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Passive harmonic mode-locking of dissipative solitons is demonstrated in all-normal dispersion Yb-doped fibre
lasers. A difference equation model of the mode-locked fibre lasers is adopted to simulate the intra-cavity nonlinear
dynamics. Hysteresis phenomena around the mode-locking threshold, and the effect of introducing linear phase bias
are discussed. The passive harmonic mode-locking as one kind of multipulsing operations is revealed. Moreover, the

simulation shows the bistability between multipulsing and single-pulse or period multiplication.
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1. Introduction

High repetition rate pulse trains have great ap-
plications in many fields, such as telecommunications,
optical sampling, biological imaging, micro-machining
and optical parametric oscillator pump.!* ~¢ Harmonic
mode-locking (HML) is proposed to achieve high rep-
Active
HML utilizes a modulator driven at a harmonic of the

etition rate generation directly from lasers.

round-trip cavity frequency, which makes the setup
complex. While passive HML can generate high repe-
tition rate pulses with simple cavity setup. Repetition
rate as high as 2 GHz has been achieved by passive
HML of Yb-doped double-cladding fibre laser.[!]
Repetition rate scalability has been demonstrated
with passive HML mode in fibre lasers of differ-
ent regimes. In soliton fibre lasers, Grudinin et al.
achieved 400-MHz to 1-GHz pulses by passive HML
of an Er-Yb-doped fibre ring laser,/?! Shian et al.l®!
achieved 1.5 GHz pulses by passive HML of Yb fibre
laser. In the stretched-pulse lasers, Abendin et al.l*!
realized 220-MHz pulses by passive HML of Er-doped
fibre laser.
Recently, all-normal-dispersion (ANDi) fibre
lasers have attracted great interest for their simpli-
fication of laser cavity and potentiality to achieve

higher pulse energies.[”—14

The question naturally
arises whether the passive HML exists for dissipative

solitons(®?! in fibre lasers of this novel regime. Even
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though Zhao et al.l'%! has demonstrated passive HML
in gain-guided Er-doped fibre lasers,19 the output en-
ergy achieved is only 0.54 nJ. To the best of our knowl-
edge, few reports are focused on passive HML in ANDi
Yb-doped fibre lasers, which makes use of benefits of
Yb-doped fibre, such as broad gain bandwidth, large
saturation fluence, and high dope concentration.

In this paper, we present our experimental obser-
vation of passive second HML of dissipative solitons
in ANDi Yb-doped fibre lasers.
ence equation model of the mode-locked fibre lasers,

Based on a differ-

we study the hysteresis phenomena around the mode-
locking threshold. The effect of introducing linear
phase bias is also discussed. The HML as one kind
of multipulsing operations is revealed. According to
the simulation, bistability exists between multipuls-
ing and single-pulse or period multiplication as exper-
imentally observed.

2. Experimental setup and re-

sults

Figure 1 shows the experimental setup, which is
similar to that in our experiments in Refs. [11] and
[12]. The unidirectional ring cavity, whose length is
about 11 m, includes approximately 48-cm Yb-doped
fibre, a polarization-independent fibre isolator, two
quarter-wavelength plates, one half-wavelength plate,
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and two polarization beam splitters and a birefrin-
gent plate. The 980-nm pump is coupled into the cav-
ity through wavelength division multiplexer (WDM).
The output is coupled out from the ejection port of
polarization beam splitter 1 (PBS1). The combina-
tion of the two PBS and a birefrigent plate makes up
a birefrigent filter.

This fibre laser is passively mode-locked by non-
linear polarization rotation (NPR). It is well known
that NPR, as the saturable absorber (SA), has a sinu-
soidal dependence of transmittance on intensity. For
ANDi laser, the accumulated chirp is so large that
NPR can also act as a filter.

Stable self-starting mode-locking pulses can be
generated by appropriately adjusting the waveplates,
and with the pump power above the threshold (about
168 mW in this setup). Once it is mode-locked, the
pump power can be decreased to ~120 mW without
losing mode-locking, which shows hysteresis. In the
progress of increasing pump power, the fibre laser may

lose mode locking as a result of over-driving the NPR-
based SA. This can be solved by introducing a linear
bias via adjusting waveplates, which will increase the
over-driving energy. The fundamental repetition rate
of the mode-locking pulse is about 18.9 MHz. Under
513-mW pump power, the output power is 47 mW.
The single pulse energy is about 2.5 nJ. The spec-
trum of mode-locking pulses is shown in Fig. 2. It
exhibits a characteristic shape with sharp peaks near
its steep edges, which is induced by large normal dis-
persion of the cavity.”" The central wavelength is
1047.8 nm, and the —20 dB-bandwidth is 8.6 nm. The
full width at half maximum (FWHM) of the autocor-
relation, taken with a long-scan range autocorrelator,
is 22.5 ps. The pulse duration is 14.6 ps if sech? pulse
is assumed, which is much larger than the transform
limited duration 338 fs due to the large chirp in ANDi
cavity. The pedestal in the autocorrelation arises from
the steep sides of the spectrum and large chirp of the
pulses.

