection [96-98]. The ba-
sic operating principle of a PAS based gas sensor is illustrated in
Fig. 18. A laser beam with its intensity or wavelength perioedical-
ly modulated is delivered to a gas cell within which light energy
is absorbed by gas molecules, and an acoustic pressure wave is
then generated via the photoacoustic (PA) effect. The acoustic
wave is then detected by a sensitive acoustic tranducer or micro-
phone and further data processing is employed to recover the gas
concentration. A detailed description of the PA effect can be found
in [99].

As the detection object in PAS is acoustic pressure instead of
optical intensity, gas detection based on PAS would have the fol-
lowing characteristics or advantages:

(1) No background signal. The PA signal is proportional to light
absorption by target gas, there is no acoustic signal without
light absorption.

(2) For a specific microphone, the acoustic signal is not signifi-
cantly affected by the optical path length, as long as the
absorption region covers the size of the microphone. This
means that extremely compact sensors could be developed
with good sensitivity.

In addition, by use of a multi-pass gas cell to increase the light
energy absorbed by the gas molecules and/or an acoustic resonator



750

HC-PBGF with
micro-channels

TEC controller

80/20 coupler

W. Jin et al./Optical Fiber Technology 19 (2013) 741-759

5mm 10mm

= )

[ e

DFB laser |

i i Photo-detector

Gas chamber

Reference
gas cell

Photodetector

i

Laser driver K

| Feedback controller

Lock-in amp.

Low pass filter

H

Output

(a)

output signal (voltage)

1.4 T T T

T T T
75 100 125 150

T T T T T T T 1
175 200 225 250 275 300 325 350

time (second)

214 R
20 ]

1.9 1 ,/
1.8
1.7 1 /
1.6 4 /
15 4 /

14 T T T T T

output signal (voltage)

93

94 95 96 97 98 99 100

time (second)

(b)

Fig. 17. (a) Experimental setup for gas detection with HC-PBGF. (b) Output signal measured during methane out-diffusion as a function of time. The gas cell is initially filled
with ~5% methane and sealed and then opened for out-diffusion at ~89 s. The measurement was conducted at the methane absorption line at 1665.48 nm [95].
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Fig. 18. Principle of PAS based gas detection.

to enhance the accumulation of acoustic energy in the cell, the
detection sensitivity may be further improved.

3.2. PA excitation with optical fibers

In early PAS systems, laser beam is coupled into the PA cell via
free space optics with bulky collimating/focusing lenses (Fig. 18).
Optical beam should be carefully collimated and focused to a spe-
cific region for efficient generation and detection of acoustic wave.

This is especially the case when an acoustic resonator is used to en-
hance the acoustic detection and precise assembly of the setup is
then required and the system is sometimes complicated and
cumbersome.

The use of fiber pigtailed collimator lens (Fig. 19) ease the align-
ment and at the same time allows the delivery of excitation light
through the optical fiber. This allows the light source be located re-
motely from the senor head and in a well controlled environment.

Taking advantage of the EW of a tapered optical microfiber, we
demonstrated that the acoustic wave can be generated by the EW
of a microfiber as shown in Fig. 20(a), which avoids the use of com-
plicated collimating/focusing optics [100]. With a quartz tuning
fork as the acoustic probe, we tested several fiber tapers with dif-
ferent diameters (Fig. 20(b)) and the normalized noise equivalent
absorption coefficient of 1.96 x 10-% cm~! W/Hz!/? was achieved
with a fiber taper of a diameter of 1.1 um. By reducing the fiber
diameter, the power percentage in the evanescent field could be
further enhanced, which promises a gas detection sensitivity com-
parable to that of a conventional open path PAS sensor. In PAS, the
generated signal is not determined by the absorption path length
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Fig. 20. (a) Schematic of PA excitation via evanescent field of a tapered optical
microfiber. Red profiles illustrate the variation of the optical mode field along the
fiber, black dots indicate gas molecules and green curves represent acoustic wave
generated via PA effect; (b) Measured second harmonic PA signal for three different
fiber tapers and the calculated power percentage in air as function of taper waist
diameter. Reprinted from [100], Copyright (2012), with permission from OSA. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

but the localized acoustic pressure amplitude and the detection
sensitivity of the microphone. Therefore, a micro/nano fiber with
a length of slightly larger than the size of the microphone would
be sufficient, avoiding the use of a long fiber taper and the prob-
lems associated with it.

