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Abstract: In this study, we experimentally showcase the
microfiber evanescent-field photothermal gas detection by
exploiting all-fiber MHz-level frequency shift scheme. Based
on the acousto-optic interaction effect, the low-frequency
shifts of 0.9 MHz and 1.83 MHz can be obtained through
the cyclic conversion between the transverse core modes
LP; and LP;, in the few-mode fiber. Our proposed all-fiber
frequency shifters show flexible MHz-level up(down) fre-
quency shifts with superior sideband rejection ratio (over
40 dB) and low insertion loss (less than 1dB). Further-
more, an all-fiber heterodyne interferometric detection sys-
tem is implemented by leveraging the above low-frequency
shifters, in which around 1-pm-diameter microfiber is inves-
tigated for photothermal gas detection. A pump-probe con-
figuration is employed to obtain the photothermal effect
induced by the gas absorption of the modulated evanes-
cent field. By demodulating the phase of the beat signal
output by the interferometer, an equivalent detection limit
(1) of 32 ppm and a response time of 22 s are achieved
for ammonia, as well as 0.24 % instability within 48 pump
cycles. Given its compact all-fiber configuration and high
sensitivity with fast response, the experimental results can
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pave the way for widespread applications like heterodyne
detection, fiber optical sensors, and interplanetary coherent
communications.
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1 Introduction

Laser absorption spectroscopic gas detection technique has
been widely used in industrial manufacturing, environ-
mental monitoring, and biomedicine [1, 2]. However, when
detecting weak absorbing gases such as ammonia at the
near-infrared (NIR) band, conventional approaches often
necessitate the utilization of multi-pass cells [3, 4] with
ultra-long optical paths to enhance the sensitivity, which is
accompanied by the large-sized sensing modules, as well
as the high costs of the equipment and maintenance. As a
novel and flexible means, photothermal interferometry has
attracted growing attention in recent years [5-7]. Absorp-
tion of the modulated pump light by gas molecules heats up
the local sensing medium and then periodically changes its
refractive index. This mechanism is the so-called photother-
mal (PT) effect which induces the phase modulation of the
probe light propagating through the same medium [5, 8].
The gas information can be derived by demodulating the
phase of the beat signal output by the optical interferom-
eter. Recently, a new PT gas detection system based on the
optical nano waveguide has been demonstrated [9], which
dramatically reduces the response time and with a more
compact structure, compared to the hollow-core fiber (HCF)
approach [10]. Moreover, the heterodyne interferometry,
which offers simpler configuration and high robustness, is
gaining popularity in the field of PT gas detection because
it eliminates the active regulating elements such as a servo-
control loop [8, 11, 12].
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The kernel of the conventional optical heterodyne
interferometer is the frequency shifter, which is responsible
for offering an optical frequency difference between the
probe beam and the reference beam [13, 14]. To achieve this,
an acousto-optic modulator (AOM) with bulk Bragg cell crys-
tal is typically utilized. Although the commercially compact
fiber-pigtailed AOMs are actually based on the miniatured
bulk acousto-optic crystals, the ultrahigh heterodyne fre-
quencies of tens or hundreds of MHz generated by the AOMs
are still challenging to be demodulated for most commer-
cial lock-in amplifiers (LIAs). As an alternative, the compro-
mised solution is cascading two AOMs with slightly different
frequency-shift magnitudes to obtain a low-frequency shift,
which leads to high complexity with additional insertion
loss [15-17]. Thus, an ultracompact all-fiber device that can
provide reliable optical low-frequency shift is desirable.
Additionally, incorporating this all-fiber low-frequency shift
technology with microfiber evanescent-field technique is
expected to further improve the integration of the PT gas
detection system, facilitating its widespread application.

In the present work, we experimentally demonstrate
two highly promising all-fiber acousto-optic frequency shift
(AOFS) schemes, which are based on the acoustic-induced
cyclic conversion between the transverse core modes prop-
agating through the few-mode fiber (FMF) and their mode-
dependent frequency-shift effect [18, 19]. When an appro-
priate ultrasonic vibration is exploited to form a dynamic
long-period grating along the unjacketed FME, not only
the energy coupling between LPy; and LP;; core modes is
enabled, but also an optical frequency shift is achieved
for the converted transverse LP mode [20, 21]. By cascad-
ing the acoustic-induced fiber gratings (AIFGs) or with a
long-period fiber grating (LPFG), the low-frequency shifts
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of 1.83 MHz and 0.9 MHz are obtained with the insertion
losses of 0.83dB and 2.05 dB, respectively. Both schemes
possess frequency sideband rejection ratios exceeding 40 dB
and wavelength tuning ranges wider than 200 nm. Further-
more, these two low-frequency shift schemes are applied
in all-fiber PT heterodyne gas detection. Through the PT
enhancement facilitated by the tapered microfiber with a
diameter of 1 pm and a length of 4 mm, ammonia detec-
tion is achieved with an equivalent detection limit (1o)
of 32 ppm and a response time of 22s. The experimen-
tal results exhibit the potential utility of the proposed
AOFS schemes in a wide range of scenarios, including but
not limited to PT heterodyne gas detection, spatial-modes-
based physical field sensing, and interplanetary coherent
communications.

