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Abstract: Transverse mode control of laser intracavity oscillation is crucial for generating high-purity
cylindrical vector beams (CVBs). We utilized the mode conversion and mode selection properties of
two-mode long-period fiber gratings (TM-LPFGs) and two-mode fiber Bragg gratings (TM-FBGs) to
achieve intracavity hybrid-mode oscillations of LPy; and LP1; from an all-few-mode fiber laser. A
mode-locked pulse output with a repetition rate of 12.46 MHz and a signal-to-noise ratio of 53 dB
was achieved with a semiconductor saturable absorber mirror (SESAM) for mode-locking, at a
wavelength of 1550.32 nm. The 30 dB spectrum bandwidth of the mode-locked pulse was 0.13 nm.
Furthermore, a high-purity CVB containing radially polarized and azimuthally polarized LP;; modes
was generated. The purity of the obtained CVB was greater than 99%. The high-purity CVB pulses
have great potential for applications in optical tweezers, high-speed mode-division multiplexing
communication, and more.
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1. Introduction

Cylindrical vector beams (CVBs) with polarization singularities have important appli-
cations in laser material processing [1,2], particle trapping [3,4], and various other fields.
The mode purity of CVBs plays a crucial role in enhancing the efficiency of material
processing and improving the precision of optical tweezers [5]. Meanwhile, the rapidly
developing information technology increasingly demands larger communication capacities.
The efficient utilization of optical spectrum resources is a crucial prerequisite for improving
channel capacity. Beam parameter management enables the parallel transmission of multi-
channel information, greatly improving the transmission capacity of optical communication
systems [6]. Among these, mode-division multiplexing (MDM) technology [7,8], which
involves transmitting multiple modes through few-mode fibers or multi-mode fibers, has
received increasing attention. High-order mode fiber lasers have opened up potential
applications in large communication capacity systems due to their unique polarization and
spatial intensity distribution characteristics. For example, the orbital angular momentum
(OAM) beam [9,10] is a special light field with a continuous helical phase wavefront.

In recent years, research on the generation of CVBs in optical fibers has garnered ex-
tensive attention. All-fiber mode-selection couplers (MSCs) with dual-port outputs [11,12],
few-mode long-period fiber gratings (FM-LPFGs) with high conversion efficiency [13,14],
simple dislocation splicing methods [15,16], and dynamically tuned acoustic-induced fiber
gratings (AIFGs) [17,18] have been used to obtain both radial and azimuthal vector beams.
The realization of ultrashort pulsed vector beams from fiber lasers using these methods
has also been extensively investigated. In 2017, a passive mode-locked laser with an MSC
inserted into a figure-of-eight cavity was demonstrated [19], achieving a CVB output with
a purity greater than 94%. In 2021, an ultra-wideband LPFG mode converter with a flat
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conversion bandwidth was fabricated, which produced CVB-dissipative solitons with a
purity greater than 96% [20]. Zhan et al. used single-mode fiber and four-mode fiber offset
splicing to obtain a CVB pulse output with a purity of 97.14% [21]. However, all of the
lasers that generate ultrashort pulse CVB are based on the oscillation of the fundamental
mode in the cavity, and the mode conversion purity is limited by the operation of the
fundamental mode in the cavity.

All-few-mode fiber lasers provide a new approach for generating high-quality CVBs.
Compared with traditional fundamental-mode oscillation fiber lasers, it is intriguing to
investigate the transverse mode competition and the intracavity dynamics in all-few-mode
cavities. In 2019, Wang et al. reported a Q-switched all-few-mode ring fiber laser cavity,
where higher-order mode oscillation in the cavity generated optical vortex beams (OVBs)
with a purity of 96% [22]. Subsequently, Lv et al. reported a laterally mode-switchable
mode-locked fiber laser with a few-mode fiber linear cavity, which achieved switchable
oscillations of the laser in both the fundamental and higher-order modes, and obtained a
CVB with a purity of 98.6% [23]. However, there are few reports on hybrid-mode oscillation
in all-few-mode fiber lasers.

In this paper, we construct an all-few-mode ring fiber laser cavity and achieve hybrid-
mode oscillation through the integration of few-mode gratings. Based on a semiconductor
saturable absorber mirror (SESAM), mode-locking in the cavity was achieved, resulting
in narrow-band CVB mode-locked pulses with a wavelength of 1550.32 nm and a 30 dB
bandwidth of 0.13 nm. The mode purity of radially polarized light (RPL) and azimuthally
polarized light (APL) of the CVB mode-locked pulses measured at the output were 99.2%
and 99.4%, respectively. The study of hybrid-mode oscillation in all-few-mode cavities
plays an important role in promoting the acquisition of high-quality CVB pulses.