Recently, we fabricated in-fiber photonic microcells by tapering
and locally inflating a section of a commercial IG-PCF [101]. The
microcell is basically a microfiber suspended within an inflated
capsule and is more robust compared with a bare micro/nano fiber.
By introducing side openings from aside of the capsule, micro-
channels for gas circulation can be created. Such a microcell may
be used to excite acoustic wave inside the capsule via PA effect.

We also demonstrated the excitation of PA pressure wave inside
a miniature Fabry-Perot cavity [41]. The schematic of which is
shown in Fig. 21. Gas diffuses into the cavity from a small side-
opening and interacts with the wavelength modulated laser beam
to generate periodic acoustic pressure wave. The pressure wave
causes deflection of the thin diaphragm, which is detected by an-
other probe laser through the same Fabry-Perot Interferometer
(FPI). The details of the system are described in Section 3.4 and
in Fig. 26.

gas in/out
lue
gl \ outer ferrule
diaphragm
optical fiber inner ferrule ==
=

Fig. 21. Schematic of PA excitation in a fiber-tip Fabry-Perot cavity. Red arrow
presents the optical beam for PA excitation, blue arrows indicate the acoustic
pressure impinging the diaphragm. Reprinted from [41], Copyright (2013), with
permission from OSA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.3. Fiber-optic microphone for PAS

The general role of a microphone is to transfer the acoustic
pressure wave into a specific sort of vibration and measure its
amplitude via electrical or optical means. The sensitivity of the
microphone would ultimately determine the capability of the
PAS based sensing system.

Most of the PA systems reported so far use electric capacitive
microphones [102-104], which transforms the acoustically in-
duced membrane vibration into an electric signal. An alternative
is to use a piezoelectric transducer such as a quartz tuning fork
[105-107]. In this case, the acoustic energy is accumulated in the
resonant piezoelectric device, and the vibration of the piezoelectric
device is converted into electric signal via piezoelectric effect. The
detection sensitivities of these two configurations are showed to be
extremely high and the sensor sizes are also very compact. How-
ever, the electric nature of the microphone limits their applications
in circumstances with electromagnetic interference, as well as re-
mote detection capability.

Attempts have been made to develop optical and fiber-optic
microphones for PA detection. de Paula et al. reported an optical
microphone made with a thin reflective pellicle bound on the edge
of a PA cell [108]. The variation of the cell walls causes the pellicle
be deflected and the position of the pellicle can then be measured
by a probing optical beam. By selecting alternative pellicle material
and properly tailoring its dimensions [109,110], they improved the
sensitivity of their sensors by 4-5 orders of magnitude. Another
example of optical microphone is based on a micro-cantilever as
shown in Fig. 22(a) [39,111,112]. A micro-cantilever fabricated
from a silicon base is placed on the wall of the PA cell at the max-
imum acoustic pressure point to detect the PA pressure wave. The
deflection of it is measured by an external Michelson Interferome-
ter (MI). This configuration provides the highest gas detection sen-
sitivity with laser-based PAS to date [112]. However, this setup is
complicated and the system assembly is required to be precise. Re-
cently, Kohring et al. demonstrated a novel optical microphone by
combining the high sensitivity of a quartz tuning fork and the
advantages of optical interferometric measurement as shown in
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Fig. 22(b) [113,114]. They also used optical fibers to deliver light to
and collect light back from the PA cell.

The first attempt to use optical fiber to detect PA pressure wave
was reported by Leslie et al. in 1981 [115]. In their system, a 9.2-
meter-length optical fiber was wound around a 2.45 cm, mylar-
coated mandrel as the microphone. The PA pressure wave modu-
lates the phase of light signal in the sensing arm, which was mea-
sured by a Mach-Zehnder interferometer (MZI) as shown in Fig. 23.
In 1995, Breguet et al. presented an optical-fiber microphone con-
structed by winding and gluing a fiber coil on a thin plate of the gas
cell wall [116]. The length of the fiber coil is modulated via the
deformation of the cell wall due to the first longitudinal acoustic
mode applied on the plate. Michelson and Sagnac interferometers

o |
HeNe laser
(3.39 um)
chopper
HeNe laser
(0.63 “m) Cupler

9.2-meter
fiber coil

compensator

were employed to detect the optical phase change. With this con-
figuration, gas (ethanol and ozone) detection limit down to ~ppb
level was achieved with a 0.6-W CO, laser source. It has been re-
ported that an optical fiber coil can also be used as a microphone
by monitoring its transmission loss due to micro-bending resulted
from absorption-induced acoustic field [117].

