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Abstract: We report on the development of all-fiber active photoacoustic spectroscopy, where
active photoacoustic effect is generated by embedding a micro-nano fiber inside a fiber laser
resonator to exploit the evanescent field of the high intracavity power. Acetylene detection at
1530.37 nm was selected for gas sensing demonstration. With a small diameter of 1.1 µm, the
tapped fiber exploited ∼20% intracavity power for the evanescent-wave photoacoustic excitation,
while only introduced a low intrinsic cavity loss of 0.08 dB. Our sensor achieved a minimum
detection limit of 1 ppm at an integration time of 10 s, which can be improved to 73 ppb at 1000 s
benefited from the high system stability. The sensing dynamic range was determined to be more
than five orders. This spectroscopic technique combines fiber laser, photoacoustic spectroscopy,
and fiber evanescent-wave absorption to achieve gas sensing with high flexibility, low optical
noise, and easy optical alignment. Current limitations were discussed in detail to explore feasible
ways to improve the performance in response time, dynamic range and sensitivity.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Trace gas detection is critically required across a wide range of applications such as food safety
[1], combustion process [2], environmental monitoring [3,4] and respiratory analysis [5,6].
Photoacoustic spectroscopy (PAS), characterized with unique features of zero background, high
sensitivity, and wide dynamic range, serves as a promising technique for precise gas detection.
It relies on the measurement of absorption-induced acoustic wave rather than attenuated laser,
yielding negligible scatter noise, scintillation noise or interference fringe [7]. As the PAS signal
scales with the excitation laser power [8], PAS sensors also benefit from the development of
high-power lasers and power buildup techniques. Recent advancement includes the employment
of optical amplifiers to boost the power of tunable seeds [5,9–11], optical cavities for power
buildup [4,9,12,13], and the direct utilization of high intracavity power inside a laser resonator
[14–18]. Leveraging on the proposed photoacoustic designs can enhance laser power by one to
three orders of magnitude, contributing to the state-of-the-art trace gas detection limit down to
ppb even sub-ppt level [11,19]. Up to now, most of the reported power-enhanced studies adopted
open-path optics. Precise alignment, beam shaping, and spatial filtering are thereby required to
minimize the laser-related noise and to optimize the acoustic wave generation efficiency. Besides,
extra feedback control instruments are necessary for the configurations with an optical cavity.
A tradeoff between the power enhancement performance and the system robustness must be
considered, especially for practical field applications.

Micro-nano fibers have recently driven an interest in gas sensing as exquisite tools to perform
light-gas interaction [20,21], which provides evanescent waves with a limited penetration into
the sample. Micro-nano fiber found its applications in PAS-based sensing. In 2012, Cao et
al. proposed evanescent-wave quartz-enhanced photoacoustic spectroscopy (EW-QEPAS) by
exploiting the evanescent-field for photoacoustic generation and realized a normalized noise
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equivalent absorption (NNEA) coefficient of 1.96× 10−6 W·cm−1·Hz−1/2 [22]. In 2017, He
et al. introduced multi-point gas monitoring to achieve a quasi-distributed QEPAS sensor
[23]. This technique soon extended its implementation to the 2-µm region using a single-mode
Ge-doped-silica-core fiber and achieved a NNEA coefficient of 1.44× 10−8 W·cm−1·Hz−1/2 for
carbon monoxide sensing [24]. The introduction of evanescent wave simplifies the sensor design
by omitting the precise collimating/focusing optics, which further contributes to a small footprint.
Moreover, as PAS signal doesn’t rely on the long light-gas interaction, a centimeter-long micro-
nano fiber is sufficient for effective acoustic wave generation, which leads to simple fabrication
and good robustness.

