This is the Pre-Published Version.
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

The following publication Y. Tan, W. Jin, F. Yang, Y. Jiang and H. L. Ho, "Cavity-Enhanced Photothermal Gas Detection With a Hollow Fiber Fabry-Perot
Absorption Cell," in Journal of Lightwave Technology, vol. 37, no. 17, pp. 4222-4228, 1 Sept., 2019 is available at https://doi.org/10.1109/JLT.2019.2922001.

Cavity-enhanced photothermal gas detection
with a hollow fiber Fabry-Perot absorption cell

Yanzhen Tan, Wei Jin, Senior Member, IEEE, Fan Yang, Yi Jiang, and Hoi Lut Ho

Abstract—A photothermal (PT) gas sensor with a hollow-core
photonic bandgap fiber (HC-PBF) Fabry-Perot absorption cell is
demonstrated. The formation of a high finesse cavity enhances the
pump intensity and hence PT phase modulation as well as the
sensitivity of PT phase detection by a factor that is proportional to
the cavity finesse. Experiments with a 6.2-cm-long HC-PBF
absorption cell with a finesse of 45 for the pump and 41 for the
probe achieved detection limit of 126 parts-per-billion (ppb)
acetylene. The double-cavity-enhanced PT gas sensor allows the
use of a shorter HC-PBF to develop highly sensitive and fast
all-fiber gas sensors.

Index Terms—Gas sensor, photonic crystal fiber, cavity
enhancement, photothermal interferometry, optical fiber sensor.

. INTRODUCTION

hotothermal interferometry (PTI) is a highly sensitive gas

detection technique. It detects the optical phase modulation
of a probe beam resulting from the absorption of periodically
modulated pump beam by the gas molecules. This technique
has been used to detect gases including methanol [1], ammonia
[2], and nitrogen dioxide [3].

The magnitude of photothermal (PT) phase modulation is
proportional to gas absorption, optical path-length and
intensity (instead of power) of the pump beam [4].
Conventional PTI systems uses open-path absorption cells, and
the relatively large diameter of the free-space beams means
large pump power is required to achieve sufficient pump
intensity to generate detectable PT phase modulation [1].
Moreover, open-path sensors have limitations in realizing long
absorption path due to loss and size problems. Long absorption
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path length can be achieved with multi-pass White cells [5] and
Herriott cells [6], which are bulky, expensive and not
convenient for field applications.

Recently, PT phase modulation in a gas-filled hollow-core
photonic bandgap fiber (HC-PBF) was studied, and gas
detection down to part-per-billion (ppb) level has been
experimentally demonstrated with fiber-optic PTI [7]. In a
HC-PBF, most of its optical power is confined in the
hollow-core, and the mode field diameter of its fundamental
mode is two orders of magnitude smaller than a typical
open-path free-space beam. For the same level of pump power,
the pump intensity in the hollow-core is much higher than in a
free-space beam, enhancing significantly the PT phase
modulation. The use of a HC-PBF also allows efficient
gas-light interaction over a longer distance while maintaining
compact size [8, 9]. With 10-m-long HC-PBF, detection of
acetylene down to 2 ppb has been demonstrated [7]. However,
the response time of the HC-PBF sensor is extremely long due
to time taken for gas to diffuse into the hollow-core [10]. The
speed of response may be improved by introducing side
channels along the HC-PBF to accelerate gas diffusion [11-13].
However, it is challenging to achieve long-absorption-path (for
better sensitivity) and fast response at the same time since it
requires a huge number of side-channels.

The use of a HC-PBF Fabry-Perot (F-P) cavity as the
absorption cell may overcome the predicament. A long
effective path-length can be achieved with a high finesse cavity
made with a short HC-PBF. We have previously reported a
direct absorption spectroscopic gas sensor with a HC-PBF F-P
cavity with finesse of 68 and achieved detection limit of 7
part-per-million (ppm) acetylene [14]. The sensitivity of the
direct absorption HC-PBF sensor is limited by mode
interference and other noises, and further improvement in the
detection limit seems difficult [9, 14].