2 Theoretical analysis and method

2.1 Acoustic-induced mode-dependent
low-frequency shifter

As the key component of all-fiber AOFS, the AIFG formed
by the acousto-optic interaction (AOI) acts as an adjustable
dynamic fiber grating [21]. It not only realizes an efficient
conversion between the adjacent linear polarization modes:
LP,, and LP,, (LPy and LP;, here), but also leads to an opti-
cal mode-dependent frequency shift [19-21], as illustrated
in Figure 1la. When the ultrasonic wave generated by the
piezoelectric transducer (PZT) is transmitted to the unjack-
eted FMF through the mechanical connection between the
aluminum cone and the FME, the axial micro perturba-
tion of the core will accordingly modulate the refractive
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Figure 1: Principled diagram and transmission spectrum of AIFG. (a) Characteristics of the transverse modes conversion and frequency shift,
(b) transmission spectrum of AIFG. AIFG, acoustic-induced fiber grating; f,, frequency of incident light; and f, frequency of applied RF signal.
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index, leading to the index-modulation characteristic of
the dynamic long-period grating (DLPG) [22]. According to
the acoustic dispersion theory, the period of the generated
DLPG can be expressed as: A = (RC,y,/ frr)/%, where Cqy
and fyy refer to the velocity and frequency of the ultra-
sonic wave propagating in silica, R is the radius of the
fiber [23]. The mode conversion between the LPy; and LP;;
occurs when the phase-matching condition is satisfied: L, =
Ar/(ng; —nyy) = A, in which Ly refers to the beat length
between the two modes, A, denotes the resonant wave-
length, ny; and ny; represent the effective refractive indices
of LPy, and LP;,;, respectively [14, 17, 24]. Additionally, the
conversion efficiency as well as the resonant wavelength
can be dynamically adjusted by varying the frequency and
amplitude of the applied RF signal, which can be interpreted
by the following form [18, 25, 26]:

-7 /& .
Kor-n = A, Mono//Em(Xay) E; (6 y)

< [no(1+ x)K*Apx]dxdy (€]

where Ey(x,y) and E;;(x,y) refer to the cross-sectional
electric-field distribution of the transverse modes LP,; and
LPy. And ny, y, A, and K represent the refractive index of
the FMF core, the elasto-optic coefficient of silica, and the
amplitude and wavevector of the ultrasonic wave, respec-
tively. When the broadband source is guided through the
AIFG with a segment of the SMF to cut off the converted
LP;; mode, the transmission spectrum of the AIFG with
wavelength-tuning characteristics [27] can be obtained by
adjusting the fpr and A, as shown in Figure 1b. It implies
that mode-conversion efficiencies surpassing 10 dB can be
attained within a dynamic tuning range that spans nearly
250 nm. In particular, an efficiency 0f 16.4 dB (>97.5 %) and a
3-dB bandwidth 0f 1.8 nm can be achieved at the wavelength
of 1550 nm, when a RF signal with fy, of 916.5 kHz and A, of
25 Vpp is employed.

Theoretically, it has been revealed that the acoustic-
induced in-fiber perturbation will contribute to the per-
mittivity change, which is composed of the physical points’
geometrical displacement and fiber properties change due
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to the photoelastic effect [18, 21, 28]. This process will lead
to a mode-dependent optical frequency shift, which will
be superimposed on the converted mode. For instance, in
the case that the incident light is lower-order mode and
the photon-phonon pair is co-propagated, the hybrid modes
(converted mode and non-converted mode, LP;; and LPy,
here) from the AOI can be expressed as the following form
[21]:

W2) = [ (LP,) + , (LPg ) eir i | e2ric (g

here, the first and second terms represent the incident
mode (LP,) and the converted mode (LPy), cg, and c7; are
their proportions. The f, and fi; are the frequencies of
the incident mode and applied RF signal, respectively. As
is seen, the converted mode LP;; is superimposed with a
frequency downshift: f; — fr. And so on, four frequency-
shift cases dependent on the two incident modes as well as
the two photon-phonon correlative-propagating directions
can be further summarized in Table 1. Note that, the fre-
quency shifts with same magnitudes but opposite directions
will be obtained by directly exchanging the incident mode
and converted mode, which also shows the non-reciprocity
resulting from the AOIL Additionally, from the quantum
mechanical point of view, the photon-phonon scattering
within the AOI also satisfies the conservation of energy
and momentum: (f’,K’) = (f,K) + (f,, K,), where (f',K"),
(f,K), and (f,,K,) denote to the frequency and wavevector
of the converted photon, incident photon, and propagating
phonon, respectively [17, 20, 21]. Among them, the superpo-
sition of frequencies: f'=f + f; and f, = + fzr are the physics
of frequency shift.

