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We report on a novel architecture to suppress the multi-pulse formation in an all-polarization-maintaining figure-
9 erbium-doped fiber laser under high pump power. A 2x2 fiber coupler is introduced into the phase-biased nonlinear
amplifying loop mirror to extract part of intracavity laser power as a laser output, and the dependence of output couple
ratio of fiber coupler on the mode-locking state is experimentally investigated. The intracavity nonlinear effect is mitigated
by lowering the intracavity laser power, which is conducive to avoiding the multi-pulse formation. In the meantime, the
loss-imbalance induced by fiber coupler is helpful in improving the self-starting ability. With the proposed laser structure,
the multiple pulse formation can be suppressed and high power single pulse train can be obtained. The laser emits three
pulse trains which is convenient for some applications. Finally, the output power values of three ports are 5.3 mW, 51.3 mW,
and 13.2 mW, respectively. The total single pulse output power is 69.8 mW, which is more than 10 times the result without
OC,. The total slope efficiency is about 10.1%. The repetition rate of three pulse trains is 21.17 MHz, and the pulse widths
are 2.8 ps, 2.63 ps, and 6.66 ps, respectively.

Keywords: figure-9 mode-locked fiber laser, nonlinear amplifying loop mirror, suppression of multi-pulse

formation
PACS: 42.65 Re, 42.55.Wd, 42.60.Fc

1. Introduction

In recent years, passively mode-locked erbium-doped
fiber (EDF) lasers cause a large number of concerns as com-
pact, low-cost and robust ultrashort pulse sources at 1.5-pm
band for various applications ranging from industrial purposes
to fundamental researches, such as spectroscopy, precision
metrology, optical communication, microscopy, and material
processing, to name a few.!!=3]

To realize passively mode-locked operation, various
material saturable absorbers (SAs) have been widely re-
ported, such as semiconductor saturable absorption mirror, [45]
single-walled carbon nanotube,[®” graphene, ! topological

10.11 and black phosphorus.!!>13] The material-

insulators, !
based SAs often suffer thermal damage and oxidation, thus
limiting the intracavity laser power and long-term stability
of the fiber laser. The alternative techniques to solve the
problems are the use of SAs based on fiber nonlinearity,
such as nonlinear polarization evolution,!'*!3 nonlinear op-
tical loop mirror (NOLM),!'®17] nonlinear amplifying loop
mirror (NALM), 8191 Mamyshev oscillator,?>>!! and nonlin-
ear multimode interference.*>?3] Among them, phase-biased
NOLM and NALM would be favored because of fast recovery
time, high damage threshold, good self-starting (SS) ability,
low-cost, and the possibility of all-polarization-maintaining

DOI: 10.1088/1674-1056/abc153

(PM) fiber implementation.

Moreover, passively mode-locked lasers operating with
anomalous dispersion usually demonstrate multi-pulse oper-
ation under sufficient power. Different states are observed
and investigated, such as bound-state solitons,!?*%1 vector

solitons, 20! soliton molecules, 2728
[30,31

! soliton rains,?*) and dis-
sipative soliton resonances. I But the fundamental mode-
locked operation is more favorable for certain practical ap-
plications because of its intrinsic low timing-jitter and ampli-

32,331 When the laser operates in multi-pulse

tude fluctuation. !
regime, the intracavity pulse number can be reduced by sim-
ply lowering the pump power. But the output power also de-
creases.

In this work, we propose an architecture to suppress the
multi-pulse formation in an all-PM figure-9 EDF laser under
high pump power. A 2x2 fiber coupler is introduced into the
phase biased NALM to extract part of intracavity laser power
as a laser output, so the intracavity laser power is reduced. The
intracavity nonlinear effect is mitigated which is conducive to
avoiding the multi-pulse formation. With this architecture, the
single pulse operation can be obtained with high pump power.
The laser emits three pulse trains, which is convenient for
some applications. Finally, the output power values of three
ports are 5.3 mW, 51.3 mW, and 13.2 mW, respectively. The

*Project supported by the National Natural Science Foundation of China (Grant No. 51905528), the Key Research Project of Bureau of Frontier Sciences and
Education, Chinese Academy of Sciences (Grant No. QYZDY-SSW-JSCO008), and the National Key Research and Development Project, China (Grant Nos.
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repetition rate is 21.17 MHz, and the pulse widths are 2.8 ps,
2.63 ps, and 6.66 ps, respectively.