In this work, we propose the use of a micro-nano fiber waveguide to achieve all-fiber active
photoacoustic spectroscopy for trace gas sensing. The micro-nano fiber is assembled inside a fiber
laser resonator to fully utilize its high intracavity power. Evanescent wave of a short micro-nano
fiber stimulates the acoustic waves. The active all-fiber configuration constructs the flexibility
of the whole sensor by eliminating the use of any open-path optical alignment. We introduce
the fundamental operation scheme to demonstrate the interaction among laser, micro-nano fiber
and gas molecules. The sensor performance was evaluated by performing acetylene (C2H2)
measurement, as an example, in the C-band. A minimum detection limit (MDL) of 73 ppb was
achieved at an integration time of 1000 s, indicating its reliable stability. The possibility of fast
response was also investigated.

2. Methods and materials

2.1. Fiber ring laser

In this work, erbium-doped fiber is used as the gain medium, and the fiber-ring laser can be
simplified as a two-level system. The principle of an erbium-doped fiber laser (EDFL) has been
well documented in previous study [25]. Here, only a brief description is reintroduced to clarify
the nomenclature and abbreviations. It can be described by⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

dN2
dt = WpN1 −

N2
τ2

−
ηsq
Sτc

( σeN2 − σaN1 )

dq
dt =

ηsla
τc

[(1 + q)σeN2 − qσaN1] −
δ
τc

q

N1 = Nc − N2

(1)

where, N1 and N2 are the particle number density of ground state energy level and excited state
energy level, respectively; Nc is the doping concentration of erbium ion in erbium-doped fiber; q
is the number of photons in the ring cavity; Wp=ηpPpσap/Shνp is the pumping probability; Pp
is the pumping power; hνp is the photon energy of the pump light; σap is the absorption cross
section at the pump wavelength; S is the area of erbium-doped optical fiber core; ηp and ηs are
the overlap factors of pump optical power and signal optical power in the fiber core, respectively;
σa and σe are absorption cross section and emission cross section, respectively; τ2 is the lifetime
of the ion at the excited state energy level; τc is the cycle time of the fiber-ring cavity; la is the
length of erbium-doped fiber in the fiber-ring cavity; δ is the total loss of the loop.

When the loop reaches steady state, dq/dt= 0. The intracavity laser power P is proportional to
the number of steady state photons q̄, which can be numerically expressed as

P ∝ q =
A − Bδ
δ

(2)

where A and B are ⎧⎪⎪⎨⎪⎪⎩
A = Sτcla(Wpτ2σe−σa)Nc

τ2(σe+σa)

B = Sτc(1+Wpτ2)
ηsτ2(σe+σa)

(3)
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2.2. Micro-nano fiber

A piece of fused taper fiber is used as the micro-nano fiber in this work. Figure 1 depicts its
schematic diagram. The taper waist generates the evanescent waves and its field distribution was
simulated using the wave optics module of COMSOL Multiphysics. The calculated evanescent
wave power ratio in air (Fig. 2(a)) at the taper waist decreases with the fiber diameter. About
25.7% power ratio can be expected when the diameter is 1 µm. It is worth mentioning that, for a
sharp transition zone, some laser can be coupled from the fundamental mode into high order
modes, which can be blocked by the micro-nano fiber allowing only the single mode guidance
[26,27]. Therefore, extra loss of the micro-nano fiber inevitably weakens the acoustic wave
generation efficiency. We evaluated the relationship between the power loss and the length
of the transition zone (Fig. 2(b)). A longer transition zone leads to a higher transmittance by
slowing down its gradient and a 25-mm length theoretically ensures >99% power transmittance
(< 0.05 dB transmission loss). Ideal lossless waveguide might be realized with a much longer
length, however, at the cost of high fabrication difficulty. With the optimized parameters, a
micro-nano tapered fiber (waist diameter, 1.1 µm; waist length, 20 mm; transition zone length,
26.5 mm) was fabricated by flame brush method. The diameter and the length of the obtained
micro-nano fibers were controlled by the flame moving range and the fiber stretching length [28].
Figure 3(a) shows the real-time power transmittance of the tapered fiber during fiber drawing
process, and reaches a final transmittance of 98.18% (∼ 0.08 dB). Figure 3(b) shows the scanning
electron microscope (SEM) image of the taper waist part of the micro-nano fiber.