Based on the aforementioned explanation of the
acoustic-induced cyclic conversion of transverse modes and
the mode-dependent optical frequency shift, two schemes
are proposed including the AIFG with the LPFG or cascad-
ing the AIFGs in counter-propagation through the reflec-
tion mirror. The structures of proposed AOFS schemes, as
well as their corresponding frequency shift directions, are
depicted in Figure 2, individually. Scheme 1in Figure 2a con-
sists of two mode-conversion devices: LPFG and AIFG. The
LPFG written in a two-mode fiber (rgre/Tgadaing: 9/125 pm,

Table 1: Directionality of the acoustic-induced mode-dependent frequency shift.

Transverse mode conversion

Photon-phonon correlative direction

Frequency of the converted mode

LPy to LP;,

LP4; to LPy,

Co-propagating: —» —
Counter-propagating: — «
Co-propagating: —» —
Counter-propagating: — «

Downshift: fo — fer
Upshift: fy + frr
Upshift: fy + fzr
Downshift: fo — fr

fo, optical frequency of the incident mode; fy, frequency of the applied RF signal.
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Figure 2: The structure design of the AOFSs. (a) Two schemes of all-fiber AOFSs based on acoustic-induced cyclic mode conversion and their
mode-dependent optical frequency shift, (b) frequency shift direction of Scheme 1, (c) frequency shift direction of Scheme 2. AOFS, acousto-optic
frequency shifter; DIR, direction of propagating light; LPFG, long-period fiber grating; f;, frequency of incident light; f, frequency of applied RF signal.

NeoreMeladding: 1-476/1.468) with a period of 342 pm and period
number of 14 converts the LP, to LP,;, detailed in the work
[29]. And the AIFG formed in a four-mode fiber (¢ re/T cladding*
18.5/125 pm, Ngre/Mytadaing: 1-467/1.462) converts the LP;; back
to LPy; and produces an optical frequency upshift (equals to
the frequency of the RF signal), as shown in Figure 2b. Mean-
while, the reflection path of Scheme 2 employs a cascading
of two AOI regions that can realize the cyclic conversion
of transverse modes and an optical frequency downshift
(equals to twice of the frequency of the RF signal) in one
single AIFG device, as shown in Figure 2c. The LP;; mode
is converted to LP;; mode in direction 1 (photon-phonon co-
propagating) and then converted back to LPj, mode in direc-
tion 2 (photon-phonon counter-propagating). The directions
of the optical frequency shifts of these two schemes at each
stage are given in Table 1 above.

These two AOFS schemes are experimentally realized
and the transmission spectra are exhibited in Figure 3. In
Scheme 1, the red line in Figure 3a represents the case
without applying the RF signal, which shows the original
transmission characteristic of single LPFG as a matter of

fact. Solid lines in green, blue, and orange indicate the differ-
ent resonant wavelengths corresponding to the applied RF
signal with different frequencies. Particularly, when the RF
signal is 916.5 kHz, an AOFS providing a frequency upshift
of 916.5 kHz can be obtained at the operating wavelength
of 1550 nm. The insertion loss of 2.05dB for Scheme 1 is
mainly caused by the incomplete mode conversion and the
mismatched mode field between two different FMFs for
AIFG and LPFG. In Scheme 2, the optical reflection path
is implemented by a customized jumper with an end-face
metal coating (reflectivity > 99.5 %, represented by the
‘reflection mirror’ in the figure). As shown in Figure 3b, the
red solid line shows the integrated transmission spectrum
when an RF signal of 915 kHz is applied (the gray dotted
line represents the transmission spectrum of direction 2,
which cannot be directly measured). The tiny dual-deeps
around 1550 nm in red solid line are caused by the sym-
metric transmission characteristic of the AIFG in both direc-
tions among the reflection path. With the cancellation of the
LPFG within the scheme, higher purity of cyclic conversion
can be obtained without the mode-field mismatch between
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Figure 3: Characterization of two AOFS schemes. (a) Transmission spectrum of Scheme 1 and (b) transmission spectrum of Scheme 2.

LPFG and AIFG. An insertion loss lower than 0.83 dB can
be obtained as well as the same wavelength tuning perfor-
mance compared with Scheme 1.