2. Characteristics of Fiber Gratings

A TM-LPFG was used as a mode converter in the cavity. It was inscribed on a two-
mode fiber (TMF) (OFS, two-mode step index fiber, 19/125 um), which can achieve mode
conversion between the LPy; mode and the LP; mode with high efficiency. This means
that not only can the LPy; mode be converted to the LP1; mode, but the LP;; mode can also
be converted to the LPy; mode. To obtain the conversion efficiency from LPy; mode to LP1;
mode, we measured the transmission spectrum of the TM-LPFG. The broadband source
was emitted into the TM-LPFG, and the single-mode fiber (SMF) connected to both sides
of the TM-LPFG was bent to a radius of less than 2 cm to attenuate higher-order modes,
ensuring that only the LPy; mode was detected by the optical spectrum analyzer (OSA) at
the output. The measured loss peak corresponds to the conversion from LPy; mode to LP1;
mode, as shown in Figure 1. This loss peak reflects the mode conversion efficiency of the
TM-LPFG. As can be seen from Figure 1, the mode conversion efficiency of the TM-LPFG is
greater than 90% (10 dB) in the bandwidth range of 27 nm (1531-1558 nm), and the peak
efficiency is greater than 99% (20 dB).

The TM-FBG is also inscribed on the same TMF (OFS, two-mode step index fiber,
19/125 pm) as a mode selector. We measured the reflection spectra of the TM-FBG under
different injection modes, as illustrated in Figure 2. The black curve in Figure 2 represents
the measurement results when only the LPy; mode is incident on the fiber. A distinct
reflection peak at 1551.64 nm is observed, corresponding to the self-coupling of the LP¢;
mode. Subsequently, we examined the reflection spectrum of the TM-FBG with the LPq;
mode injection, where the higher-order mode is excited through the TM-LPFG. This is
shown by the red curve in Figure 2. The left peak at 1550.3 nm corresponds to the self-
coupling of the LP1; mode, while the right peak at 1550.94 nm corresponds to the mutual
coupling of the LPy; and LP1; modes. Notably, there is no self-coupling spectrum observed
for the LPy; mode, which indirectly indicates that the TM-LPFG can convert almost all of
the fundamental modes to higher-order modes. The combination of the TM-FBG and the
TM-LPFG can be perfectly integrated into an all few-mode fiber laser, and the presence
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of the intracavity oscillation mode can be inferred by observing the transmission of the
TM-FBG.
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Figure 1. TM-LPFG transmission spectrum.
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Figure 2. TM-LPFG transmission spectra under different injection modes (black curve for LP¢;
injection; red curve for LPy; injection).

3. Experimental Setup and Results

A schematic diagram of the all-few-mode fiber laser based on few-mode fiber grat-
ings is shown in Figure 3. The 976 nm LP{; mode pump light is injected into the 4 m
few-mode erbium-doped fiber (FM-EDF) (19/125 pm, NA = 0.6) through a hand-made
wavelength division-multiplexing mode-selection coupler (WDM-MSC). The unidirectional
transmission of the ring cavity is ensured by using a few-mode fiber circulator (FM-Cir).
The TM-LPFG and the TM-FBG are connected to port 2 of the FM-Cir 1 in sequence. A
home-made 90:10 few-mode fiber (FMF) optical coupler was used to observe the output
of the laser cavity. The SESAM used for mode-locking was placed in the middle of the
two few-mode connectors and was connected to the laser cavity through the FM-Circ 2.
A polarization controller (PC1) was utilized to flexibly switch the polarization states and
obtain stable mode-locked pulses. All components in the laser cavity were connected by
FMFs (OFS, two-mode step index fiber, 19/125 um). The output spectrum and pulse train
of the laser are measured at output 1 using an optical spectrum analyzer (OSA, Yokogawa
AQ6370D) and an oscilloscope (OSC, RIGOL-DS4054), respectively. The output beam
profiles at output 1 and output 2 are monitored using a CCD camera (CinCam IR) after
passing through a collimator.
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Figure 3. Schematic diagram of the all-few-mode fiber laser.
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When the pump power is greater than 640 mW, stable mode-locked pulses are obtained
by adjusting polarization controller 1 (PC1). The output spectrum and pulse sequence from
output 1 at a pump power of 700 mW are shown in Figure 4a,b, respectively. The working
wavelength of the narrow linewidth fiber laser is 1550.32 nm with a 30 dB spectrum width
of 0.13 nm. The pulse period was found to be 80.5 ns by measuring the interval between
adjacent pulses.
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Figure 4. (a) Output spectrum and (b) pulse train of the laser.

