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SPECIAL TOPIC — Optical field manipulation

Spatiotemporal mode-locked multimode fiber laser with
dissipative four-wave mixing effect

Ming-Wei Qiu(58HIfF), Chao-Qun Cai(3##f), and Zu-Xing Zhang(FK4H )T

Advanced Photonic Technology Laboratory, College of Electronic and Optical Engineering & College of Microelectronics,
Nanjing University of Posts and Telecommunications, Nanjing 210023, China

(Received 26 March 2022; revised manuscript received 3 May 2022; accepted manuscript online 12 May 2022)

The high degree of freedom and novel nonlinear phenomena of multimode fiber are attracting attention. In this work,
we demonstrate a spatiotemporal mode-locked multimode fiber laser, which relies on microfiber knot resonance (MKR) via
dissipative four-wave-mixing (DFMW) to achieve high-repetition-rate pulses. Apart from that, DFMW mode locking with
switchable central wavelengths can also be obtained. It was further found that high pulse energy induced nonlinear effect of
the dominant mode-locking mechanism transforming from DFMW to nonlinear Kerr beam cleaning effect (NL-KBC). The
experimental results are valuable for further comprehending the dynamic characteristics of spatiotemporal mode-locked
multimode fiber lasers, facilitating them much more accessible for applications.

Keywords: microfiber knot resonance (MKR), dissipative four-wave-mixing (DFMW), nonlinear Kerr beam
cleaning effect (NL-KBC), multimode fiber laser

PACS: 42.60.Da, 42.60.Fc, 42.60.Jf, 42.65.Ky

1. Introduction

High-repetition-rate pulse fiber lasers can be widely used
in optical communication to promote channel transmission
rate of communication network,'=3! materials processing, -]
nonlinear optical research,!”! and microwave photonics.[®! Es-
pecially ultrafast fiber laser(°~'!] with high gain coefficient,
wide wavelength range, good heat dissipation performance,
and switchable laser mode, provides an ideal platform for
high-repetition-rate pulse source research. So far, fiber lasers
with high repetition-rate pulse generation have been realized
by a variety of schemes, which can be divided into: harmonic
mode-locking, based on fractional time domain effect and dis-
sipative four-wave-mixing effect. In general, the pulse repeti-
tion rate of a passively mode-locked fiber laser is determined
by the cavity mode spacing. Therefore, reducing cavity length
is the most straightforward and simple method to obtain high-
repetition-rate pulse. However, this obviously has a great lim-
itation: the use of electronic device to achieve active mode-
locking by control the parameters in the cavity is difficult
to further improve the repetition frequency due to the band-
width limitation inherent in electronic devices. Applications
based on fractional time domain effect such as chirped Bragg

12-141 and long period fiber grating!!>!6! require too

grating!
much high initial frequency of optical signal and their structure
and operation are complicated. The Fabry—Perot filter pro-
vided by Yoshidal!”l was used to generate pulses with stable
high repetition frequency, which was the first proposed scheme
based on DFMW. Since then, high repetition-rate pulse based

on DFMW has attracted much attention due to its simple struc-
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ture and higher realizable frequency.

The key elements of dissipative four-wave mixing mode-
locking technology are intracavity gain, multiwavelength fil-
ter and highly nonlinear components. Generally, the obtained
pulse repetition frequency and laser wavelength are deter-
mined by the free spectral range (FSR) of the embedded comb
filter and the central wavelength of the bandpass filter in the
cavity. The widely used intra-cavity optical comb filtering in-
cludes Fabry—Perot filter, fiber grating, programmable optical

processor, and microfiber knot resonator, 18221

etc. Among all
comb spectral filters, microfiber knot resonator device has be-
come research hotspot due to its strong evanescent field effect,
low insertion loss and perfect adaptation to all-fiber laser sys-
tem. It is worth noting that most of high-repetition-rate pulse
mode-locked fiber lasers at present are studied in single-mode
fiber cavities. However, the high freedom degree of multimode
fiber allows the generation of novel solitons and observation
of more nonlinear phenomena. For example, a spatiotemporal
mode-locked multimode fiber laser,?3! which relies on spa-
tial beam self-cleaning via the nonlinear Kerr effect to attain
high pulse energy with near Gaussian output beam shape was
achieved. In addition to spatial beam cleaning!>*-2%! and spa-
tial mode-locking,!?’-2%! instability of time and space, disper-
sive wave[30-32] have also been discovered. Therefore, the re-
alization of high-repetition-rate pulse in multimode fiber laser
is expected to observe various nonlinear optical phenomena.
In this paper, we demonstrate a wavelength-switchable
spatiotemporal mode-locked multimode fiber laser, using
MKR to realize dissipative four-wave-mixing (DFMW) mode-
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locking. When the DFMW mode-locking operation starts au-
tomatically, pulses with high repetition rate of up to 69.21 GHz
have been achieved, benefitting from the filtering characteris-
tics of microfiber knot resonance and high nonlinearity im-
plementation of highly nonlinear fiber (HNLF). Furthermore,
the virtual few-mode fiber—multimode fiber filtering struc-
ture enables switchable wavelength DFMW mode-locking. In
this regime, the laser-emitted switchable wavelength between
~ 1035.3 nm and ~ 1040.3 nm by changing the states of the
polarization controllers. In addition, it was revealed that the
nonlinear Kerr beam cleaning (NL-KBC) effect will result in
normal dispersion soliton mode-locking in place of DFMW
mode-locking when pulse energy reaches the NL-KBC thresh-
old.