2. Experimental setup

The schematic experimental setup of the figure-9 laser is
shown in Fig. 1. A 2x2 PM fiber optical coupler (OC;) with
a splitting ratio of 50% is used at the junction of the proposed
architecture. The NALM is formed with a piece of 1-m PM
EDF (PM-ESF-7/125, Nufern). The gain fiber has a mode
field diameter of 8.8 um, a core absorption of 55 dB/m at a
wavelength of 1530 nm and a group velocity dispersion of
—0.02 ps>/m. A laser diode (LD) with a pump wavelength
and maximum output power of 976 nm and 800 mW is em-
ployed to pump the EDF with a standard PM 976/1550 nm
wavelength division multiplexer (WDM;), and the residual
pump laser is extracted out of the cavity by WDM,. The lin-
ear arm of the figure-9 cavity consists of a high reflector (HR)
and a 2-nm bandpass filter (BPF) with a center wavelength
of 1550 nm. The BPF works to block the longer-wavelength
(Raman self-frequency shift) and reduce the intracavity pulse
duration, so the intracavity pulse can rapidly evolve back over
the next roundtrip. The laser transmitting through the NALM
is utilized as an output (OP;). A home-made non-reciprocal
phase shifter is inserted into the NALM. The phase shifter con-
sists of a 45° Faraday rotator, two quarter waveplates (QWPs),
and a half waveplate (HWP). Without the non-reciprocal phase
shifter, the reflection of NALM for low intensity is close to
a maximum value and the NALM does not offer any inten-
sity dependence. In such a condition, ultrahigh intracavity
power or ultralong fiber loop is necessary to initiate mode-
locking. With the phase shifter, the NALM offers obviously
intensity dependence for low intensity, and SS operation can
be achieved easily. To suppress the multi-pulse formation,
OC; is introduced and the laser beams coupled out of the
cavity by OC, are used as a clockwise output (OPcw) and
counter-clockwise output (OPccw). The group velocity dis-
persion of the passive PM fiber is —0.022 ps?/m, and the net
cavity dispersion is estimated as —0.21 ps”. The output laser

OPccw
BPF 0C, OPcw
»—}—e -
HR OC 5
pwpM, QWP g COL,
oP, FRE~HWP
EDF /
a O QWP COL,
=
WDM’

Fig. 1. Schematic diagram of experimental setup, LD: laser diode; WDM:
wavelength division multiplexer; OC: optical coupler; EDF: erbium-doped
fiber; BPF: bandpass filter; PS: phase shifter; HR: high reflector; OP: out-
put; OPcw: clockwise output; OPccw: counter-clockwise output; COL:
collimator; FR: Faraday rotator; QWP: quarter waveplate; HWP: half wave-
plate.

is measured by a digital storage oscilloscope (KEYSIGHT,
DS09254A), and a radio-frequency analyzer (KEYSIGHT,
NO010A) together with a 1-GHz photo detector. The spectrum
is recorded by an optical spectrum analyzer (YOKOGAWA,
AQ6370D), and the pulse profile is measured by a commercial
autocorrelator (APE PulseCheck).

3. Results and discussion

In our experiment, the OC; is replaced by a piece of
passive PM fiber with almost the same length firstly. The
pump power is set to be an available maximum of 750 mW,
and the SS mode-locked operation is realized by finely ad-
justing the waveplates in the phase shifter, however, in the
multi-pulse regime. The pulse trains and optical spectra for
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Fig. 2. Output characteristics of figure-9 mode-locked EDF laser with-
out OC, showing (a) pulse trains and (b) mode-locked output spectra
(inset: details around central wavelength) with different pump power
values, (c) radio-frequency spectrum (inset: autocorrelation trace) of
single pulse output.
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different pump power values are shown in Figs. 2(a) and 2(b).
The laser operates in four-pulse regime with pump power
of 750 mW, and the output power is 30 mW. As shown in
Fig. 2(b), there are some dips in the spectrum which are in-
duced by the interference of the counter-propagated pulses at
the OP; port. The inset of Fig. 2(b) shows the spectral details
with a resolution of 0.01 nm around the central wavelength.
The spectrum is modulated with a period of 0.07 nm which
proves the operation of bound state solitons. As the pump
power decreases, the laser turns into three-, two- and single-
pulse operations at the pump power values of 514, 289, and
199 mW, respectively, and the interference pattern of spectrum
finally vanishes. The temporal traces of mode-locked pulses
show up obvious noise on the substrates, which is mainly at-
tributed to the intrinsic noise of oscilloscope and photo de-
tector. Figure 2(c) shows the radio-frequency (RF) spectrum
of single-pulse output with a resolution bandwidth (RBW) of
100 Hz, and the inset shows the autocorrelation trace. The
repetition rate is 21.025 MHz, which accords well with the
periods of the pulse trains. The full width at half-maximum
(FWHM) of autocorrelation trace is 10.96 ps, and the corre-
sponding pulse width is estimated at 7.12 ps under a sech’-
shape assumption. The signal-to-noise ratio (SNR) of 73.6 dB
indicates the excellent stability of the soliton mode-locked
opetation. The single-pulse operation can be realized by re-
ducing the pump power, but it is inconvenient for use, and the
output power is as low as 6 mW.