Furthermore, as shown in Figure 4, we test the tuning
performances, frequency shift intensities and robustness of
both schemes via placing them on the one arm of a het-
erodyne interferometer. The directly proportional relation-
ship between the frequency of applied RF signal and reso-
nant wavelengths of Scheme 1 is shown on the bottom half
of Figure 4a. The continuous tuning region from 1510 nm
to 1590 nm can be obtained by adjusting the RF signal
from 890.5 kHz to 943.5 kHz (6.6 kHz/10 nm). Meanwhile, the
frequency-shift spectra corresponding to 5 equally spaced
wavelengths from 1520 nm to 1560 nm are shown on the top
half of Figure 4a (Light source: LUNA Phoenix 1400, Pho-
todetector: HAMAMATSU InGaAs PIN). Figure 4b represents
the frequency spectra of these two AOFS schemes in blue
and red lines: center frequency of 916.5 kHz and 1.83 MHz
(twice of 915 kHz), respectively. For both schemes, the shift
components with sideband rejection ratios over 40 dB can

be simultaneously obtained. The blue and red insets in
Figure 4b are their waveforms in time domain. Since the
AIFGs in both schemes use the same FMF, the negligible
difference of the optical frequency shifts between the two
schemes (916.5 kHz for Scheme 1, 915 kHz for Scheme 2, at
1550 nm) within a single AOI region is only the small devia-
tion generated during the fabrication process. As shown in
Figure 4c, the frequency-shift stabilities of the two AOFSs
within 3h are analyzed using Allan Variance. When the
integration time is set to 100 s, the standard deviations of the
frequency shift are 0.03 Hz and 0.11 Hz, respectively, which
include errors inherent to the signal generation equipment
itself. Both AOFSs are encapsulated in customized boxes for
long-term stability and integration with other devices.

2.2 Microfiber evanescent-field
photothermal effect

As depicted in Figure 5a, a microfiber acts as the sensing
medium for PT gas detection. It is adiabatically tapered to
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Figure 4: Characterization of two AOFS schemes. (a) Tuning frequency spectrum of Scheme 1 and the proportional relationship between the RF signal
and the resonant wavelength, (b) the frequency spectra and time-varying waveforms of two schemes, and (c) stability analysis of the two AOFSs

through Allan Variance.
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Figure 5: Microfiber-based photothermal effect. (a) Principle of the microfiber evanescent-field PT gas detection, (b) simulation of the evanescent field
intensity and the normalized equivalent PT effect intensity, and (c) transmission spectrum of fabricated microfiber with a diameter approximately to
1 pm. Inset in (c): microfiber guiding a supercontinuum source and its electron microscope image.

have the gently transitioning taper angle as well as the nano-
scale waist diameter, which leads to evanescent field with
great intensity and transmission characteristics of nearly
lossless and no modal interference [30-34]. The absorp-
tion of the modulated pump-light evanescent field by gas
molecules acts as the heat source, which can cause the
temperature change of the medium (microfiber and near-
field gas) via thermal conduction (shown as I in Figure 5a).
They jointly modulate the refractive index (RI) of the local
sensing medium [9, 10]. Hence, the mode effective RI of the
probe light would be modulated accordingly if the pump-
probe light pair are collinear-propagating [7], and can be
expressed as: Anyope = Ty (7,0, t) Ay Here, Ty, (,6,0)
and &, are the temperature modulations and the thermal-
optical coefficients (TOCs) of the microfiber (silica) and sur-
rounding air, respectively. Meanwhile, the effective sensing
length (approximate to the ‘taper waist’ in Figure 5a) causes
the accumulative effect of the phase modulation of the

probe light. Combining the radial effective Rl modulation of
the probe light and the axial accumulative effect, the probe
light phase modulation A6,,;,.(t) caused by the PT effect
could be summarized as the following [9, 12, 35]:

Zika(j

AHprobe(t) & 1

pump ) CgasL effD pump (T‘, 0 ) I aved] pump ®

probe

(€)]

which is relevant to the gas concentration Cy,,, the effective
sensing length L. and the pump average power I,,,. Here,
a(Apump)s Dpump (1,0), and g,y (¢) are the absorption coeffi-
cient (as a function of pump wavelength), the normalized
distribution of pump light which is composed of evanescent
field and in-fiber field, and the pump modulation waveform,
respectively. The parameter k is related to the pump mod-
ulation frequency. In particular, Dy, (r,0), the distribution
of the evanescent field, is assumed to be a Gaussian function
[36]:
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2 2r? 1
Dpymp(r) = P exp(— 5 )oc 4)

pump

where, Tpymp = I'iner + dp, i the effective mode field radius
of the pump light propagating through the microfiber. The
T'aner and d,, refer to the radius of the microfiber and pene-
tration depth of the evanescent field, respectively. Here, the
d, can be solved as 350 nm when the wavelength is about
1.5 pm [37], then 7, is 850 nm if the microfiber diameter
is 500 nm. Compared with the typical beam radius that 5 pm
for HCF or 50 pm for free-space light, microfiber boosts
the power density in two to four orders of magnitudes. In
addition, since the absolute value of the TOC of silica is
approximately 10 times that of air (e,; = —0.9 X 1075/K,
Egilica = 81-9.7 X 1075/K [38, 39]), the PT effect could be
further enhanced by microfiber. However, it is a remarkable
fact that the opposite signs among the TOCs of the air and
silica also lead to the optimization of the microfiber diame-
ters [9]. Whereupon, compared with the HCF and free-space
light, the microfiber evanescent field can enhance the PT
phase modulation of the probe light under the same pump
average power I,,. and effective sensing length L .

