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Acousto-optic interaction can be used for ultrafast optical field control in passively mode-locked fiber lasers. Here, we
propose the use of an intracavity acousto-optic mode converter (AOMC) with combination of a few-mode fiber Bragg gratings (FM-FBG) to achieve narrow linewidth mode-locked pulse output with switchable transverse mode and wavelength in a
ring fiber laser. Due to the selectivity of the FM-FBG to the input mode, the output mode and wavelength can be adjusted in
the mode-locked fiber laser based on a semiconductor saturable absorption mirror. In experiments, by adjusting the acoustic frequency imposed in the AOMC, the wavelength of mode-locked pulses was switched from 1551.52 nm to 1550.21 nm,
retaining the repetition rate of 12.68 MHz. At the same time, the mode conversion from the LP01 to the LP11 mode in the
FM-FBG transmission port was achieved. This laser may find application in mode-division multiplexing systems.
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1. Introduction
With the continuous development of the degree of social
informatization, the demand for large communication capacity
in a highly informatized society is increasing day by day.
Multiplexing technology uses the parallelism of electromagnetic
waves in various physical dimensions such as time, frequency,
quadrature polarization, and space to improve the transmission
capacity of optical fiber communication[1]. The combination of
wavelength-division multiplexing (WDM)[2] and mode-division
multiplexing (MDM)[3,4] technologies in optical fiber communication systems is an attractive research area.
In recent years, cylindrical vector beams (CVBs) and orbital
angular momentum (OAM) vortex beams with circular intensity distribution have attracted great interest due to their unique
polarization and phase distributions. As a distinctive spatial
multiplexing dimension, the multiplexing of different orders
of CVBs and OAM beams has the potential to achieve larger
capacity optical communication[5]. Additionally, radially polarized light (RPL) and azimuthally polarized light (APL) have
unique focusing characteristics and can be used in optical tweezers[6], second harmonic generation (SHG)[7], surface plasmon
polariton (SPP) excitation[8], and material processing[9].
Previously, many spatial phase components were used to generate CVBs, such as birefringent crystals[10], spatially variable
retardation plates[11], subwavelength gratings[12], and spatial
phase modulators[13,14]. However, these devices are complicated
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to calibrate in the optical path, and the systems are complex.
Therefore, the method of CVB generation from an all-fiber configuration is more convenient and desirable, and the most
important point is that all-fiber configuration facilitates compatible connection with optical fiber communication links.
There are three main ways to generate CVBs in fiber and fiber
lasers: misalignment fusion, mode-selective coupler (MSC), and
long-period fiber grating (LPFG). Grosjean et al.[15] proposed
for the first time, to the best of our knowledge, the method of
fiber misalignment fusion combined with a few-mode fiber
Bragg grating (FM-FBG) to achieve CVB output from a fiber
laser. The MSC with the optimal diameter ratio of a single-mode
fiber (SMF) and two-mode fiber (TMF) is an efficient method
for CVB generation[16,17]. However, insertion loss induced by
misalignment fusion is significant, and the MSC has high
requirements for manufacturing accuracy. In addition, the
LPFG has also been widely used for CVB generation. The methods for making LPFG include mechanical micro bending[18],
CO2 laser inscription[19], and acousto-optic effect[20]. In 2016,
Zhang et al. realized the generation of optical vortices based on
the acousto-optic mode converter (AOMC) with a wavelength
tuning range of 1540 nm to 1560 nm and a mode purity of
95%[21]. Compared with the following two methods, the AOMC
is simple to implement and can control mode transition
dynamically. Nevertheless, most fiber lasers that produce CVBs
are static, and the output mode and wavelength are not
switchable.
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In this paper, based on the AOMC driven by the radio frequency (RF) signal, we realized mode-locked pulse output with
switchable wavelengths and modes in the ring fiber cavity. The
conversion efficiency of AOMC in the 1550 nm mode can reach
12 dB, and the output purity of the LP11 mode is 90%. By changing the signal frequency, the mode can be adjusted between different wavelengths. Through the cascade connection between
AOMC and FM-FBG, in the mode-locked fiber laser based on
the semiconductor saturable absorber mirror (SESAM), the
pulse output of different wavelengths and modes is achieved.