(a) Mode field of incident light (b) Mode field of taper waist (c) Mode field of emergent light
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Fig. 1. Schematic diagram of the tapered fiber and the simulated mode fields of (a) incident
light, (b) taper waist and (c) emergent light.

2.3. All-fiber active photoacoustic spectroscopy

At the waist of the tapered fiber, partial power propagates along the surface as evanescent wave,
which can be absorbed by the gas when optical frequency is in resonance with the target transition.
Absorption induced laser attenuation (in dB) can be expressed as:

δg = 10 × lg(1 − η(1 − e−α(v)CL) (4)

where α(ν) is the normalized absorption coefficient, η is the proportion of evanescent wave, C is
the concentration of gas to be measured, L is the length of the taper waist region.

Combining Eq. (4) and Eq. (2) modifies the intracavity laser power as

P(ν) ∝ q =
A − B(δ0 − 10 × lg(1 − η(1 − e−α(v)CL)))

δ0 − 10 × lg(1 − η(1 − e−α(v)CL)
(5)
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Fig. 2. (a) Relationship between evanescent wave energy ratio and taper fiber diameter.
(b) Relationship between the power transmittance and the transition zone length. Inset: light
propagation in a micro-nano fiber with 25-mm transition zone (direction: from bottom to
top).
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Fig. 3. (a) Real-time power transmittance of the tapered fiber during fiber drawing process.
(b) Scanning electron microscope (SEM) image of the micro-nano fiber.

where δ0 is the intrinsic loss of fiber-ring cavity without gas absorption. SPAS(ν), the photoacoustic
signal, scales with gas absorbance of intracavity power P(ν) at the frequency ν [29,30]:

SPAS(ν) = GηP(ν)(1 − e−α(v)CL) (6)

where G is conversion factor between optical signal and acoustic signal. Substituting P(ν) in
Eq. (5) for that in Eq. (6) produces photoacoustic signal as

SPAS(ν) ∝ Gη(1 − e−α(v)CL)
A − B(δ0 − 10 × lg(1 − η(1 − e−α(v)CL)))

δ0 − 10 × lg(1 − η(1 − e−α(v)CL)
(7)

Photoacoustic signal can be sensitively retrieved by a lock-in amplifier to perform wavelength
modulation spectroscopy. A cosine modulation is applied to the optical frequency of the EDFL,

ν = ν0 + ∆υ cos(2πf0t) (8)

and the second harmonic signal is demodulated at 2f 0:

S2f = SPAS(v) × cos(4π f0t) ∗ Flow−pass (9)
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where Flow−pass represents transmission function of a low pass filter, the symbol * represents the
convolution algorithm.

The influences of intrinsic cavity loss and micro-nano fiber size on PAS signal were analyzed
with system parameters shown in Supplement 1. A higher intrinsic cavity loss can deteriorate the
signal amplitude by reducing laser power in resonator (Fig. 4(a)). The sharp dip derives from its
approach to the EDFL threshold. Figure 4(b) depicts how taper fiber waist diameter influences the
photoacoustic signal at an intrinsic cavity loss of 5 dB. As expected, smaller diameter contributes
to better performance by generating acoustic wave with more evanescent power. The system
robustness and the fabrication difficulty should also be taken into consideration in practical
implementation. 1-µm micro-nano fiber diameter, as a tradeoff, was chosen for our sensor design.
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Fig. 4. The calculated PAS signal amplitude as a function of (a) intrinsic cavity loss and
(b) micro-nano fiber diameter.