The evanescent field ratio and equivalent PT effect
intensity are simulated under a microfiber diameter from
500 nm to 3000 nm, and the step size is set to 100 nm (via
COMSOL Multiphysics). The microfiber model is assumed
to be an ultra-slim silica wire with a RI consistent with the
cladding RI of standard SMF (Conning SMF-28e). Via solving
the surface integral of power density among the microfiber
and air in cross-section, the tendency that the evanescent
field ratio increases exponentially with the decrease of the
microfiber dimension can be obtained, and shown as the
blue line in Figure 5b. Moreover, according to the penetra-
tion depths under different microfiber diameters as well as
the TOCs of the air and silica, the normalized equivalent
PT effect intensity is estimated as the red line in Figure 5b.
The simulation result shows that the maximum could be
obtained when the diameter of the microfiber is 800 nm.

Here, we fabricate the microfiber with a diameter of
about 1 pm, which is adiabatically tapered from the SME.
According to the simulation results above, approximately
25% of the pump light propagates on the fiber surface
in the form of evanescent field. The lengths of the slow-
changing taper region (‘adiabatic taper region 1 and 2’
in Figure 5a) and uniform taper waist (‘taper waist’ in
Figure 5a) are 34 mm and 4 mm, fulfilling the adiabatic
criteria [40]. The characterization by guiding a supercon-
tinuum source is shown in Figure 5c as well as the inset
shows the microscope image (via Olympus BX53M @50x).
Since the surface smoothness of the taper waist supports
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the stable transmission without modal interference, the
insertion loss at the telecommunication band is 0.05 dB/mm,
and the great depression near 1385 nm is resulting from
the absorption by OH™ inside the fiber. Then, the UV glue
is used to fix the microfiber sample on a U-shaped glass
groove, which is settled on a customized slide. The encapsu-
lated samples are then gently placed in a Teflon-coated glass
jar as a microfiber gas absorption cell for the subsequent
experiment.

3 Experimental setup, results,
and discussion

3.1 Experimental setup

The experimental setup for evanescent-field PT heterodyne
gas detection using acoustic-induced mode-dependent fre-
quency shift is shown in Figure 6.

A counter-propagating pump-probe configuration is set
for a more compact structure with fewer devices [12]. ADFB
laser (LD-PD INC PL-DFB @1512 nm) and a narrow linewidth
laser (NKT Photonics E15 @1550 nm) are configured as the
pump light and probe light. The DFB laser is driven by a
current signal composed of a slow-varying sawtooth wave
(200 mHz) for wavelength tuning and a rapid-varying sinu-
soidal wave (3 kHz) for wavelength modulation. The scan-
ning wavelength of pump light can be tuned across the
ammonia absorption line (1512.24 nm) along with a super-
imposed wavelength modulation (f,, = 3 kHz). The pump
light is amplified to about 40 mW via an EDFA (Shanghai
Teraband 1550 OA) and then injected into the homemade
microfiber gas cell to excite the PT effect. Meanwhile, the
probe light is divided into two beams by the optical coupler
(OC-1). One serves as the sensing beam which is injected
into the gas cell for obtaining the cumulative PT phase
modulation, and another acts as the reference beam which
is guided to the proposed AOFS scheme to produce a low-
frequency shift of sub-MHz for heterodyne detection. Due
to the acoustic-induced mode-dependent frequency shifts
of AOFSs, the low-frequency shift that 916.5 kHz of Scheme
1 and 1.83 MHz of Scheme 2 can be achieved on the ref-
erence arm, respectively. Then, the probe lights through
the reference arm and sensing arm are mixed by the OC-2.
The photomixing beam is superimposed onto a PD, which
is used to record the heterodyne beat signal. Subsequently,
the phase of the beat signal will be demodulated via the LIA
(Zurich Instruments: MFLI@5MH?z). It is noteworthy to note
that, the powers of the probe lights in two arms should keep
roughly the same in order to obtain good stability of the
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Figure 6: Schematic diagram of experimental setup for the evanescent-field PT heterodyne gas detection using acoustic-induced mode-dependent
frequency shifter. DFB, distributed feedback laser (center wavelength: 1512 nm); NLL, narrow-linewidth laser (center wavelength: 1550 nm); EDFA,
erbium-doped optical fiber amplifier; PD, photodetector; LIA, lock-in amplifier; OC, optical coupler; AWG, any waveform generator; BPF, band-pass filter
(@1550 + 1.5 nm); ISO, optical isolator (@1550 + 30 nm); AIFG, acoustic-induced fiber grating; LPFG, long-period fiber grating; AOFS, acousto-optic
frequency shifter; SMF, single-mode fiber; FMF, few-mode fiber; TMF, two-mode fiber; RF line, radio frequency line; and FM, frequency modulation.

beat signal [14, 41]. Two adjustable attenuating flanges are
utilized at both outputs of the OC-1 to ensure the balance of
the powers at the inputs of the OC-2.