In this paper, we present a novel cavity-enhanced PT gas
sensor with a high finesse HC-PBF F-P absorption cell.
Comparing with a single path absorption cell, the intra-cavity
pump intensity can be much higher and hence the magnitude of
PT phase modulation can be enhanced significantly. In the
meanwhile, the sensitivity of phase detection can also be
enhanced by operating the probe at the highest slope point near
a cavity resonance, resulting from the effective multi-passages
of the probe beam through the gas sample. The enhancement
factors for both PT phase modulation and detection are
proportional to cavity finesses. This double enhancement
allows the realization of high sensitivity with a short length of
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HC-PBF, avoid the problem of slow response of a long
HC-PBF gas cell.

I1. PRINCIPLES OF CAVITY-ENHANCED PTI

The basic concept of cavity-enhanced PT1 may be explained
with the aid of Fig. 1. A high finesse HC-PBF cavity formed by
placing a piece of HC-PBF between two reflective mirrors is
filled with an absorptive gas. When the wavelength of a pump
beam is tuned to one of the F-P cavity resonances (Resonance
A), it is coupled into the cavity efficiently and the pump
intensity inside the cavity is significantly higher than the input
pump. Modulating the pump wavelength around the resonance
results in modulation of the pump intensity in the cavity, with
the magnitude of modulation proportional to the cavity finesse.
If the cavity resonance lies within an absorption line of the
absorptive gas, the absorption of the modulated pump will
result in periodic heating, modulating the refractive index (RI)
of the gas in the hollow-core and the dimensions of the
HC-PBF [7]. When another probe beam is propagating in the
same HC-PBF, its phase will be modulated accordingly, which
can be detected by operating the probe at a maximum slope
point of a different resonance (Resonance B) where the gas
absorption is minimal. The sensitivity of phase detection,
defined as the phase to intensity conversation efficiency at the

probe wavelength, is proportional to the finesse of Resonance B.

Hence, the use of a high finesse F-P gas cell provides
double-enhancement, which enhances the PT phase modulation
as well as the sensitivity of phase detection.
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Fig. 1. Principles of cavity-enhanced PTI spectroscopy. (a) Sketch of a

gas-filled HC-PBF F-P cavity. (b) Basic processes in the generation and
detection of PT phase modulation.

A. Intra-cavity pump intensity

We first consider an empty F-P cavity with the length of L.
The transmission and reflection coefficients, and the loss of the
mirrors are respectively t, r and |, with t+r+I=1. The cavity
finesse F and the on-resonance cavity transmission T, may be
expressed as [15-17]

T

F:—:
t+1

M

.
1-r

t2

Tres = W (2)

The enhancement factor E, which is defined as the intra-cavity
pump intensity I, (or power P.) over the input pump intensity l;,
(or power P;,) may be expressed as [15-17]

E-e-te ¢ Ey ®3)
Iin F)in T

Comparing with a single-path gas cell of length L, the
Fabry-Perot gas cell with finesse F enhances the pump intensity
in the gas cell by a factor of E. Take a cavity with finesse of
1000 as an example and assume that the on-resonance cavity
transmission T, is 0.99, the enhancement factor E would be
300. For an input power of 1 mW, the intra-cavity pump power
would be 300 mW, a huge enhancement over the input pump
power.

B. Enhancement of PT phase modulation

Now the HC-PBF F-P cavity is filled with a weak absorptive
gas with absorption coefficient o and concentration C. If the
pump wavelength is modulated sinusoidally and its nominal
wavelength is tuned to a cavity resonance aligned to the center
of an absorption line (resonance A in Fig.1b), the magnitude of
PT phase modulation through the gas-filled cavity may be
expressed as [7,18]

Ap=A@p,-aCL-P, (4)

A{p, is a normalized phase modulation coefficient. For the
NKT’s HC-1550-02 fiber filled with trace acetylene balanced
with nitrogen and with pump modulation frequency below 330
kHz, Ap, was determined to be 0.76rad -cm-mwW *-m™ [18-20].
The use of a resonating cell enhances the value of P, (compared
with P;,) and hence the PT phase modulation by a factor of E.

C. Enhancement of phase detection

The PT phase modulation can be detected by using the same
F-P cavity by operating the probe wavelength at the highest
slope point of Resonance B, as shown in Fig. 1(b). The F-P
cavity converts the PT phase modulation into intensity (power)
modulation at its output, which is proportional to the slope
(1st-order derivative) of the cavity resonance. Figs. 2(a) and 2(b)
illustrate respectively the normalized transmission and its
1st-order derivative of the cavity resonance with two different
values of finesse. Obviously, the phase detection sensitivity
varies with operating points. For the cavity resonance with
F=50, the sensitivity (i.e., slope) is the highest at point 5 at
which the probe beam should operate. For the cavity with F=2,
the optimal operating point should be Point 6, but the slope,
which is proportional F, is much smaller.
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Fig. 2. Calculated (a) transmission and (b) 1st-order derivative of the cavity
resonance with finesse of F=50 and F=2, respectively.