3. Experimental setup

The schematic of active micro-nano PAS sensor is shown in Fig. 5. The EDFL is pumped by a
980-nm diode laser (∼830 mW). Highly erbium-doped silica fiber (EDF) with a length of 1.75
m is used as the gain medium. An optical isolator forces the intracavity laser propagate in a
single direction to suppress the noise of back-propagation laser [31]. The fiber Bragg grating
(FBG), as a wavelength selector, tunes the EDFL wavelength. A linear tunability is available
by applying axial strain to the FBG when coaxially assembled to a piezoelectric actuator (PZT)
[32,33]. The home-fabricated micro-nano fiber is inserted into the laser resonator between the
FBG and a circulator, enabling enhanced evanescent field by twice propagation through the
tapered fiber. The stimulated acoustic wave is then measured by an electret microphone in a PAS
cell (Fig. 6). The tapered micro-nano fiber is fixed on two light aluminum blocks using ultraviolet
glue. The microphone is located in the middle of a resonance tube (length, 35 mm; diameter, 3
mm; resonant frequency, 4.7 kHz; Q-factor, 3.4). A data acquisition (DAQ) card (USB-6356,
NI) acts as the control unit, simultaneously modulating the EDFL wavelength by a piezo driver
(PD200, PiezoDrive) and digitizing the PAS signal for the second harmonic demodulation.

Pump laser is guided into the EDF via a WDM. A fiber coupler (coupling ratio: 99:1) shunts
1% laser for intracavity power monitoring and wavelength calibration. The intracavity laser
power as a function of the pump power is shown in Fig. 7(a), illustrating a low threshold power
of ∼23.6 mW. The wavelength calibration was performed by a high-speed FBG inquiry analyzer
(F20O1711, BaySpec) while a 0.1-Hz triangular driving voltage was applied on the PZT. One
typical spectrum (Fig. 7(b)) of the EDFL shows a side-mode suppression ratio (SMSR) of 33 dB.

https://doi.org/10.6084/m9.figshare.21791492
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Fig. 6. Photoacoustic cell structure. 1. microphone; 2. resonance tube; 3. aluminum block;
4. tapered micro-nano fiber.
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4. Experimental results and discussions

4.1. Optimization of modulation voltage and gas pressure

The PAS-2f signal depends on modulation depth of the pump laser [34], which was experimentally
evaluated with 1000-ppm C2H2/N2 mixture filled in the PAS cell. The PAS signals were measured
by varying the cosine modulation applied on the PZT from 2 to 12 V. Figure 8(a) shows the
normalized PAS signal as a function of PZT modulation voltage under different gas pressures
(100–1010 hPa). Figure 8(b) shows typical 2f spectra under different pressures at a fixed
modulation voltage. The optimized operation gas pressure of 1010 hPa and a PZT modulation
voltage of 10 V were therefore chosen for the following experimental investigation.
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Fig. 8. (a) Normalized PAS signals as a function of PZT modulation voltage under different
gas pressures; (b) Typical original 2f-spectra under different pressures and a modulation
voltage of 10 V.

4.2. Sensor performance assessment

With the operation gas pressure and PZT modulation voltage optimized, we further investigated
the linearity and stability of the PAS C2H2 sensor. A 0.1-Hz triangular signal scanned across
the target C2H2 absorption line while the wavelength was modulated at 2350 Hz. Different
concentrations of C2H2 were produced using a commercial gas mixer (Sonimix 7100, LNI
Swissgas). The lower C2H2 concentration (<1000 ppm) was prepared by diluting the certified
998.6 ppm C2H2/N2 with pure N2, while the higher concentration (>1000 ppm) was produced
from certified 2.01% C2H2/N2.

Figure 9(a) shows PAS-2f spectra of samples of 1000 ppm, 80 ppm, and pure N2. Figure 9(b)
plots PAS-2f amplitude as a function of C2H2 concentration, ranging from 30 to 1000 ppm. The
linear fitting of the experimental data illustrates a good linear response with an R-square value
of 0.9998. Further investigation extended the sample concentration to 10000 ppm (Fig. 9(c)).
Obvious nonlinear response is observed mainly due to the fact the absorption at high gas
concentration leads to nonnegligible intracavity loss, which is consistent with Eq. (7). Thus, with
the absorption-induced cavity loss taken into consideration, fitting based on Eq. (7) can predict
the gas concentration with an R-square value better than 0.9999.