Figure 7a shows the flow diagram retrieving the gas
information via demodulating the phase of the probe light.
The output photomixing signal from the interferometer con-
sists of sum- and difference-frequency components. Since
the PD only responds to the difference-frequency compo-
nent, the beat signal may be simply expressed as follows [8]:

Epear(t) = Apeye = COS[27 fit + A0, 00 (0)] (5)

where A,.,; and f; = fpr are the amplitude and central
frequency of the heterodyne beat signal. The probe light PT
phase modulation 46, (t) can be obtained by demodulat-
ing the phase of the beat signal (shown asIin Figure 7a). The
absorption coefficient within the pump-light tuning cycle
is nonlinear: @(Apymp) = @[ Apympo = (14 Epump(®)|, Where
Epump(t) = u(®) + 1 cos2x f,,1) is the modulation waveform
for the pump light, 4,0 and #» are the central wave-
length of pump light and the modulation depth, u(t) and
cos@2xf,t) refer to the sawtooth signal and sinusoidal sig-
nal, respectively. If the absorption of the pump light by
the gas molecules occurs, the phase of the probe light will
become distorted [12, 42, 43], and some new frequency com-
ponents would be generated (shown as II in Figure 7a).
Hence, by applying Fourier expansion, the n-order har-
monic signal linearly proportional to the Cgy, Legy, and e,

can be expressed as:

An(l ) x kCgasLefpoump

% d"a(}”pump) ™

dAr

As shown in the top half of Figure 7b, the heterodyne
central frequency when applying Scheme 1 is 916.5 kHz.
When the pump light is on and no gas has been loaded,
two small peaks with intensities of 23 dB will appear by the
sides of the heterodyne center with an interval of f,,,, which
represent the initial PT phase modulation caused by the
pump light itself. In particular, the optimizable parameter
of f,, will be detailed later. However, as shown in the bottom
half of Figure 7b, when the ammonia is loaded into the
microfiber cell and the pump wavelength tunes onto the
ammonia absorption line, the beat signal carries some addi-
tional evenly spaced sidebands. The stronger first sideband
with an intensity of 26 dB and those sidebands separated
by f,, represent the harmonics relevant to the additional PT
effect resulting from the gas absorption of the pump evanes-
cent field. When the phase demodulation is performed at
the heterodyne center frequency (916.5 kHz) and the cut-off
bandwidth of the low-pass filter is set greater than 3 kHz,
the first sideband of the beat signal can be obtained solely
and its spectrum and time-domain waveform are shown
in Figure 7c. Region II in the top half of Figure 7c corre-
sponds to the waveform in the bottom half of Figure 7d. At
this moment, the distorted PT phase modulation waveform

pump (r, H)Iave

(6

pump
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Figure 7: Heterodyne beat signal carries PT phase modulation and its demodulation. (a) Flow diagram of the heterodyne detection and its two-step
demodulation, (b) beat signals in the frequency domain (blue: without ammonia absorption, red: with ammonia absorption), (c) frequency spectrum
and time-domain waveform of the beat signal when the gas absorption occurs, and (d) comparison of the PT phase modulation waveforms when the
scanning wavelength of the pump light is at (red) and away (blue) from the absorption line of ammonia. f;, heterodyne frequency of the beat signal;

and f,,, modulation frequency of the pump light.

with higher amplitude is the outward manifestation of the
nonlinear process within the gas absorption and implies
that it can be demodulated into harmonics. We choose the
second harmonic as the detection signal, whose amplitude is
linearly proportional to the Cg,, as explained in Eq. (6). Then
it can be obtained by demodulating the PT phase modulation
signal when the frequency of the reference signal offered by
the local oscillator is set to 2f, in the LIA.

3.2 Experimental results and discussion

1512.24 nm (wavenumber: 6612.7 cm™!, absorption line
intensity: 2.26 x 102! cm~!/(molec-cm™2) [44]) is chosen
as the central absorption wavelength for ammonia.
The ammonia with a concentration gradient from
approximately 0.1%-1% is loaded into the microfiber
gas cell in sequence. As shown in Figure 8a, the second
harmonics under different concentrations are obtained
via demodulating the PT phase modulation signal at 6 kHz
(twice of the f,, = 3kHz). Via the C,, of 10,700 ppm, the
second harmonic of 11.63 mV and the 1¢ noise (in air) of
35 pV, the equivalent detection limit (1) could be estimated
as 32ppm. Subsequently, as shown in Figure 8b, the
fitting result based on the second harmonics’ amplitudes
indicates a well-linear relationship with the concentration.