Fiber-tip sensors are another type of microphone that may be
used for PA detection [40,41,118]. This type of microphone is typ-
ically based on a fiber-tip FPIL. Because of its compact size, this type
of fiber probes would be particular useful for space-limited appli-
cations. In 1998, Beard et al. demonstrated a fiber-optic PA probe
for photoacoustic and photothermal measurements in liquid ab-
sorber [118]. In their experiment, a sensitive layer of film was at-
tached to the fiber tip to form a FPI (Fig. 24(a)). When the fiber-
tip probe is subjected to a PA induced thermal or acoustic field,
the thickness of the film changes, which causes the optical phase
modulation of FPI to give out a modulated light intensity. The opti-
cal intensity signal was demodulated to show a linear relationship
with the absorbance in the target. Recently, a fiber-tip microphone
with a polymer diaphragm based extrinsic FPI (EFPI) was reported
[40,41]. The FPI is formed by the endface of the optical fiber and
the inner surface of the polymer diaphragm as shown in
Fig. 24(b). The deformation of the diaphragm resulted from the
PA pressure wave changes the Fabry-Perot cavity length, which
can be demodulated by monitoring the reflected light intensity
variation when the operation point is tuned or stabilized to a linear
slope point of the interference fringe. The sensitivity of this meth-
od is determined by the dimension (diameter and thickness) and
the mechanic properties of the diaphragm. Recently, fiber-tip
Fabry-Perot pressure sensors with extremely thin photonic crystal
[119], silver [120,121], and graphene diaphragms [122,123] are re-
ported, these sensors would have improved sensitivity and a smal-
ler size, and are ideally suited for PAS based gas sensors.

A key issue for the interferometric detection of acoustic wave is
the signal demodulation. In most of the reported systems, a single
wavelength laser tuned to the quadrature point of the interference
fringe is adopted to acquire the signal amplitude. However, the
fluctuation of the operation point due to various factors, such as
temperature variation and laser wavelength drift, would affect
the detected signal. Therefore, the stabilization of the operation
point must be deal with in real time applications.

The performance of some PAS systems with optical or fiber-op-
tic microphones is summarized in Table 2. The performances of fi-
ber-optic microphone-based systems are already comparable to
their electrical counterparts. However, the excitation and detection
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coupler
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Fig. 23. Configuration of a fiber-optic microphone for PAS gas detection [115].
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Table 2
Characteristics of some optical and fiber-optic microphones.

Type Olmmin - P Advantages Main problems
(cm~' W)
Cantilever with external 1.08 x 107'° High sensitivity ~ Difficult to
MI [124] assemble, not-
applicable to
remote sensing
Fiber coil with MZI 2.62 x 107 Remote detection Relatively large
[116] capability sensor size
Fiber-tip probe with FPI 4.86 x 10~'® Compact size, Complicated
[40] high sensitivity, ~ fabrication
remote detection process

capability

2 Minimum detectable absorption coefficient normalized by excitation power.

of PA signal in fiber-optic format would allow the realization of re-
mote detection and multiplexed multi-point detection within a fi-
ber optic network, taking advantages of large bandwidth and low
loss characteristics of optical fibers.

3.4. All-fiber PAS-based gas sensors

With fiber-optic delivery of the excitation light and probing of
the PA pressure wave, all-fiber PAS based gas sensors may be
developed. Fig. 25 shows an all-optical PA system reported by

Wang et al. [40]. With a polymer-diaphragm-based EFPI (Fig. 24)
operating at the quadrature point of interferometric fringe as the
acoustic probe, they achieved a minimum detectable acetylene
concentration level of 1.56 ppb by using a fiber laser with wave-
length around 1530.37 nm and amplified power of 500 mW as
the excitation laser.

We recently demonstrated a miniature all-fiber PAS gas sensor
as shown in Fig. 26 [41]. The sensor head comprises of a fiber-tip
FPI with a thin polymer diaphragm (Fig. 21), which acts as a PA cell
for light-gas interaction, as well as an acoustic probe. An excitation
laser with wavelength /. = 1.53 um and optical power of 8 mW is
delivered to the Fabry-Perot cavity to excite PA pressure wave,
and another probe laser with wavelength tuned to the linear region
of the FPI interference fringe (1, = 1556.1 nm) and with a power of
4 mW is coupled to the same FPI to measure the cavity length var-
iation induced by the acoustic pressure wave. With this setup, a
minimum detectable acetylene concentration level of 4.3 ppm
was achieved corresponding to a minimum absorption coefficient
normalized to optical power of omin - P=1.07 x 1078 cm™! W.

