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Abstract: We presented two kinds of high-order mode (HOM) mode-locked fiber lasers
based on few-mode (FM) saturable absorbers for direct HOM oscillation. One is a ring fiber
laser based on a carbon nanotube (CNT) saturable absorber (SA), in which the combination
of a long period fiber grating (LPFG) and a mode selective coupler (MSC) is used for the
cycle of mode conversion between LP01 and LP11 modes. The other is a linear-cavity
laser using a FM-based SESAM with the HOM oscillation, in which a MSC is used for
mode conversion inside the cavity. The presented mode-locked fiber lasers can achieve the
saturable absorption of the HOM and the cylindrical vector beams (CVBs). And we also
compared the nonlinear saturation absorption characteristics of two SAs operating at LP01

and LP11 modes.

Index Terms: Long period fiber grating, mode selective coupler, nonlinear saturation ab-
sorption characteristic, high-order mode mode-locked fiber laser.

1. Introduction
The Mode division multiplexing (MDM) technology based on few-mode fiber (FMF) solves the
problem of insufficient capacity of single-mode fiber (SMF) communication system [1]–[4]. There-
fore, MDM technology has attracted the attention of researchers. Compared with the fundamental
mode of SMF, the high-order modes (HOMs) in FMF have a special electromagnetic field distribu-
tion. The degenerate linear polarization mode is made up of different vector eigenmodes, which
can excite orbital angular momentums (OAMs). They are widely used in optical micromachining
[5], remote sensing [6], quantum entanglement and other fields [7], [8]. The methods of generating
HOM are reported in many ways, such as laterally offset-splicing technique [9], photonic lantern
[10], fiber Bragg grating (FBG) [11], LPFG [12]–[14], acoustically induced fiber grating (AIFG)
and mode selective coupler (MSC) [15]–[20]. These technologies are relatively mature, and there
have been many reports on the generation of HOMs in fiber lasers. Despite the fact that most of
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Fig. 1. Schematic of cascaded LPFG and MSC through FMF ports.

mode-locked lasers generate higher-order modes outside of the cavity, the fundamental mode is
still oscillating inside the cavity [21]–[23].

Compared with SMF lasers, multiple transverse modes in FMF lasers become interesting due to
the unique polarization and amplitude distribution. L. G. Wright et al. demonstrated the concept of
spatiotemporal mode-locking in multimode fiber lasers, in which longitudinal modes and transverse
modes in multi-mode fiber are locked simultaneously [24]. This provides further guidance for
temporal locking of transverse modes. Wang et al. achieved LP11 mode oscillation in all-FMF
lasers for the first time, but only Q-switched pulses could be obtained [25]. Chen et al. achieved
an all-FMF laser to generate a mode-locked spectrum with a 3-dB bandwidth of 0.33 nm [26].
The direct oscillation of HOM in FMF lasers provides a research platform for multimode non-linear
propagation, high power fiber lasers, random lasers [27], [28].

In this paper, two kinds of SAs, CNT and FM-based SESAM are used to form mode-locked
HOMs based on ring and linear hybrid cavities of SMF and FMF, respectively. The MSC and LPFG
are used inside the laser cavity to generate LP11 mode. The contrast of the mode converters at
1550 nm is greater than 15 dB (the corresponding conversion efficiency is more than 97%). The
LP11 mode in the cavities will directly oscillate and be mode locked by using the FM-based SAs.
The output spectra of the ring cavity and the linear-cavity lasers have 3-dB bandwidth of 6.6 nm and
5 nm, respectively. In addition, the nonlinear saturation absorption characteristics of two SAs with
LP01 and LP11 modes are measured, which proves that the nonlinear absorption characteristics of
LP11 mode are similar to those of LP01 mode. We proved that mode-locked HOMs in half SMF and
half FMF cavities directly oscillate and generate LP11 mode and CVBs, and LP11 modal light can
be saturably absorbed by CNT-SA and FM-based SESAM.