Buzzing of the PZT, with the same frequency as the modulation, may perturb the PAS-2f
detection as an external noise source. Its impact on the microphone was evaluated by recording
the PAS signal with PZT driver alternatively turned on and off (Fig. 10). Potential influence from
the gas absorption was avoided with the PAS cell flushed with pure N2. The PZT operation brings
an extra offset of about 30 µV, which remains stable during the sensor implementation. Besides,
the variation is slightly increased by 0.4 µV. The PZT buzzing influence could be mitigated by



Research Article Vol. 31, No. 2 / 16 Jan 2023 / Optics Express 3285

0 2 4

-0.1

0.0

0.1

0.2

0.3

2f
-s

ig
na

l (
m

V)

Time (s)

 N2
 80 ppm
 4000 ppm

(a)

-1

0

1

2

3

2f
-s

ig
na

l (
m

V)

0 200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0
 Experimental data
 Linear fitting

2f
-s

ig
na

l (
m

V)

Concentration (ppm)

Y = 0.0016 + 0.0099•X

(b)

R2 = 0.9998

0 2000 4000 6000 8000 10000
0

1

2

3

4

5

6

7  Exprimental data
 Fitting based on Eq. 7

2f
-s

ig
na

l (
m

V)

Concentration (ppm)

R2 = 0.9999

(c)

Fig. 9. (a) PAS-2f spectra at the concentrations of 80 ppm, 4000 ppm, and pure N2; PAS
signal as a function of C2H2 concentration, ranging (b) from 30 to 1000 ppm and (c) from
30 to 10000 ppm.

soundproof treatment to the PZT [35] or by designing a differential PAS cell to avoid external
common-mode acoustic noise [36].
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Fig. 10. Comparison of the sensor noise when the PZT modulation is switched on and off.

Continuous measurement of PAS signal of pure N2 was performed to computer the Allan-
Variance analysis for the long-term stability assessment. The measurement lasted about 1.5 hours
with the analysis results shown in Fig. 11. The Allan-Variance plot shows an MDL of 1 ppm at
10-s integration time and follows a 1/

√
t dependence until 1000 s, after which instrument drift

dominates. The high sensor stability allows averaging without base line or sensitivity drift to
improve the MDL down to 73 ppb, corresponding to a noise equivalent absorption coefficient
(NEA) of 8.4× 10−8 cm−1. The improved MDL and the highest concentration we employed
determine the dynamic range to be about 1.37× 105.