4. Networked and distributed fiber optic gas sensors
4.1. Multiplexed multipoint gas sensor network

An effect means for cost reduction is through multiplexing in
which expensive components such as source and transmission
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Fig. 26. An all-fiber gas sensor in which PA excitation and detection are performed within the same miniature fiber-tip cavity [41].

cable are shared by a number of sensors. Culshaw et al. reported a
direct-absorption spatial division multiplexing system of 60 sen-
sors for methane gas monitoring [125]. The system covers a mea-
surement range from <100 ppm to 100% gas concentration (by
volume) and was field tested at a landfill site. Ho et al. studied time
division multiplexing of similar gas sensors [126] and concluded it
is possible to multiplex up to 90 sensors in a ladder type network
with a laser of 1 mW output power [127]. These multiplexed sys-
tems used gas cells with absorption path length from a few to
10 cm and achieved lower detection concentration level of less

than 100 ppm. There are reports on multiplexed multi-point gas
detection with intra-cavity and mode-locked lasers, however, the
performances in terms of lower detection limit and the number
of multiplexed sensors are inferior to the passive gas sensor net-
work driven by an external laser [128,129].

As discussed in Section 2, SCFs and HC-PBGFs can be made to
have sufficiently low loss and with side-openings, they can also
be coiled to small diameters with very little additional loss. These
elements would make it possible to develop smaller size gas sen-
sors with performance better than the open-path sensors. With
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Fig. 27. Schematic of a distributed gas detection system based OTDR.



W. Jin et al./ Optical Fiber Technology 19 (2013) 741-759 755

these all-fiber “point” sensors, it is possible to realize higher per-
formance absorption-based fiber-optic gas sensor network by use
of various multiplexing techniques [130,131] coupled with higher
performance network components and better understanding of
cross-talk and noise mechanisms.

With fiber-optic excitation and detection of PA pressure waves,
it is also possible to realize PAS-based gas sensor networks. How-
ever, the situation is a slightly more complex for PAS-based sensors
since two fiber-optic systems (PA excitation and acoustic wave
detection) are involved and optimization of both systems in a coor-
dinated matter would enable best overall performance of the gas
detection system.

4.2. Distributed gas detection with optical fibers

Capability of distributed sensing is absolutely a superiority of fi-
ber optic sensors over other conventional sensors. A truly distrib-

uted sensor should able to sense at least one measurand along its
entire length which may replace a number of point sensors. Dis-
tributed strain and temperature sensing using SMF-based Rayleigh,
Raman and Brillouin scattering has been well developed [132].
However, distributed gas detection with optical fiber was rarely re-
ported. Sumida et al. [133] demonstrated distributed measurement
of hydrogen with multimode optical fibers coated with platinum-
supported tungsten trioxide (Pt/WOs) film as hydrogen sensitive
cladding and optical time domain reflectomotry (OTDR) to deter-
mine the spatial location. Wang et al. [134] reported distributed
hydrogen sensing based on an acoustically induced transient and
traveling long periodic grating in a platinum coated SMF. These
sensors rely on particular coating materials and a truly distributed
sensor based on gas absorption has not been reported to our
knowledge, probably due to the lack of suitable waveguides.
IG-PCFs, SCFs and HC-PBGFs may be potential sensing elements
for absorption-based distributed gas sensors. Gas and light interac-
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tion takes place within the hole-columns where a large fraction of
optical mode power exists. The gas concentration information
along the fiber may be extracted by measuring the intensity
change of back-reflected light by use of OTDR or other techniques.
Lehmann et al. [135] reported a 7.5-m long fiber chain made by
connecting two pieces of HC-PBGF sensing fibers to SMFs and, with
white light spectroscopy and multi component analysis, they dem-
onstrated discrimination of several different gases in a gas mixture.
However, the system operated in a transmission mode, and de-
tailed spatial information along the fiber cannot be determined.

We have carried out preliminary tests of a distributed gas
detection system with a continuous length of HC-PBGF. Fig. 27
shows the schematic of the system. It consists of a 75 m long
HC-PBGF (the sensing fiber), a pulsed high power DFB laser and
an OTDR module. The DFB laser operates at 1531 nm which can
be used to detect ammonia or acetylene. The DFB laser sends a high
power optical pulse into the sensing fiber. As the pulse travels
along the fiber, a small portion of the pulse’s energy returns to
the detector due to back-reflections from the fiber joints and back-
scattering from the fiber itself. The pulse duration is ~10 ns, corre-
sponding to a spatial resolution of 1m. A large number of
acquisitions (up to 64,000 times) can be performed and averaged
in a second to provide a clear picture of the back scattering signal
or loss profile of the fiber as a function of time, which is then con-
verted into the distance along the fiber. To avoid saturating the
APD, the Fresnel back-reflection at the joint between the SMF
and the sensing HC-PBGF is reduced by butt coupling the HC-PBGF
to an angle-cleaved SMF.