IIl. THEHC-PBF F-P GAs CELL

The HC-PBF F-P absorption cell used in our work is
illustrated in Fig. 3(a). The HC-PBF is the HC-1550-06 fiber
with a core diameter of ~11 um, as shown in Fig. 3(b). The
length of the HC-PBF is 6.2 cm. The ends of the SMFs are
coated with alternating dielectric layers (SiO, and TiO,) to
achieve reflectivity of ~99%. The SMFs ends were directly
joined to the HC-PBF by mechanical splicing, without using
any mode-matching lenses. The loss of a mechanical splice is
~4to 6 dB, which is larger than the fusion splicing loss of ~2 dB
[21].The fabrication process of the HC-PBF F-P gas cell was
described in detail in Ref [14]. A small gap (<1 pum) was
maintained at the SMF/HC-PBF joints for gas filling to the
hollow-core.
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o] (V- T _\
| | HC-PBF | 1
SMF | [ ) [ smF
Ferrule Mirror Mirror

(a)

(b)
(a) Schematic configuration of the HC-PBF F-P F-P gas cell. (b)
Scanning electron micrograph of the HC-1550-06 fiber.

Fig. 3.

The finesse is defined as F=FSR/jv, where FSR and v are
respectively the free spectral range and full-width
half-maximum spectral width (FWHM) of the cavity resonance
[22]. For a cavity with length 6.2 cm, the FSR is calculated to be
18.9 pmat 1532 nm and 19.4 pm at 1550 nm. The transmission
characteristics of the cavity at different wavelengths were
recorded by sweeping the cavity with a multilayer

piezo-ceramic stack (PZT) attached to the HC-PBF, as
described in Ref [14]. Fig. 4(a) shows the sweeping voltage
used to the PZT, while Figs. 4(b) and 4(c) show the measured
transmissions of the cavity at two different laser wavelengths.
The oscilloscope traces in Figs. 4(a), 4(b) and 4(c) are
measured as functions time and the finesse can be determined
by comparing the width of the resonators and spacing between
the two resonances. In Fig. 4 (b), the laser wavelength is set to
1532.83 nm, the finesse of the cavity is determined to be 45.
Similarly, in Fig. 4 (c), the wavelength is 1550.02 nm and the
finesse is 41. These two wavelengths are used as the pump and
probe wavelengths in the PT gas experiments in Section V.
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Fig. 4. (a) Sweeping voltage applied to PZT. Measured transmissions of the
6.2-cm-long HC-PBF F-P cavity at the wavelength of (b) 1532.83 nm and (c)
1550.02 nm.

IV. CAVITY-ENHANCED PT GAS DETECTION EXPERIMENTS

A. Experimental setup

The cavity-enhanced PT gas experiments were conducted
with the experimental setup in Fig. 5 (a). The cavity length of
the gas cell is 6.2 cm and the FSR is ~19 pm (2.43 GHz), as
described in Section I1l. The P(13) line of acetylene gas with
center wavelength 1532.83 nm is used, and the linewidth of this
line is ~40 pm or 5.11 GHz, which covers approximately 2.1
FSR of the F-P cavity, as indicated in Fig. 5 (b).

A distributed feedback (DFB) semiconductor laser is used as
the pump beam and its wavelength (Apump) is slowly scanned
across the P(13) line and the corresponding cavity resonances.
The laser nominal wavelength is thermally tuned at a lower
frequency of 0.001 Hz via a temperature controller and
simultaneously modulated at a higher frequency of 22.4 kHz
via current modulation. Fig. 5(b) illustrates the pump tuning
process as well as the absorption line and the cavity resonances
involved in the process. Ideally, cavity resonance A is at the
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center of the absorption line, and pump beam tuned to this
resonance is most efficiently coupled into the cavity and at the
same time maximally absorbed by the gas molecules.
Modulation of the pump wavelength causes periodically
variation of the pump intensity in the cavity, resulting in phase
modulation of the probe beam.