2. Fabrication and Characterization of Mode Converters
In order to realize the oscillation of LP11 mode in the hybrid laser cavity, a cascaded structure of
LPFG and MSC1 is proposed as shown in Fig. 1. The incident LP01 mode firstly is converted to
LP11 mode by the LPFG, which is connected to the FMF of the MSC1. According to the reversibility
of the MSC1, the converted LP11 mode input from the FMF of MSC1 can be reconverted into
LP01 mode at the SMF of MSC1. The LP11 mode without mode conversion would be output at the
FMF of the MSC1. The same result can be obtained by replacing the LPFG with the MSC2. The
LP11 modal light will directly inject into the SA inserted between these two devices. The CO2-laser
glass processing system (LZM-100) is used to fabricate LPFG by point-by-point exposure process.
The heating source is a highly stable CO2 laser, and the output spot energy presents a Gaussian
distribution. The fabrication of the LPFG is roughly divided into two steps: laser irradiation and
moving motor. In addition, the axial stress is applied by the small displacement difference between
the left and right motors, and the distance of the motor movement is the period of the LPFG. In
order to monitor the transmission spectrum of LPFG during real-time writing process, a segment
of SMF is spliced at both ports of the FMF, the light from the broadband source is injected into the
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Fig. 2. (a) Transmission spectrum of LPFG operating at 1.5 μm. (b) Intensity distribution of LP11 mode,
donut-shape OAMs, spiral interferences and the spatial distribution of TE01 from LPFG and MSC.
(c) The transmission spectrum of cascading LPFG and MSC.

FMF and the LPFG is connected to an optical spectrum analyzer (OSA) to monitor the transmission
spectrum. The mode strippers are placed on each side of the FMF to ensure that only LP01 mode
is launched into the LPFG and detected at the output port. According to the coupled-mode theory,
the phase matching condition of the LPFG can be given as [14]

� = λres/(neff,01 − neff,11) (1)

where � is the period of the grating, λres is the resonance wavelength, neff,01 and neff,11 are the
effective indices of the LP01 mode and LP11 mode, respectively. In the experiment, the cladding
and core diameters of the FMF are 125 μm and 20 μm, respectively, and the refractive index
difference is 0.5% between the core and the cladding of the fiber. The FMF supports four modes,
including LP01, LP11, LP21 and LP02 modes. The period of the LPFG is about 1210 μm, and the
transmission spectrum of LPFG is shown in Fig. 2(a). It can be seen that the contrast at the
resonance wavelength of 1550 nm is greater than 15 dB, and the conversion efficiency is about
97%.

The fusion taper technology is applied in the fabrication of the MSC. SMF and FMF are stretched
and fused together by using the Oxyhydrogen flame. The output ports of SMF and FMF are
detected by power meters, respectively. According to the coupled-mode theory [29], the power
of SMF and FMF in MSC can be defined as

|A(z)|2 = 1 − k sin2(Dz) (2)

|B(z)|2 = k sin2(Dz) (3)

Where A(z) and B(z) represent the slowly-varying field amplitudes of the mode in SMF and FMF,
respectively, z is the coupling length, and D is defined as D = c/

√
k. The power transfer coefficient
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k is given by

k ≈
[

1 + (βA − βB )2

4c2

]−1

(4)

When the propagation constants of different modes in two fibers are equal (βA = βB) which means
the effective index of the LP01 mode in the SMF is equal to that of the LP11 mode in the FMF, their
power in two fibers can be converted, LP01 mode in the SMF will be coupled to LP11 mode in the
FMF. By pre-tapering the fiber to change its diameter, the propagation constants of different modes
can be changed. Therefore, SMF has to be pre-tapered to a specific diameter to satisfy the phase
matching condition, and then stretch and fuse FMF and SMF together. When stretched to a certain
length, LP01 mode in the SMF would be coupled to the LP11 mode in the FMF, and the power in
the FMF reaches the maximum. In the experiment, SMF is selected as Corning SMF-28e fiber.
The same FMFs are used in the MSC and the LPFG. When the SMF diameter is pre-tapered to
78 μm, the LP01 mode in the SMF can be well coupled into the LP11 mode in the FMF. The MSC
has a contrast of 20 dB and the insert loss below 1 dB at 1550 nm (the corresponding conversion
efficiency is 99%). The conversion bandwidth at 10-dB can exceed 200 nm and the transmission
spectrum of the MSC can refer to the previous result [30].

The mode field distributions of LPFG and MSC mode converters at the FMF output port are
detected by using a near-IR CCD (charge-coupled device). As shown in Fig. 2(b), LP11 mode
with two-lobe-shaped intensity patterns can be observed. By adjusting the PC, different vector
eigenmodes can be excited in both mode converters, and the OAM with first-order topology charges
can be obtained. A polarizer is used to testify the vector polarization of the donut-shaped beams,
showing that the output ports at the LPFG and MSC are azimuthally polarized beam (TE01 mode).
The transmission spectrum of the cascaded structure of LPFG and MSC is also measured as
shown in Fig. 2(c). The transmission spectrum is still relatively wide, and the insertion loss around
1550 nm is less than 3 dB.