Along the 75 m HC-PBGF, a number of micro-channels were
introduced. The separation between the micro-channels is about
1 m. To test the system, specific fiber segment with micro-chan-
nel(s) was put into the gas chamber within which test gas is filled.
Fig. 28(a) shows the measured result when a fiber segment at the
end of the 75 m HC-PBGF was put into the gas chamber in which
10% acetylene was filled. Fig. 28(b) shows the measured result
when a fiber segment with a micro-channel at 44 m of the 75 m
HC-PBGF was put into the acetylene-filled gas chamber. The loss
induced by gas absorption can be seen by comparing the OTDR
traces with and without gas. The lower curves show the computed
difference between the slopes of the two OTDR traces (the black
line) by which the locations and relative changes in backscattered
signal due to gas absorption can be observed more clearly.

It should be pointed out that this is the first demonstration of
distributed fiber gas sensor based on direct absorption spectros-
copy. The system performance is expected to improve with the
development of hollow-core fiber technology and the application
of advanced source and signal processing techniques. To develop
practical distributed sensors, the following key issues may need
to be addressed:

(i) Development of high quality true single mode hollow-core
fibers. Current commercial HC-PBGF fibers (HC-1550-02)
actually supports several guided modes, and the coherent
mode mixing or interference was identified as a major error
source that affects the stability and noise performance of the
sensors. Development of true single mode fiber, preferably
single mode single polarization fiber would minimize such
effects.

(ii) Development of advanced source and signal processing tech-
niques. Compared with conventional OTDR systems, the
source laser wavelength needs to be either locked to or
tuned across the narrow absorption line of target gas.
WMS may also be needed if higher detection sensitivity is
desired. This will increase the complexity of the source sys-
tems, and the data created will also increase dramatically
due to the addition of the extra dimension, i.e., the wave-

length variable. Advanced signal processing may be needed
to extract the useful information of gas concentration as
function of distance along the optical fiber. Detection of mul-
tiple gas species is possible but at the expenses multiple
laser sources or a tunable laser source, as well as increased
load of data processing. Advanced signal processing may
also help to reduce the effect of unwanted interferometric
signals as mentioned in (i).

5. Conclusion

Direct absorption open path sensors with fiber pigtailed micro-
optic cells have limitations in achieving higher sensitivity due to
difficulty in fabricating long path length absorption cells with com-
pact size. Silica based HC-PBGFs, SCFs and IG-PCFs enable gas-light
interaction within their hole-columns over long distance and
hence have potential for higher sensitivity gas detection. These fi-
bers can be coiled to small diameter with little loss and hence can
be used to make compact all-fiber gas sensors without the need of
precision optical alignment.

A number of issues such as introduction of side-openings to
speed up the response and proper packaging to prevent external
contamination but allow gas to penetrate into the hole-columns,
need to be addressed before practical sensors could be developed.
Attempts have been made to fabricate side-openings or holes on
various fibers but fabrication of a large number of side-holes along
a long fiber is a practical challenge.

Current SCFs and HC-PBGFs support more than one guided
mode. Since typically laser sources are needed to match to the nar-
row gas absorption lines, mode mixing or interference effect is an-
other source of noise that needs to be minimized. The introduction
of side-holes could induce mode/polarization coupling and worsen
the situation. Wavelength/phase modulation and advanced digital
signal processing may be used to minimize the effect but more
work is needed to prove the effectiveness of the methods.

With SCFs and HC-PBGFs, distributed gas detection may be
achieved. A demonstration of OTDR-based distributed methane
detection with 75-m long HC-PBGF was demonstrated, but the re-
sults are still very preliminary and much more work is needed to
optimize the source, detection and signal processing unit, as well
as the sensing fiber cable, in order to develop a practical distrib-
uted gas detection system. Coupled with advanced tunable laser
sources, multi components gas detection is possible.

For PAS-based gas sensors, very high sensitivity of the order of
ppb has been experimentally demonstrated. Attempts are being
made to develop practical fiber-optic acoustic probes and interro-
gation units, with which all-fiber PAS-based gas sensors may be
developed as well as lower cost PAS-based multiplexed or distrib-
uted gas sensor networks.
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