Furthermore, the second harmonics within 48 pump-light
tuning cycles (tuning frequency: 200 mHz) are successively
sampled to estimate the consistency, shown in the inset of
Figure 8h. The standard deviation (1c) is calculated as 28 pV,
resulting in a signal fluctuation of 0.24 %, which signifies
an excellent stability of the whole system. The response
characteristic of the system is also obtained by recording
the second harmonics’ amplitudes with an interval of
2.5 8. The normalized amplitudes and their evolving curve
show that the response time T, (which takes to reach
90 % of the peak) is about 22s and the recovery time is
about 28 s, illustrated in Figure 8c. It is worth noting that
the response time is constrained by the volume of the gas
chamber (around 300 mL) and the pumping speed (around
300 mL/min) of the gas. Compared with the HCF, the fast
response recovery is the result of the direct contact between
the gas molecules and the evanescent field. Meanwhile,
since there is no need for a complex upfront fabrication
process like local micro-operation, the microfiber gas
cell can easily scale up to large-scale arrays for flexible
deployment, which significantly expands its practical
potential.

In addition, as explained in Eq. (6), the greatest SNR
could be accordingly achieved when an optimal value of
the pump-light modulation parameter is set. As shown in
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Figure 8: Experimental results of NH; detection. (a) Second harmonics measured under an ammonia concentration gradient from approximately
0.1%-1%, (b) linear fitting for the second harmonics, (c) characteristic of fast response and recovery, and (d) second harmonic varies with the pump
light modulation f,. Inset of (b): Stability measurement within 240 s (48 pump tunning cycles).

Figure 8d, the optimal modulation parameter of 3kHz is
obtained by comparing the second harmonics’ amplitudes
under different modulation frequencies when the ammo-
nia concentration is 0.1 %. It is worth noting that, with the
increase of the length difference between the two arms of
the heterodyne interferometer, the phase noise caused by
the probe light itself and ambient disturbance will accu-
mulate rapidly. Whereupon, the detection sensitivity can
be effectively enhanced by precisely controlling the optical
path lengths of the probe arm and reference arm [8]. In our
experiment, the optical path-length differential between the
two arms is controlled and estimated to be 100-mm level.
We believe that an equivalent detection limit of sub-ppm
level may be obtained by precisely adjusting the arm length
difference within 10 mm or less.

Furthermore, as a promising second-order sensing
method, the detection signal generation depends on not only

the analytical gas sample but also the laser optics itself
[45]. Some other interesting features of this evanescent-field
PT gas detection system like immunity to ambient noise,
PT enhancement from the pump light boosting, and appli-
cation of microfiber array, are also investigated shown in
Figure 9.

As shown in Figure 9a, the red curve represents the
PT phase modulation signal and the blue curve shows the
second harmonic. When the gas detection platform is sub-
jected to physical disturbance like violent knocking, the
ambient vibration is conducted to the microfiber, and great
phase fluctuations of the probe light will be excited by the
instantaneous perturbation of the microfiber. This is also the
principle of the laser-based micro-vibration monitor and
sound listener [14, 17, 46—48]. However, unlike the nonlinear
absorption by gas, the noise caused by ambient vibration is
limited to alter the amplitude of probe light phase modula-
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respectively.

tion but almost does not distort it, which means that there
will be few new frequency components to be generated.
Therefore, the demodulated second harmonic remains sta-
ble, which reflects the stability of this sensing system.

As explained in Eq. (6), the amplitude of the second
harmonic is also proportional to the pump light power. This
is due to the fact that higher pump power leads to stronger
PT effect, causing greater distortion of the probe-light phase
modulation. Figure 9b displays a comparison of the corre-
sponding second harmonic amplitudes and noise levels for
increasing pump power, under an ammonia concentration
of about 1 %. It is clear that the growth rate of noise is less
than that of the second harmonic, and the ratio of the two
increases from 264 to 375 when the pump power is set from
10.53 mW to 40.27 mW, which shows a good linear-growth
trend. Ideally, noise does not increase with the pump power
increasing, which results in a multiple heightening of SNR.
Therefore, this feature indicates that the sensing sensitivity
can be enhanced via the application of a well-performance
EDFA with a high gain coefficient.

Benefiting from the compact and flexible configuration,
the use of microfiber leads to not only the advantages of
fast response recovery and PT enhancement. The possibility
of the application of the microfiber array is also simply
demonstrated, expressed in Figure 9c. A larger effective
sensing length can be achieved, improving the sensing sen-
sitivity to some extent. We fabricate a cascading-type multi-
microfiber array for testing the enhancement, and each
tapered microfiber has an approximate waist diameter. For
comparison, the second harmonics and noises are recorded
under a microfiber number of 1, 2, and 3, they are then,
respectively, normalized in the case of single microfiber.
With the increase of the microfiber, the normalized ratio
between the growth rates that the second harmonic and
noise could be expressed as: k;/k,, = 3.1. This result shows

that further large-scale microfiber arrays can be flexibly
applied to enhance the detection sensitivity.