2. Device fabrication and characterization

A microfiber knot resonator is mainly composed of two
parts: straight waveguide and curved waveguide, as schemat-
ically shown in Fig. 1. Due to the characteristics of evanes-
cent field, power conversion mainly occurs in coupling region,
therefore the light intensity in the coupling region is the largest
after light transmission. MKR is manufactured by three main
steps. Initially, fiber in the center should be tapered through
the flame tapering method, then knotted and stretched con-
tinuously to shrink the ring diameter. Last, ensure that the
desired MKR diameter and FSR are achieved and encapsu-
lated with UV glue after tapering, to guarantee the firmness
and easy access. The radius of tapered fiber of the used MKR
is about 3 um. As the fiber is stretched, the diameter of MKR
becomes smaller. The performance of the MKR can be de-
termined through observing the red light transmission of the
micro-ring waveguide. When the light coupled to the micro-
ring completely passes through the whole structure, the best
filtering spectrum can be obtained.

/ 3 um

1.9 mm

Fig. 1. Schematic structure of microfiber knot resonator under the micro-
scope after light pass.

In order to ensure the excellent performance of the MKR
and achieve the desired filtering effect, it is necessary to ob-
serve the transmission spectrum behind the light source and
adjust the diameter of the MKR during the stretching process,
as shown in Fig. 2(a). The broadband light source (BBS) is
connected with the straight waveguide at one end, and another

end is connected the optical spectrum analyzer (OSA) which
is to measure the transmission spectrum of the MKR. Gen-
erally, when the diameter of the MKR is between 1 pum and
3 um, the performance of the MKR filter is the best, its extinc-
tion is relatively large and interference spectrum is relatively
flat. The transmission spectrum can also be affected by rotat-
ing the position of the micro-ring waveguide. Taking Fig. 2(b)
for example, it shows transmission spectrum of the MKR used
in this experiment, whose FSR is 0.12 nm. The diameter of
the MKR is 1.9 mm. The extinction ratio of the filtering spec-
trum cannot be kept consistent which is mainly due to uneven
heating of the tapered fiber caused by air fluctuation, but this
does not affect the overall extinction ratio of the MKR and its
filtering effect in the cavity. It should be noted that the fiber
used in the MKR has a core diameter of 8.2 um, a numeri-
cal aperture of 0.14, and a normalized frequency V > 2.405 at
1-um wavelength band, which can support multiple modes of
transmission.
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Fig. 2. (a) Experiment setups of spectrum measurement, (b) and (c) trans-
mission spectrum of the fabricated MKRs.

3. Experiments and discussion

The experimental setup of the spatiotemporal mode-
locked multimode fiber laser is depicted in Fig. 3. A 915-nm
laser diode with maximum output power of 7 W is used as the
pump source, launched into an ytterbium-doped multimode
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fiber (Yb MMF) through a 915-nm/1064-nm beam combiner.
It contains a 2.2-m graded-index multimode fiber (GIMF) with
50-um core diameter, a double-cladding multimode gain fiber
of 4.5 m. The gain fiber supports about 3 spatial modes, and
GIMF can support dozens of spatial modes. Due to the dif-
ferent core diameters of the fibers, most transverse modes are
eliminated, which serves as a virtual spatial filter. There is
a bulky polarizing beam splitter (PBS) and a free space iso-
lator in free space part of the laser cavity, which is coupled
with fiber part by two lenses (L1 and L2). With the PBS and
two polarization controllers (PCs), nonlinear polarization evo-
lution (NPE) is implemented as an artificial absorber. The two
PCs are placed before and after the space structure. MKR acts
as a comb filter in the cavity. A 200-m long highly nonlinear
fiber provides high nonlinearity into the cavity to promote the
occurrence of four-wave mixing, so that the gain modes trans-
fer energy to the higher-order mode. Four-wave mixing causes
all modes to be in constant phase relation as the process re-
peats itself, resulting in an impulse train whose repetition rate
is determined by the free spectral range of MKR.