To overcome the drawbacks mentioned above, an OC,
is inserted into the NALM. The OC, works as both power
attenuator and bidirectional output coupler. Part of the in-
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tracavity laser power is extracted as a laser output, and the
intracavity nonlinear effect is mitigated, which is conducive
to avoiding the multi-pulse formation. In the meantime, the
loss-imbalance induced by OC, is helpful in improving the
SS ability.[*¥ The dependence of output couple ratio of OC;
on the mode-locking state is investigated to confirm the sig-
nificance of the proposed architecture, and the mode-locking
output characteristics versus 750-mW pump power are shown
in Fig. 3. The repetition rate remains around 21 MHz with dif-
ferent output ratios as shown in Fig. 3(a), and the SNR remains
above 70 dB. When the output couple ratio is increased from
0% to 60%, the number of circulating pulses gradually de-
creases and single pulse operation finally is achieved as shown
in Fig. 3(b). It can be understood as the higher output cou-
ple ratio leading to lower intracavity power and consequent
weaker self-phase modulation, which is conducive to avoid-
ing wave-breaking. The result shows that the SS single pulse
operation can be realized easily with an output ratio of 50%
or greater. Figure 3(c) shows that the mode-locking thresh-
old and loss of locking threshold exponentially increase as the
output ratio increases, which is attributed to larger cavity loss.
The mode-locking threshold with an output ratio of 70% or
greater is higher than the available maximum pump power, so
the mode-locking cannot be achieved. Figure 3(d) shows the
output power values of three ports for different output cou-
ple ratios. The power values of OPcw and OPccw increase
with the increase of output couple ratio, especially for OPccw
which increases from 0 mW to 51 mW with the output couple
ratio increasing from 0% to 60%. Although the power of OP;
decreases, the total output power increases significantly.
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Fig. 3. Experimentally observed mode-locked (a) RF spectra, (b) intracavity pulse number, (c) mode-locking threshold and lose locking threshold, (d)
output power values versus output couple ratio under pump power of 750 mW for different OP cases.
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Fig. 4. Plots of output power versus pump power with output couple ratio
of 60% for different OP cases.

With an output couple ratio of 60%, the figure-9 mode-
locked EDF laser works in single-pulse state under the pump
power of 750 mW. The output power values of three ports for
different pump power values are shown in Fig. 4. The max-
imum output power values of OPcw, OPccw, and OP; are
5.3 mW, 51.3 mW, and 13.2 mW, respectively. The total sin-
gle pulse output power is 69.8 mW, which is more than 10
times the result without OC,. The total slope efficiency is
about 10.1%. Figures 5(a) and 5(b) present the optical spectra
and autocorrelation traces of the pulses emitted from OPcw,
OPccw, and OPy, and the inset of Fig. 5(a) shows the spec-
tral details around central wavelength. The FWHMs of auto-
correlation traces are 4.32 ps, 4.05 ps, and 10.25ps, and the
pulse durations are estimated at 2.8 ps, 2.63 ps, and 6.66 ps
with a sech’-shape assumption, respectively. The 3-dB spec-
tral bandwidths are 2.58 nm, 3.24 nm, and 3.33 nm, with the
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corresponding time-bandwidth products of 0.903, 1.063, and
2.765, respectively. The OPcw pulse can be considered as
an NALM input pulse, because it exits shortly after entering
the fiber loop. The spectral sideband of OPcw is removed by
the BPF. The OPccw pulse can be considered as an NALM
output pulse, the distortion is caused by nonlinear chirp ac-
cumulation during amplification and transmission in the pas-
sive fiber. The OP; pulse can be considered as the superposi-
tion of CW and CCW output pulses of the NALM. These two
pulses experience passive fiber, phase shifter and gain fiber in
the opposite order and direction. As a consequence, there is a
phase delay difference and a slightly time delay between the
counter-propagating pulses, and OP; pulse duration is much
larger than the other output pulses. The pulse trains are shown
in Fig. 5(c). The period of the pulse trains is about 47.24 ns,
which accords well with the cavity roundtrip time and con-
firms the mode-locked operation. The RF spectra around the
fundamental repetition rate are measured with an RBW of
100 Hz as shown in Fig. 5(d), and the RF spectra measured
in a range of 1 GHz are shown in the inset of Fig. 5(d). The
fundamental repetition rate is 21.17 MHz, which matches with
the period of the pulse trains. The SNRs of 72 dB demon-
strate the good stability of the soliton mode-locked operation.
The experimental results indicate that the proposed architec-
ture can effectively suppress multi-pulse formation in a figure-

9 ultrafast laser, and significantly improve the single pulse out-

put power.
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Fig. 5. (a) Output spectra (inset: spectra in details), (b) autocorrelation traces, (c) pulse trains, and (d) RF spectra over a 70-kHz span with 100-Hz
resolution (inset: RF spectra in large domain) with output couple ratio of 60% and pump power of 750 mW.
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4. Conclusions

In this work, an all-PM figure-9 EDF laser is experimen-
tally investigated. A bidirectional OC is introduced into the
NALM to suppress multiple pulse formation and improve the
output power of single pulse train. The SS mode-locked oper-
ation is realized easily. The influence of output ratio of OC,
on the output characteristics is experimentally investigated,
and the pulse evolution in the figure-9 cavity is also studied.
Finally, the output power values of three ports are 5.3 mW,
51.3 mW, and 13.2 mW, respectively. The total single pulse
output power is 69.8 mW, which is more than 10 times the re-
sult without OC,. This setup provides three pulse trains, which
can be useful for applications.
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