3. HOM Mode-Locked Laser Based on FM Saturable Absorber
Combining two kinds of mode converters (LPFG and MSC) with mode-locking techniques in the
hybrid fiber laser, we have achieved direct oscillation and mode locking of the LP11 mode. In the
ring cavity, the CNT is used to realize the saturable absorption of the LP11 mode. The LPFG and
the MSC are connected to achieve the oscillation of LP11 mode inside the cavity. In the linear-cavity,
the saturable absorption of the LP11 mode is realized by the FM-based SESAM. The MSC acts as
the cycle of mode conversion between LP01 and LP11 modes.

3.1 HOM Mode-Locked Laser Based on CNT-SA

In the experiment, CNT-SA is inserted between the LPFG and the MSC, and the LP11 mode
generated by the LPFG is directly mode-locked by CNT-SA [31]. The experimental setup is shown
in Fig. 3(a). The laser consists of a 980/1550 nm wavelength division multiplexer (WDM), a length
of 0.5 m erbium-doped fiber (EDF), a LPFG, a MSC, a 10% optical coupler (OC) and a polarization
independent isolator (PI-ISO). The OC is used to extract the energy of the laser and can be
connected to an OSA to monitor the mode-locking state of the laser. The LP11 mode generated
by LPFG oscillates in the FMF of the cavity, and the mode field distribution of output2 is recorded
by CCD camera to verify the oscillation of the LP11 mode inside the cavity. In addition, a typical
balanced twin-detector measurement technology is used to measure the nonlinear absorption
characteristics of the CNT operating at LP01 and LP11 modes, as shown in Fig. 3(b). It can be
seen that the red and blue curves have similar change trends, which indicates that the nonlinear
absorption characteristics of the CNT operating at the LP11 mode are similar to these operating at
the LP01 mode. The modulation depth of the CNT can be fitted as [32]

T (I) = 1 − �T exp(−I
/

Isat ) − Tns (5)
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Fig. 3. (a) Schematic of ring cavity laser. (b) Nonlinear saturable absorption of CNT-SA.

where T is the transmission, �T is the modulation depth, I is the incident light intensity, Isat is
the saturable intensity and Tns is the nonsaturable absorption. The fitting result shows that the
modulation depth of the CNT operating at the LP01 mode is 1.7%, while the modulation depth of
the CNT is 1.3% for LP11 mode. The transmission of the CNT in the LP11 mode is smaller than that
in the LP01 mode. The reason may be that the light field intensity of the LP01 mode is Gaussian
distribution and light energy is mainly concentrated in the core area, while the LP11 mode has
two-lobe-shaped intensity patterns, and its effective mode field area is larger than that of LP01

mode. Moreover, part of LP01 modal light could interfere with LP11 modal light in the FMF.
The cavity loss can be adjusted by a PC to achieve mode locking. The output spectrum from

output1 is recorded by an OSA as shown in Fig. 4(a). A broadband spectrum with Kelly sideband
is observed, which is a typical spectrum of traditional soliton in anomalous dispersion cavity. And
the center wavelength of the laser is 1560 nm with a 3-dB bandwidth of 6.6 nm. The time domain
characteristic of the laser is measured by an oscilloscope, as shown in Fig. 4(b), the repetition
frequency of the pulse train is 20.3 MHz. Simultaneously, the radio frequency analyzer can measure
the signal to noise ratio of the laser as 65 dB, as shown in Fig. 4(c). This indicates that the laser
is working at a stable mode-locked state. The mode field distribution from output2 is measured by
a CCD camera to prove the oscillation and the saturable absorption of the LP11 mode in the laser
cavity. The LP11 mode can be observed. The FMF at the output2 is squeezed and rotated by a PC,
so that a certain vector mode with the maximum coupling efficiency can be obtained to eliminate
the degeneracy of the LP11 mode, and finally the donut-shaped mode patterns can be achieved.
A polarizer is placed between the FMF of the output2 and the CCD camera. The rotation of the
polarizer realizes two-lobe-shaped intensity patterns in different directions. As shown in Fig. 4(d), it
represents the TE01 mode when the mode field intensity distribution is perpendicular to the direction
of the polarizer and the TM01 mode when the mode field intensity distribution is the same as the
direction of the polarizer. The generation of the HOM mode-locked pulse verifies the saturable
absorption of the LP11 mode by using the CNT-SA. Since the effective mode area of the LP11 mode
is larger than that of the LP01 mode, the CNT-SA has a low transmittance for the LP11 mode, and
the reverse conversion efficiency of the MSC is lower than the forward conversion efficiency.