Pump

///
HNLF (
- MKR WDM YDF
—

GIMF s GIMF

I IR [y
PC1 L1 PD-ISO L2 PC2

Fig. 3. Schematic diagram of the spatiotemporal mode-locked multimode
fiber laser. Yb MMF: double cladding Yb-doped multimode fiber; GIMF:
graded-index multimode fiber; PC: polarization controller; L1, L2: lens;
PD-ISO: polarization-dependent isolator; PBS: polarization beam splitter;
MKR: microfiber knot resonator; HNLF: highly nonlinear fiber.

In this experiment, with the increase of pump power and
adjustment of polarization controller, spatiotemporal mode-
locking operation can be achieved due to the DFMW. We
performed a detailed characterization of the laser when the
pump power is set to 4.2 W. Owing to the instantaneous pump
power and high nonlinearity introduced by the HNLF, laser
shifts to the regime of DFMW mode-locking where optical
frequency comb spectra emerges. As expected, a typical out-
put of DFMW spatiotemporal mode-locking operation with a
high-repetition-rate pulse was measured, as shown in Fig. 4.
Its output spectrum is shown in Fig. 4(a). The central wave-
length locates at 1040.3 nm. According to the output spec-
trum, the FSR of 0.12 nm corresponds to the MKR diameter
of 1.9 mm. The theoretical calculation shows that the pulse
repetition frequency is 33.22 GHz. As also noted, the output
beam profile is a high multi-mode beam profile due to the low
pulse energy in the cavity. In order to verify the realization of
DFMW, we detected the output pulse, as shown in Fig. 4(b).
It shows the time interval of the output pulse string is 30.1 ps

and its corresponding repetition frequency is 33.22 GHz, con-
sistent with the theoretical calculation value.
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Fig. 4. The generation of 33.22-GHz high-repetition-rate pulses: (a) mode-
locked spectrum, (b) pulse train.

Meanwhile, we can see that the output spectrum has a
larger filter envelope with a spacing of about 5 nm contrasted
with the MKR filter, which is obviously due to the virtual
few-mode fiber-MMF (FM-MMF) filtering structure. This
structure is mainly constituted by the 10-um/125-um fiber
(YDF) and the GIMF. By carefully adjusting the PCs, DFMW
spatiotemporal mode-locking operation with different central
wavelengths can be obtained, as shown in Fig. 5. Similarly, we
have tried to further reduce the diameter of the MKR to change
the free spectral range of filtering, and achieved DFMW mode-
locking with higher repetition rate. These results demonstrate
the versatility of MKR during high-repetition-rate pulse gen-
eration in multimode fiber lasers.

In a spatiotemporal mode-locked MMF cavity, the nonlin-
ear energy exchange between transverse modes can be caused
by nonlinear gain, nonlinear loss, and pulse energy in cav-
ity. It is shown in the recent exploration of spatiotemporal
mode-locked multimode fiber lasers that the NL-KBC effect
induced by GIMF can improve beam quality and enhance av-
erage power in MMF cavity. The NL-KBC effect refers to
the fact that energy of the high-order mode will be irrev-
erently coupled to the fundamental mode, which makes the
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high-intensity pulsed multimode beam profile transform into
a nearly Gaussian beam. It is worth noting the pulse en-
ergy needs to reach the required threshold, and pump power
required for NL-KBC is distinct with different wavelength
spatiotemporal mode-locked multimode lasers.!*3! Based on
this, an interesting phenomenon occurred when power exceeds
6.2 W. Instead of quasi-DFMW spectrum, a broadband and
beam autoselection mode-locked spectrum can be observed,
as shown in Fig. 6(a). Compared to the DFMW mode-locking
spectrum, it is broader and has the similar steep edges as the
dissipative solitons in the all-normal-dispersion laser. It can
be found that the spectrum still has the characteristics of MKR
filtering and the spectral interval of fine structure conforms to
the FSR of the MKR. The difference is the pulse repetition
rate plummets and the interval of output pulses is 925.9 ns, as
shown in Fig. 6(b), and the corresponding pulse energy mea-
sured is 13.4 nJ. Figure 6(c) plots corresponding detailed ra-
dio frequency (RF) spectrum around fundamental pulse repe-
tition rate, which peaks at 1.08 MHz with signal-to-noise ratio
(SNR) of 42 dB. The beam profile shows beam energy dis-
tribution on the profile map, related to the transverse modes
distribution, as shown in interior illustration of Fig. 6(a). It
has no longer a high-order-mode beam, but a Gaussian center
and a background composed of several high-order modes. And
with the increase of pulse energy, the purity of the output beam
can be further improved, up to 86% in our cavity. In order to
show the NL-KBC effect happened in the cavity directly, we
compared output beam profiles under different pump powers,
shown in Fig. 6(d). This clearly shows the obvious transfor-
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mation of the beam profile when the NL-KBC effect occurs.
That means competition between nonlinear effects also exists
in multimode cavity. When pulse energy reaches the NL-KBC
threshold, it will instead of four-wave mixing to play a domi-
nant role in the nonlinear effect in the cavity.
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Fig. 5. Wavelength switchable operation from (a) 1035.3 nm to (b)
1040.3 nm.
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Fig. 6. Dissipative soliton mode-locking with higher pump power: (a) optical spectrum (inset: the corresponding beam profiles), (b) pulse train,
(c) RF spectrum with a resolution bandwidth of 1 Hz, (d) beam profile both under different pump powers.