4.3. Absorption-induced mode hop

By increasing the C2H2 concentration up to 2%, it was of interest to observe the seriously
distorted photoacoustic signal. The distortion is attributed to the strong absorption-induced
cavity loss, which may disrupt the EDFL operation and detune the wavelength away from the
absorption line center. With only scanning voltage applied on the PZT, the EDFL wavelength
(black solid curve in Fig. 12) was monitored in real time. The EDFL wavelength deviates from the
no-absorption curve (the red dashed curve) from 1530.32 nm. A mode hop occurs at 1530.35 nm,
then teleports to 1530.40 nm, which is followed by another deviation until 1530.42 nm. The
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abnormal wavelength response skips the acetylene absorption region with an absorbance stronger
than 0.0233.
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To explain the thick absorption-induced influence on the EDFL operation, an analysis is
depicted in Fig. 13. Figure 13(a) shows the reflectance spectrum of the FBG. Figure 13(b)
compares the gain curves of 5 selected FBG spectral positions in the case of gas absorption.
The solid black curve shows the gain change of point c when the PZT-driven FBG scans from
1530.28 nm to 1530.46 nm, in which way C2H2 absorption feature is encoded into the intracavity
gain. Similarly, the other four gain curves correspond to the four typical points in Fig. 13(a). The
point pairs of a and a’, b and b’ lie symmetrically around the Bragg wavelength (point c), and
the reflectivity difference between point a and b equals to that between point b and c. On the
premise that the EDFL usually works at the wavelength with the highest gain within the reflection
bandwidth [37], Fig. 13(b) intuitively shows that the EDFL, with 2% C2H2 absorption, doesn’t
always operate at point c. The intersection points of these gain curves divide the spectral region
into six parts. Region 1 in Fig. 13(b) has the highest gain at point c and Regions 2 to 6 have the
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highest gain at points b, a, a’, b’ and c, respectively. Hence, during the PZT-driven FBG scanning
with 2% C2H2, the EDFL wavelength follows the gain curves of point c, then b, a, a’, b’ and c in
sequence (Fig. 13(c), blue doted curve). In practical EDFL operation, unlike the step changes
of these selected points, the gain curve varies continuously along with the absorption profile.
Smoothing the blue dotted curve yields distorted EDFL wavelength response to the FBG scanning
(Fig. 13(c), black curve), which is consistent with the measured results (Fig. 12, black curve). The
mode hop position corresponds to the red intersection point in Fig. 13(b), which is determined
by both the thick gas absorption and FBG reflection spectra. A much thinner absorbance by
designing a shorter micro-nano fiber could mitigate the absorption-induced mode-hope effect.
Then, an extended upper detection limit can also be expected for a wider dynamic range.
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Fig. 13. (a) FBG reflectance spectrum; (b) the intra-cavity gain change of example points;
(c) the relationship between the EDFL wavelength and the Bragg wavelength.

4.4. Line locking for fast photoacoustic measurement

As the EDFL wavelength may drifts due to the instability of FBG and PZT [38], scanning
technique has been performed in the sensing implementation to record the entire absorption
profile. The current response is consequently limited to 10 s and is not suitable for the applications
that need fast measurement. It is necessary to improve the response time by operating the EDFL
at a stable wavelength. We developed a LabVIEW program to implement the third-harmonic (3f )
method to stabilize the laser wavelength at C2H2 absorption line [39,40]. The combination of
another reference cell filled with 2% C2H2/N2 and the leaked intracavity laser from the FBG
generated the 3f-error signal without changing the sensor configuration. Unlike commonly used
current-driven diode lasers, the feedback control was applied on the PZT. Figure 14 compares the
long-term recording of PAS-2f signal of 1000-ppm C2H2 with the EDFL successively operated
in a free running manner and with line locking. Removing the wavelength scanning improves
the response time to 1 s. Under the free running mode, the obvious drifts of the PAS-2f signal
derives from the instability of FBG, even with a small temperature fluctuation of ±1°C and a
negligible strain influence. From 2170 s, the long-term line-locked PAS-2f remains more stable,
proving its feasibility for reliable operation by suppressing wavelength fluctuation.
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Fig. 14. Fast photoacoustic signal measurement with and without locking the laser to the
absorption line.

5. Conclusion

We have developed all-fiber active photoacoustic spectroscopy and demonstrated its effective
ability to detect trace gas concentration. The exploitation of a micro-nano fiber inside a fiber
laser resonator generates photoacoustic signal by evanescent wave absorption, which omits the
need of any free-space optics for collimation or coupling. By scanning the EDFL wavelength
across 1530.37 nm, we have demonstrated a dynamic range of more than 5 orders of magnitude
and a minimum detection limit of 1 ppm at 10-s integration time, which can be further reduced to
73 ppb at 1000 s. The response time has been improved to 1 s by locking the EDFL wavelength to
absorption line while maintaining a high stability. We also observed the thick absorption-induced
mode hop for the first time, which offers an opportunity to extend its upper detection limit
by fabricating a much shorter micro-nano fiber. Future research will focus on improving the
detection limit by employing a spectrophone with a higher Q/f ratio, such as a QEPAS acoustic
detection module, or by enhancing the local evanescent field with a smaller diameter and a
multipass layout in a cascaded manner.
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