2. Experiments and Discussion
For the AOMC, ultrasonic waves generated by electro-acoustic
conversion in piezoelectric ceramic propagate along a few-mode
fiber, and the refractive index of the fiber produces periodic disturbances. When the ultrasonic wave is at a specific frequency,
the AOMC facilitates the mode conversion of the corresponding
optical wavelength.
Ultrasonic waves propagate in an optical fiber as acoustic
bending waves. A coordinate system is established along the
propagation direction of the optical fiber, the bending acoustic
wave propagates along the Z axis direction of the optical fiber,
and the Y axis is the vibration direction of the bending acoustic
wave. The transmission form of the bending acoustic wave in an
optical fiber can be expressed as
uz,t = u0 cos2πf t − Kz,

(1)

where u0 is the acoustic wave amplitude, f is the acoustic wave
frequency, and Λ is the acoustic wave vector, K = 2π=Λ. Λ satisfies the dispersion equation:


πRcext 1=2
,
Λ=
f

2

where cext is the wave velocity of the elastic wave in bulk material,
and cext = 5760 m=s in quartz material. The lateral refractive
index change caused by the acoustic wave in the optical fiber
can be expressed as
Δnx,y = n0 1  χK 2 u0 y,

In experiment, a disc type piezoelectric ceramic (PZT) with a
resonant frequency of 2 MHz (1876, Shanghai Natao
Technology Co., Ltd.) is chosen, on which an aluminum cone
is bonded using epoxy glue. The substrate material of PZT is
a copper plate with side length of 4 cm and thickness of
1 cm, which is bonded with epoxy resin to achieve acoustic
impedance matching. The 28 cm long few-mode fiber with
the coating layer removed is fixed on the top of the aluminum
cone. The longitudinal acoustic wave generated by the PZT is
amplified by the aluminum cone and becomes a torsion traveling wave for transmission in the fiber.
The frequency and amplitude of the acoustic wave generated
by the PZT can be controlled by adjusting the frequency and
voltage output by the RF signal generator. As the broadband
spectrum passes through the AOMC, different wavelengths of
light resonate in the AOMC. When the optical beam of the resonant wavelength passes through the SMF, the acousto-optic filtering spectrum can be observed in the optical spectrum
analyzer (OSA, Yokogawa-AQ6370D). Figure 1 shows the
acousto-optic filtering spectra with a wavelength range of
1510 nm to 1580 nm and a step length of 10 nm. As the frequency of the acoustic wave increases, the resonance wavelength
moves to the long wavelength direction, and the acoustic wave
frequency has a linear relationship with the resonance wavelength. When the frequency of the RF signal generator is
720.8 kHz, and the output voltage is 20Vpp, the coupling efficiency at 1550 nm can reach 12 dB, and the 3 dB bandwidth
of mode conversion is 10 nm. Using a charge-coupled device
(CCD, InGaAs-320) camera, the output optical field distributions corresponding to the acousto-optic filter spectrum are
detected, and the mode purity can reach 90%. The switching
time of different resonance wavelengths is determined by the
time for the bending acoustic wave to pass through the
acousto-optic coupling region.
FM-FBG has three reflection peaks from short to long wavelength: the self-coupling peak of the LP11 mode, the mutual coupling peak of the LP11 and LP01 modes, and the self-coupling
peak of the LP01 mode. When the broadband optical wave of
the LP11 mode is incident on the FM-FBG, both the reflected

(3)

where n0 is fiber refractive index, χ is elasticity coefficient, and
χ = −0.22 in fiber. Δn is composed of two parts: one part characterizes the change of optical path, and the other part characterizes the change of refractive index caused by the photoelastic
effect. This change in refractive index can be equivalent to a
dynamic LPFG.
The beat length of the LP01 and LP11 modes in the TMF is
LB = λ=n01 − n11 , where n01 and n11 are the effective refractive
indices of the LP01 and LP11 modes in the TMF (step-index,
OFS). When the acoustic wave vector matches the two optical
mode wave vectors in the fiber, i.e., LB = Λ, the LP01 mode is
converted to the LP11 mode.

Fig. 1. Acousto-optic filtering spectra at different wavelengths.
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Fig. 2. Reflection spectra of the FM-FBG under (a) acousto-optic non-resonance and (b) acousto-optic resonance; the laser output spectra in the
CW state under (c) acousto-optic non-resonance and (d) acousto-optic
resonance.

Fig. 3. Schematic diagram of mode-field switchable narrow linewidth modelocked fiber laser. WDM, wavelength-division multiplexer; Cir, fiber circulator;
PC, polarization controller; MS, mode stripper; RF, radio frequency generator;
SESAM, semiconductor saturable absorber mirror.