3.2 HOM Mode-Locked Fiber Laser Based on FM- Based SESAM

The experimental setup of the half SMF and half FMF linear-cavity based on FM-based SESAM
is shown in Fig. 5(a). The laser consists of a 980/1550 nm WDM, a length of 0.4 m EDF, a MSC,
a mirror and a FM-based SESAM. The WDM is connected with the EDF for gain amplification
of the LP01 mode. The FM-based SESAM is used to achieve the saturable absorption of LP11

modal light and acts as a mirror. The LP01 mode is reflected back into the cavity by the mirror
and then converted to the LP11 mode by the MSC. LP11 mode in the FMF is injected into the
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Fig. 4. (a) Output spectrum of ring cavity laser. (b) Typical mode-locked pulse train. (c) Radio frequency
of pulse. (d) The spatial distribution of TE01 and TM01 modes.

FM-based SESAM and reflected back into the cavity, and then reconverted to LP01 mode by the
MSC. Therefore, the output1 port of MSC can be used to extract the energy in the cavity to monitor
the mode-locking state of the laser. The intensity distribution of the output2 port of the laser can
be recorded by CCD camera to verify the oscillation of the LP11 mode inside the cavity. For the
FM-based SESAM, the nonlinear absorption characteristics in the cases of LP01 and LP11 are also
measured by the balanced twin-detector measurement technology. Fig. 5(b) shows the nonlinear
transmittance of the SESAM, the green and purple curves represent the fitted curves of the LP11

mode and LP01 mode, respectively. The similar trend of the two curves indicates that the FM-based
SESAM operating at the LP11 mode has similar characteristics as operating at LP01 mode. The
modulation depth of the SESAM is 4.7% in the case of LP01 mode, while the modulation depth of
the SESAM is 2% in the case of LP11 mode.

Self-started mode-locking occurs when the pump power reaches 50 mW. The mode-locked
spectrum of a typical traditional soliton with Kelly sideband is shown in Fig. 6(a). The center
wavelength is 1558 nm and the 3-dB bandwidth is 5 nm. Fig. 6(b) shows the pulse train and the
repetition frequency of the pulse train is 13.89 MHz. At the same time, the SNR measured by radio
frequency analyzer is 58 dB, as show in Fig. 6(c). In order to verify the operation of the LP11 mode
inside the cavity, the mode field distribution of the output2 is monitored by a CCD camera. A PC is
used to rotate and squeeze the FMF at the output2 port to generate a phase difference between
the different vector modes and remove the degeneracy of the LP11 mode. The intensity distribution
of the two-lobe-shaped intensity patterns is observed by rotating the polarizer. Fig. 6(d) shows the
TE01 mode where the mode field intensity distribution direction is perpendicular to the direction of
the polarizer and the TM01 mode where the mode field intensity distribution direction is consistent
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Fig. 5. (a) Schematic of linear-cavity laser. (b) Nonlinear saturable absorption of SESAM.

Fig. 6. (a) Output spectrum of linear-cavity laser. (b) Typical mode-locked pulse train. (c) Radio
frequency of pulse. (d) The spatial distribution of TE01 and TM01 modes.
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with the direction of the polarizer. Similarly, the generation of the HOM mode-locked pulse verifies
the saturable absorption of the LP11 mode by using the FM-based SESAM. The reversibility of the
MSC is utilized by the linear-cavity, it is worth noting that the reverse conversion efficiency of the
MSC is lower than the forward conversion efficiency, resulting in a relatively high loss of the laser
cavity.

4. Conclusion
In conclusion, we experimentally provided two methods of directly generating HOM mode-locking
pulses in the hybrid laser cavities, which are a ring cavity composed of a CNT-SA and a linear-
cavity composed of a FM-based SESAM. In the ring cavity, we use the reversibility of MSC to
connect the LPFG with the MSC, and the CNT-SA is inserted between these devices. The LP11

mode oscillates inside the cavity, and it can prove the saturable absorption of the LP11 mode.
In the linear-cavity, the generation of the LP11 mode benefits from the broadband MSC, and the
experiment also proves the saturable absorption of the LP11 mode by using the FM-based SESAM.
The LP11 mode and CVBs can be generated with two mode-locked laser cavities. In addition, we
compared the nonlinear saturation absorption characteristics of the SAs in different modal light
and showed that the transmission and modulation depth of two SAs in LP11 mode are slightly lower
than those in LP01 mode. This research is useful for effectively obtaining higher-order modes and
cylindrical vector beams in FMF lasers.
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