The probe beam is from an external cavity diode laser
(ECDL) and the output power is ~3 mW. The probe laser
wavelength (Aprone) is tuned to 1550.2 nm, corresponding to
highest slope point of Resonance B in Fig. 5 (b), which
produces the largest intensity modulation in the output for a
given PT phase modulation. The probe light from the cavity
was received by a photo-detector (PD). The PD output was
detected by a lock-in amplifier (Stanford research systems,
SR830), and the second harmonic signal (i.e., 44.8 kHz) is used
as the system output. The pump power at the output of 90:10
coupler in Fig. 5 (a) is measured to be 116.7 mW, and the pump
power into the cavity is estimated to be~ 45 mW since the loss
for the first mechanical splicing joint is ~4 dB. The acetylene
concentration in the gas cell is 100 parts-per-million (ppm).
The lock-in time constant is set to 3 s and the filter slope is 18
dB Oct™, corresponding to an effective detection bandwidth of
0.031 Hz. During this process, the probe laser wavelength is
maintained at the highest slope point by monitoring the DC
component of the transmitted F-P output and tuning the
wavelength of the probe.
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Fig. 5. (a) Experimental setup of the cavity-enhanced PT gas detection. Blue
line, optical fiber; green line, electric cable; ECDL, external cavity diode laser;
DFB, distributed feedback laser; PZT, piezoelectric stack; WDM, wavelength
division multiplexer; PC, polarization controller; PD, photo-detector; DAQ,
data acquisition. (b) Basic processes involved in the cavity-enhanced PT gas
experiment.

B. Experimental results

Fig 6 shows the second harmonic signal from the lock-in
when the wavelength of the pump was scanned across the P(13)

4

line of acetylene and the corresponding cavity resonances. Fig.
6(a) shows second harmonic signal for the gas cell containing
100 ppm acetylene balanced with nitrogen. The blue line
indicates the second harmonic signal which becomes maximal
near the gas absorption line center at 1532.83 nm and gradually
reduces away from the gas absorption line. The red line shows
the theoretical P(13) absorption lineshape of acetylene obtained
from HITRAN 2004 database [23]. Fig. 6(b) shows second
harmonic output when the gas cell is filled with nitrogen. A
small background thermal signal exists, which is believed due
to the absorption of the dielectric mirrors [24].
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Fig. 6. Second harmonic output signal when pump laser is scanned across the
P(13) line of acetylene and the corresponding cavity resonances. The gas cell is
filled with (a) 100 ppm acetylene with nitrogen and (b) pure nitrogen,
respectively.

In Fig. 6, the cavity resonance is close but not exactly aligned
to the absorption line center. By applying a small DC voltage
(~1.5 V in our experiment) to the PZT to change the cavity
length, the cavity resonance near 1532.83 nm can be aligned
precisely to the center of the P(13) line. The PT phase
modulation is thus maximized. Fig. 7(a) shows the second
harmonic signal output when pump laser is scanned across the
resonance of the cavity close to the center of P(13) line and
filled with 100 ppm acetylene. Fig. 7(b) shows the second
harmonic output when the gas cell is filled with nitrogen. The
peak values of the second harmonic signal in Figs. 7(a) and 7(b)
are 52.0 uV and 4.3 pV, respectively, giving a PT signal due to
acetylene absorption of ~47.7 uV. The second harmonic output
signal from the lock-in when the pump is tuned to away from
cavity resonances is regarded as noise and is shown in Fig.7(c).
The noise over ~6.5-min duration has a standard deviation (s.d.)
of 0.06 pV, only slightly larger than that when the pump is off
(~0.05 uV). This gives a signal-to-noise ratio (SNR) of 795,
and the noise equivalent concentration (NEC) for SNR of unity
is estimated to be 126 ppb for a detection bandwidth of 0.031
Hz.
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Fig. 7. Second harmonic signals when pump beam is scanned across a cavity
resonance (Resonance A) near the center of the P(13) line of acetylene when the
gas cell is filled with (a) 100 ppm acetylene and (b) pure nitrogen. (c) Second
harmonic signal when the pump wavelength is away from Resonance A at
1532.9 nm.
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Fig. 8. (a) Second harmonic signals for four different pump power levels

measured at the output of the 90:10 coupler. (b) The peak values of second
harmonic signal (red squares) and the s.d. of the noise (blue circles) for
increasing pump power level.