and transmitted wavelengths are located at the self-coupling
reflection peak of the LP11 mode. Conversely, when the LP01
mode light is incident on the FM-FBG, both the reflected and
transmitted wavelengths correspond to the self-coupling reflection peak of the LP01 mode. Because the FM-FBG is cascaded
with an AOMC driven by acoustic wave frequency, different
reflected and transmitted peaks corresponding to different
modes of the FM-FBG can be controllable through adjusting
the frequency of the applied RF signal.
Figures 2(a) and 2(b) show the reflection spectra of the
FM-FBG under different acoustic frequencies of the AOMC.
Figure 2(a) is the FM-FBG reflection spectrum when the acoustic frequency is 620.8 kHz (non-resonant frequency), and the
voltage is 20Vpp. When the acoustic wave frequency is
620.8 kHz, the AOMC staggers mode conversion near the
1550 nm band. It means the unconverted LP01 mode enters
the FM-FBG. Thus, in the FM-FBG reflection spectrum, the

LP01 mode self-coupling peak accounts for the highest energy.
At the same time, a small portion of the LP01 mode transmits
through the FM-FBG. When the acoustic wave frequency is
switched to 720.8 kHz, and the voltage remains unchanged,
the LP11 mode self-coupling peak accounts for the highest
energy in the FM-FBG reflection spectrum, as shown in
Fig. 2(b). Meanwhile, the fraction of the optical field transmitted
through the FM-FBG is also the LP11 mode. Due to the change of
acoustic wave frequency, the reflection spectrum of the FM-FBG
switches from the dominant self-coupling peak of the LP01 mode
to the dominant self-coupling peak of the LP11 mode, accompanied by the transmitted optical field switching from the LP01
mode to the LP11 mode.
Mode-field switchable narrow linewidth mode-locked fiber
lasers have important significance in MDM and WDM and
are also a good platform for studying the dynamics of a laser cavity. Figure 3 is a schematic diagram of the mode-locked fiber
laser possessing the capability of simultaneous wavelength
and mode switching. The laser resonator is a ring cavity composed of an SMF and a small part of a TMF participating in
mode conversion. The total length of the fiber laser cavity is
15.8 m, and the SMF length is 14 m. There are two optical circulators in the cavity. Optical circulator 1 is connected with the
AOMC and FM-FBG cascading structure, and circulator 2 is
connected with the SESAM. The 980 nm laser diode (LD) provides pump energy for the laser cavity through a 980/1550 nm
WDM. The 1.4 m long erbium-doped fiber (EDF) provides gain
for the laser, and its dispersion parameter is 69 ps2 =km. The
mode stripper (MS) is used to make the pure fundamental mode
of the 1550 nm band enter the AOMC to complete the mode
conversion. Polarization controller (PC) 1 is used to adjust
the polarization state of the LP01 mode when entering the
AOMC. The RF signal generator (RIGOL-DG1022) can adjust
the frequency and amplitude of the acoustic wave generated by
the PZT. PC 2 is used to adjust the intracavity polarization and
optimize the mode-locked state of the laser. The modulation
depth and relaxation time of the used SESAM are 2.4% and
4 ps, respectively. Its main function is to form soliton pulses
and reflect energy back into the cavity. The working wavelength
and temporal pulses of the laser out are to be observed from output 1. Output 2 is fixed on the collimator, and the CCD camera is
aligned with the collimator to observe the change of the FM-FBG
transmitted optical field.
When the pump power is higher than the laser threshold
power and lower than the mode-locking threshold power, the
laser output is continuous wave (CW). Figures 2(c) and 2(d)
show the output spectra of output 1 when the pump power is
200 mW. When the acoustic frequency is non-resonant frequency (620.8 kHz), the spectrum detected by the OSA from
output 1 is shown in Fig. 2(c). The center wavelength is
1551.52 nm, the 3 dB bandwidth is 0.018 nm, and the FMFBG transmission spot is the LP01 mode. At the resonance frequency (720.8 kHz), the center wavelength becomes
1550.13 nm, and the 3 dB bandwidth is 0.037 nm, as shown
in Fig. 2(d). The FM-FBG transmitted optical spot becomes
the LP11 mode. The center wavelength of the laser spectrum

020602-3

Chinese Optics Letters

Vol. 20, No. 2 | February 2022
has shifted from long wavelength to short wavelength by
1.39 nm, and the spectrum is broadened by 0.02 nm. Both laser
spectra are within the range of the FM-FBG reflection spectrum.
In fiber circulator 1, the forward light of port 2 interferes with
the backward light reflected by the FM-FBG. When the light
enters the interference field, spectrum filtering is induced, which
leads to the narrowing of the linewidth of the outgoing laser.
Some high-order modes reflected by the FM-FBG are not completely converted in the AOMC; they are dissipated in the SMF,
resulting in a reduction in spectral energy.
When the pump power is higher than 257 mW, by slightly
adjusting PC 1 and PC 2 in the laser cavity, the laser under
the non-resonant acoustic wave first reaches the mode-locked
state. As the pump power is increased to 310 mW, the laser
under the resonant acoustic wave reaches the mode-locked state.
Under the pump power of 310 mW, the mode-locked spectrum
measured by the OSA from output 1 is shown in Fig. 4. The
center wavelength of the spectrum is 1551.52 nm, and the
3 dB bandwidth is 0.056 nm. The pulse sequence measured
by the oscilloscope (OSC, RIGOL-DS4054) is shown in
Fig. 5(a), and the pulse interval is 78.857 ns. Figure 5(b) shows
the RF spectrum measured with 1 Hz resolution bandwidth
(RBW) in the 100 Hz frequency range, and the signal-to-noise
ratio (SNR) is 77.27 dB. The inset in Fig. 5(b) illustrates the RF