The gas detection performances obtained by using the
proposed two AOFS schemes are also listed in Table 2. As
expressed in Section 2.1. According to the amplitudes of the
second harmonic and noise under the C,,; of about 1 %, both
AOFS schemes can obtain an equivalent detection limit (15)
of about 20-30 ppm. Comparative results show that both
schemes lead to excellent low-frequency shift performances
and can be effectively used in heterodyne detection systems
as well as related fields.

We finally compare the configurations and parameters
of different PT gas sensors, summarized in Table 3. In [5],
a PZT-based servo control loop is needed for achieving the
quadrature point, which increases the instability and com-
plexity. Compared with the homodyne method, the applica-
tion of heterodyne interferometry makes the configuration
much simpler. However, as stated in [8, 49], two cascaded
LIAs or an ultrahigh-frequency-capable LIA are used for
the demodulation of the heterodyne beat signal with an
ultrahigh central frequency of hundreds MHz, which makes
the demodulation process cumbersome and costly. Mean-
while, the multi-pass gas cell like [50] requires a complex
mechanical structure, while the recent PT gas sensors using
HCF result in an ultrahigh response time of hours because
the HCF should be filled by analyte in advance, as depicted
in [5, 51]. Compared with the configurations of conventional
PT gas sensors, the acoustic-induced mode-dependent low-
frequency shifters that we propose can efficiently imple-
ment all-fiber integration and reduce the cost of demodu-
lation, replacing the AOM effectively. Meanwhile, the adia-
batic microfiber array also leads to excellent performance,
which is expected to be the substitution of the multi-pass
cell. Their features give rise to promising prospects in PT
gas detection.
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Table 2: Performance comparison using the proposed two AOFS schemes under 1% ammonia.

AOFS 2Frequency shift (MHz) aFrequency stability (Hz) Noise (uV) 2nd harmonic (mV) SNR Detection limit (ppm)
Scheme 1 0.9 0.03 (integration: 100 s) 35 11.63 332 32
Scheme 2 1.83 0.11 (integration: 100 s) 36 18.23 506 21

AOFS, acousto-optic low-frequency shifter; SNR, signal-to-noise ratio, ?self-characterization.

Table 3: Performances and configurations comparison of different PT gas sensors.

Gas Pump wavelength Heterodyne Gas cell Effective sensing Full-response  Equivalent detection
(um) frequency (MHz) length (cm) time (s) limit (ppm)

C,H, [5] 1.53  N/A (homodyne method) HC-PBF 1000 7200 (for filling) 0.002

NO [50] 525 40 Herriot multi-pass 364 Not stated 10 (integration: 100s)

N,O [8] 3.6 70 HC-ARF 120 Not stated 10 (integration: 60s)

CH, [49] 1.65 200 HCF 130 Not stated 3.6

C,H, [51] 1.53 200 HC-PCF 85 4200 (for filling) 1.4

NH; (this work) 151 0.9 MFA 0.4 22 (real-time) 32

HCF, hollow-core fiber; MFA, microfiber array (this work); N/A, not applicated.

4 Conclusions

In summary, we introduce two novel acoustic-induced
mode-dependent low-frequency shift (AOFS) schemes based
on the in-fiber AOI effect. Two AOFSs involve cascading the
AIFGs or with the LPFG, to realize the efficient cyclic con-
version between transverse core modes (LP;; and LP;;) and
the low-frequency shifts of 1.83 MHz and 0.9 MHz, respec-
tively. These schemes also exhibit remarkable character-
istics including sideband rejection ratios of over 40 dB,
insertion losses of less than 1 dB, and wide dynamic tuning
ranges greater than 200 nm. Subsequently, an adiabatically
tapered microfiber with 1-pm diameter and 4-mm length
was fabricated from standard SMFE. Our numerical simu-
lation result shows that 25 % of the pump light is in the
form of evanescent field exciting the PT effect. Furthermore,
by using the proposed AOFS as the reference arm and the
produced microfiber gas cell as the probe arm, a heterodyne
interferometric scheme is built to detect the PT effect caused
by the gas absorption of the pump-light evanescent field.
Via successively demodulating the phase and frequency of
the beat signal, an ammonia equivalent detection limit (15)
of 32 ppm with a response time of 22 s can be obtained, as
well as 0.24 % instability within 48 pump cycles. By precisely
optimizing the two arms’ lengths of the interferometer, the
detection limit is expected to reach to sub-ppm level. On
this basis, we also investigate other highlights of this PT
gas detection system including immunity to ambient noise
as well as sensitivity enhancement through pump power
boosting and microfiber array application. Compared to
other equally sensitive PT gas sensors, our schemes offer

a simpler configuration, faster response, and smaller size
at a much lower cost. These AOFS schemes we propose
are therefore flexible and efficient for practical applications
in fiber optic sensing, heterodyne detection, and coherent
communications.
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