Figure 5a depicts the radio frequency (RF) spectrum of the mode-locked pulses. The
signal-to-noise ratio is 53 dB and the repetition rate is 12.46 MHz. The calculated cavity
length from the measured repetition rate is approximately 16 m, which is consistent with
the actual cavity length. Figure 5b shows the RF spectrum in the range of 2 GHz. It can be
seen that the mode-locked laser is in a stable state.
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Figure 5. Radio frequency spectra of mode-locked pulse train in the range of: (a) 0.1 KHz and
(b) 2 GHz.

Figure 6 shows the relationship between the output power from the two output ports
and the pump power. It can be seen that the output power from the two output ports
maintains a linear relationship with the pump power. The slope efficiencies of the output
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power from output 1 and output 2 are 1.23% and 3.11%, respectively. The slope efficiency
of the laser is relatively low because some devices in the laser are made by us, which will
cause certain losses.
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Figure 6. The relationship between output power and pump power for two outputs.

By adjusting PC2, a CVB with doughnut-shaped intensity distribution, as shown in
Figure 7a,f, can be observed with the CCD camera. RPL and APL can be distinguished
by rotating the polarizer placed between the collimator and the CCD camera. The mode
field intensity distributions of RPL and APL are shown in Figures 7b—e and 7g—j, respec-
tively, and the mode purity is measured to be 99.2% and 99.4%, respectively, by using the
bending method.

Figure 7. Optical intensity distribution monitored at output 1: (a-e) RPL and (f-j) APL.

From the above observation, it can be seen that the all few-mode fiber lasers can realize
the output of CVB pulses, but the mode of intracavity oscillation still cannot be determined.
Now, we will discuss the mode of intracavity oscillation of the laser from the perspective of
output mode and output spectrum.

First, we analyze the output mode: the intensity distribution from output 2 measured
by the CCD camera, when mode locking was observed, is shown in Figure 8a. By observing
the shape of the beam, we infer that it is not a pure fundamental mode but a mixed mode
of LPy; and LPj;. The beam shape is slightly elliptical rather than a perfect circle. Then,
by reducing the pump power (600 mW) and without changing other conditions, we can
obtain the beam intensity distribution in a certain polarization state as shown in Figure 8b,
exhibiting a mode field distribution that more closely resembles the shape of higher-order
modes. This suggests that the TM-FBG reflects the mixed mode. In addition, the mixed
mode does not affect the mode conversion of the TM-LPFG. Through the mode conversion
of the TM-LPFG, LPy; is converted to LP;1, and LPq; is converted to LPy;. Therefore, the
intracavity oscillation mode is a mixed mode.
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Figure 8. Light field distribution measured at output 2 under different pump power: (a) 700 mW,
(b) 600 mW.

Then, we can analyze the output mode from the perspective of the spectrum: the
output spectra of output 1 (black curve) and output 2 (red curve) under mode locking are
shown in Figure 9. This Figure shows that both the output 1 and output 2 spectra have
small reflection and transmission peaks at 1551.63 nm. This wavelength corresponds to the
self-coupling peak of LPy; mode in the TM-FBG, which means that the light reflected back
into the cavity contains a small proportion of LPy; mode and a large proportion of LP1;
mode. After the TM-LPFG, the LP;; mode and LPy; mode oscillate in the laser at the same
time, so the oscillation mode of the mode-locked laser is mixed mode.
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Figure 9. Output spectra of the mode-locked laser from output 1 and output 2 at the same time.

In addition, since TMF-OC can perform mode conversion at a coupling ratio of
90:10 [12], this means that the high-order mode output at the output 1 end may be con-
verted into a high-order mode due to its own characteristics, and may not necessarily be
the mode of intracavity oscillation. Replacing the 90:10 TMF-OC with a 60:40 TMF-OC
(without mode conversion function) allows us to measure and analyze the output of the all
few-mode fiber laser in CW state, and verify the intracavity oscillation mode. The intensity
distribution of the light spots of output 1 and output 2 was observed using a CCD camera.
It can be seen that the light spot at output 1 is a high-order mode and the light spot at
output 2 is a mixed mode. However, it should be noted that both light spots only have one
polarization direction as a high-order mode, and they exhibit irregular elliptical shapes in
other polarization states. The shape of the light spots is similar to Figure 8a, which also
proves that the oscillation mode in the cavity under CW state is a mixed mode.

4. Conclusions

In summary, we have achieved a cylindrical vector beam output with a purity greater
than 99% through hybrid-mode oscillation in an all-few-mode fiber laser. The pump
light source is converted into higher-order modes and injected into the cavity. The LPy;
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and LPq; mixed modes are excited in the laser cavity utilizing the combined properties
of TM-LPFG and TM-FBG. A narrow-band cylindrical vector mode-locked pulse with a
wavelength of 1550.32 nm, a 30 dB bandwidth of 0.13 nm, and a pulse period of 80.5 ns is
generated. We believe that high-purity cylindrical vector beams are of great significance to
the development of material processing, particle trapping, optical communications, and
other advanced applications.
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