104207-4



Chin. Phys. B 31, 104207 (2022)

| I |
B W N
o o O
T T

Intensity (dBm)

A L
10371039 1041 1043
Wavelength (nm)

|
o
=}

Intensity (dBm)
&
=

|
-
(&)

|
[
=}

[
©
=

1030 1040
Wavelength (nm)

1020

|
)
=}

1050

| | | \
o oo W
S © o O

Intensity (dBm)

\ I
® =
==

|
©
S

1020 1040 1060

1080
Wavelength (nm)

1100

1.0
; ! (b)

= A !
3
2 0.6F
~
&
z 0.4}
k%
=
g
S 0.2f
s

O 1 1 1 1 1

—-30 —-20 —-10 O 10 20 30

Time (ps)
1.0

R (@)
2 o8}
g
3
. 0.6
e
(=1
E
~ 04r
>
R
2 0.2
(]
=
E 0¢V !

—10 —5 0 5 10

Time (ns)

Fig. 7. The output characteristics with 0.25-nm FSR of the used MKR: DFMW mode-locking spectrum, (b) corresponding pulse train, (c)

dissipative soliton mode-locking spectrum, (d) pulse train.

All the experimental results shown so far are based on the
MKR with an FSR of 0.12 nm. In the discussion of MKR in
the previous section, we mentioned that the advantages of mi-
crofiber knot compared with other filters are mainly reflected
in the adjustable FSR. Therefore, we further reduced the diam-
eter of MKR and applied it to the same multimode fiber laser.
When the pump power was set to 4.5 W and the polarization
controller was fine-tuned, the DFWM mode-locking spectrum
as shown in Fig. 7(a) can be acquired. The diameter of MKR
at this case turns into 1.4 mm and its FSR is 0.25 nm. The
mode-locking center wavelength is located at 1040 nm and the
comb spectrum interval is 0.25 nm which meets the ideal ex-
pectation, and the measured time interval of the output pulse
train is 14.45 ps, as shown in Fig. 7(b), the relevant repetition
rate is 68.9 GHz, confirming that DFWM mode-locking has
been realized. Note that the output beam profile is in a high
multimode state, similar to the experiment result with 0.12-
nm MKR. Meanwhile, we increased the pump power, mak-
ing higher pulse energy. After fine-tuning PC, with the pump
power of 6 W, the dissipative soliton mode-locking spectrum
which is different from the DFWM mode-locking spectra was
also observed [shown in Fig. 7(c)], and the output beam profile
was similarly turned into a nearly Gaussian beam profile, indi-
cating that the nonlinear Kerr beam self-cleaning effect occurs.
Similar experiment results using different MKRs verify the
competitive relationship between different nonlinear effects
in multimode fiber laser. When the pulse energy in the cav-
ity is low, four-wave mixing effect dominates and the DFWM

mode-locking is achieved attributed to the use of MKR, getting
high-repetition-rate pulse and comb spectrum. When pulse en-
ergy reaches the threshold of NL-KBC, the introduction of ir-
reversible NL-KBC effect by GIMF will couple the higher-
order mode energy into the lower-order mode, inhibiting pro-
duction of four-wave mixing effect and occupying the domi-
nant position. And the traditional mode-locked spectrum with
normal dispersion can be observed. The output pulse repe-
tition frequency is no longer determined by the FSR of the
MKR, but mainly by the length of the cavity.

4. Conclusions

In conclusion, we have reported a spatiotemporal mode-
locked multimode fiber laser with MKR. High-repetition-rate
pulse output has been realized by DFMW in highly nonlinear
fiber. Wavelength-switchable DFMW operation can be fur-
ther achieved on account of a virtual FM-MMF filter struc-
ture. It was also found that the pulse energy in the cavity deter-
mines the dominant role of nonlinear effects for mode-locking.
When the pulse energy in the cavity is high enough, the NL-
KBC effect can transform the beam profile from high-order
mode to Gaussian profile irreversibly. We believe that the dis-
covery of this phenomenon will not only provide a new idea
for the application of MKR to generate high-repetition-rate
pulse train in multimode fiber lasers, but provide a research
platform for the observation of more nonlinear phenomena in

multimode fiber lasers.
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