spectrum in the 0–2 GHz range. The pulse repetition frequency
is 12.68 MHz, which is consistent with the theoretical calculation
result of the cavity length. At this time, the CCD detected field in
the output 2 port is the LP01 mode.
With the pump power remaining unchanged, the acoustic
wave frequency is adjusted to 720.8 kHz. By adjusting the PC,
the laser switches to a new mode-locked state. The center wavelength of the spectrum changes from 1551.52 nm to 1550.21 nm,
and the 3 dB bandwidth becomes 0.11 nm, as shown in Fig. 6.
The pulse sequence interval becomes 78.86 ns, and the SNR of
the RF spectrum is measured to be 75.69 dB with the RBW of
1 Hz, as shown in Fig. 7. The inset in Fig. 7(b) illustrates the
RF spectrum in the 0–2 GHz range. The observed field in the
CCD shows that the LP11 mode is output from the output 2 port.
The maximum output powers under available pump power are
3.4 mW and 1.5 mW for non-resonant and resonant cases,
respectively.
Compared with the CW state, the output spectral bandwidth
of the fiber laser in the mode-locked state becomes wider, and
the transmission field of the FM-FBG becomes more stable.
The CW laser spectrum is smooth, and the mode-locked laser
spectrum has sideband. The multi-peak structure of modelocked spectrum may be caused by the filtering effect due to
the change of the polarization state. The dynamic adjustment

Fig. 4. Mode-locked output spectrum under the non-resonant state.

Fig. 6. Mode-locked spectrum under the resonant state.

Fig. 5. (a) Mode-locked pulse sequence under the non-resonant state and
(b) the corresponding RF spectrum within the frequency range of 100 Hz, with
the RBW of 1 Hz (inset: RF spectrum in the 2 GHz range).

Fig. 7. (a) Mode-locked pulse sequence under the resonant state and (b) the
corresponding RF spectrum within the frequency range of 100 Hz, with the
RBW of 1 Hz (inset: RF spectrum in the 2 GHz range).
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Fig. 8. Optical intensity distribution of output 2 under the resonant state.

mode in the mode-locked ring cavity has little effect on the pulse
repetition rate.
In the mode-locked fiber laser, the FM-FBG not only plays the
role of mode selection, but also plays the role of spectrum filtering. The balance of the narrowband filtering effect, self-phase
modulation effect, and saturation effect in the laser cavity is
of great significance to the formation of narrowband solitons[22].
In the time domain, the saturation effect of SESAM induces
pulse time compression, while the filter induces pulse time
stretching. In the spectral domain, the filter causes spectral narrowing, and self-phase modulation causes spectral broadening.
In addition to the interaction of anomalous dispersion and Kerr
effect, the equilibrium of the temporal and spectral domains also
plays an important role in the self-uniform evolution of narrowband solitons.
By adding a PC to the output port of the FM-FBG and changing the optical path of each degenerate mode in the LP11 module,
CVBs with different polarization states can be obtained. A spatial light linear polarizer is added between the CCD camera and
the output 2 port collimator to adjust the polarization direction
of the CVBs. The detected optical field distributions of RPL and
APL in different linear polarization directions are shown in
Fig. 8. Figures 8(a) and 8(b) are optical intensity distributions
of RPL and APL, respectively. Figures 8(c)–8(f) and 8(g)–8(j)
are the optical field distributions of RPL and APL in different
linear polarization states, respectively. Through the comparison
of field energy, the purity of the RPL mode is 94.8%, and the
purity of the APL mode is 91.5%.

3. Conclusion
In summary, we have realized the switching of the output wavelength and mode field in the passive mode-locked fiber laser
through the acousto-optic interaction in the optical fiber. The
combination of the AOMC and FM-FBG accounts for the mode
field switching by controlling the frequency of acoustic waves
and narrow linewidth filtering. The narrow linewidth modelocked fiber laser with switchable wavelength and mode field
has broad prospects in optical fiber communication and sensor
systems.
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