Fig. 8(a) shows the second harmonic output signal from the
lock-in for different four pump power levels measured at the
output of 90:10 coupler in Fig. 5 (a), when the pump
wavelength was scanned across a cavity resonance aligned to
the center of the P(13) line. The peak value of second harmonic

signal and the s. d. of the noise as functions of pump power are
shown in Fig. 8 (b). The second harmonic signal increases
linearly with increasing pump power, while the noise level
keeps more or less constant, indicating that the SNR may be
further improved by increasing the pump power level.

V. DISCUSSION

As mentioned in Section Il, the phase detection is most
sensitive when the probe wavelength is set to the maximum
slope point of a cavity resonance, indicted as point 5 in Fig. 2.
With the setup in Fig. 5, we experimentally evaluated the
second harmonic output signal and the noise level for the 5
different operating points indicated in Fig. 2. The operating
point was determined according to the DC output voltage,
which was displayed in the oscilloscope as illustrated in Fig. 5
(a).

Fig. 9(a) shows the second harmonic output signal from the
lock-in for the five different operating points shown in Fig. 2.
The peak values of the second harmonic signal at Point 5 and
Point 2 are 52.0 pV and 2.5 pV, respectively, showing ~20
times enhancement by operating at the maximum slope point of
the resonance. The peak values of second harmonic output
signal and the s. d. of the noise for the five operating points are
shown in Fig. 9(b). The black squares show the peak values of
the second harmonic signals and blue circles the s. d. of noise.
The second harmonic output signal increases with the slope
value of the cavity resonance while the noise level remained
relatively flat, showing the signal to noise ratio is indeed
enhanced when operating at point 5.
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Fig. 9. (a) Second harmonic outputs (signal) when the probe is at five different
operating points (1-5). (b) The peak values of second harmonic output signal
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(black squares) and the s.d. of the noise (blue circles) at different operating
points.

We have previously reported a PTI gas sensor with a low
finesse HC-PBF F-P gas cell of 2 cm and achieved detection
limit of 440 ppb using a 1s lock-in time constant [25]. This
sensor was basically a single-path sensor a pump power of ~70
mW delivered into the gas cell, estimated by considering that
the fusion splicing loss between SMF and HC-PBF is ~2 dB
[21]. For comparison, the performance and the parameters of
the present high-finesse and the previous low finesse F-P PTI
sensors are summarized in Table I. The normalized noise
equivalent absorption-coefficient (NNEA), in cm *WHz ™ is
improved by 3 to 4 times by using the high finesse F-P cavity.

TABLE |
PARAMETERS FOR HIGH FINESSE AND LOW FINESSE FABRY PEROT CAVITIES
Type of Fabry Perot High finesse Low finesse [25]
Acetylene absorption line
(wavelength) P(9):1532.83 nm P(13):1530.37 nm
Peak absorption
coefficient a for 1 ppm 1.05x10° cm™ 1.165x10° cm™
acetylene
Pump power into the cavity 0.0432 W 0.069 W
Detection bandwidth 0.031 Hz 0.094 Hz
Lower detection limit 126 ppb 440 ppb
NNEA 3.23<10° 1.16107
cm*WHz 2 cmWHz 2

We were able to make HC-PBF F-P gas cells with cavity
finesses up to 128 [14]. With such a cavity, the peak value of
the slope is ~3 times higher than the present F-P cavity with
finesse of 41. In addition, the use of a higher finesse cavity also
further enhances the magnitude of PT phase modulation, which
would further improve the detection limit.

VI. CONCLUSION

In conclusion, we presented a double-cavity-enhanced PTI
gas sensor with a high finesse HC-PBF F-P cavity as the
absorption cell. The high finesse gas cell is made by placing a
length of HC-PBF between two the ends of two SMFs coated
with reflective mirrors. With a 6.2-cm-long F-P with a finesse
of 45 for pump beam and 41 for probe beam, we demonstrated
acetylene detection down to 126 ppb, 1 to 2 orders of
magnitude better than a direct absorption spectroscopic sensor
with a similar high finesse HC-PBF cavity, and 3 to 4 times
better than a low-finesse HC-PCF F-P PTI sensor. The use of a
high finesse cavity simultaneously enhances the intra-cavity
build-up for the pump intensity inside the HC-PBF and
improves the phase detection sensitivity for the probe beam by
a factor proportional to the cavity finesse. The performance of
all fiber double-cavity-enhanced photothermal gas sensor may
be further improved by using a cavity with a higher finesse.
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