YD doped fibre 980-nm pump
( i ) WDM
isolator
HWP QWP1
@ birefringent QWP2
PBS1 plate PBS2
collimator collimator
L)
output

Fig. 1. Schematic diagram of all-normal-dispersion mode-locked fibre laser, WDM: wavelength division multi-

plexer, HWP: half wave plate, QWP: quarter wave plate, PBS: polarization beam splitter.

Over-driving of the NPR-based SA may also lead
to pulse-breaking.>%! By changing the modulation
depth and output coupling ratio of the laser with ad-
justing waveplates, period-doubling (i.e. two stable
intra-cavity pulse energies alternate in every round
trip) and pulses bunches can be observed. Limited
by our available pump, we decrease the output cou-
pling ratio to ensure large energy of intra-cavity pulse
for overdriving the SA. Under proper orientations of
the waveplates, stable second HML (i.e. two pulses
with the same energy distributed uniformly in one
cavity roundtrip) is achieved. Figure 4 shows the sec-
ond HML mode (37.8 MHz, twice that of fundamen-
tal mode) with the same pump level as in Fig. 3. The

output power is 44 mW, and the single pulse energy is
about 1.2 nJ. Its spectrum is also shown in Fig. 2 (dash
line), with the same central wavelength but the —20-
dB bandwidth is broadened to 9.8 nm, compared to
fundamental mode-locking case. The FWHM of auto-
correlation shown in Fig. 4 is 19.6 ps, thus the FWHM
duration of the sech? pulses is 12.7 ps, larger than its
transform limited duration 300 fs for the chirp.

The theoretical explanations of passive HML are
under debate. Possible mechanisms!® include soliton—
soliton attraction or repulsion, soliton—dispersive wave
interactions, recovery dynamics in the saturated gain

medium, and the acoustic effects in fibres.
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Fig. 2. Spectra of fundamental mode-locking and second
HML pulses.
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Fig. 3. Pulse train (a) and autocorrelation (b) of funda-

mental mode-locking.
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Fig. 4. Pulse train (a) and autocorrelation (b) of second

HML.

3. Theoretical model and discus-

sion

To study multipulsing in fibre lasers, Ilday de-
veloped a difference equation model,['* which agrees
with experiments qualitatively. Here we adopt this
model to study the passive HML ANDi laser. Because
NPR can act as spectral filter, as we demonstrated in
Refs. [13] and [14], which plays an important role in
dissipative soliton lasers. For simplicity, the model
here neglects the birefringence filter in Fig. 1.

The evolution equation for the pulse energy of
successive roundtrips is modeled with a difference

equationt?]

YInet,0 [1 — q/ COS(?TEn + ¢0)]Ena (1)

1
Epuq = ——onet0
T 914 B,/ B

where F, denotes the soliton energy after the n-th
roundtrip; gnet,o = go/lo, go is small signal gain, Iy
is linear loss, and Fjg,t stands for the gain saturation
energy; ¢’ is a modified parameter used for charac-
terizing the modulation depth of NPR, and ¢g is the
linear bias of NPR. In the following, the influence of
pump power is discussed instead of that of Eg,i, be-
cause in the experiments Fg,; can be controlled by
adjusting the pump power of the gain fibre. For HML
and multipulsing, equation (1) should be generalized
to the coupled difference equations.*®! In our case, we
adopt two coupled difference equations.

Figure 5(a) shows that the initial higher-energy
noise pulse gets amplified and mode locked when
the pump power is above the threshold (Fg.x ~ 1,
Fig. 5(a)), but the other lower-energy one is inhibited.
The mode-locking pulse energy increases with higher
pump power until bifurcation occurs. The intra-cavity
pulses begin to show period-doubling as experimen-
tally observed.

Also, we study the experimentally observed hys-
teresis phenomena in simulation. We take high ini-
tial noise-pulse energy to model the decreasing of the
pump power of stable mode-locking state in experi-
ments. Because, when the pump power is decreased,
the high-energy pulses of the original stable mode-
locking will become the initial noise-pulses for mode-
locking at a lower pump level. Figure 5(a) shows that
in some pump power range, bistability exists between
the mode-locked and the continuous regimes. When

the pump power is decreased from mode-locking state
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of high pump level, mode-locking can sustain till Fgat
is decreased to 0.89, lower than the threshold.
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Fig. 5. The steady state pulse energies (F) under differ-
ent pump powers (Fsat). Also shown is the NPR transmis-
sion curve (dashed line) on the vertical axis. The marks
‘x, +’ stand for the intra-cavity pulse energy with in-
creasing pump power. The circle and square marks stand
for intra-cavity pulse energy with decreasing pump power.
q" = 0.45, gnet,0 = 2.8. (a) Hysteresis phenomena, with
¢o = 0, initial noise-pulse energies to be 0.68 and 0.18
for increasing pump power case, and 2.68 and 0.18 for de-
creasing pump power case. (b) Linear bias introduced to
counter the over-driving of NPR, with the same value set
as the increasing pump power case in (a) but ¢ = —m/6.

As mentioned above, in experiments the over-
driving energy of NPR-based SA can be increased
with introducing proper linear bias by adjusting wave-
plates. In simulations with a linear phase —m /6, the
point of maximum transmittance moves to higher en-
ergy, as shown in Fig. 5(b), while the mode-locking
threshold increases to FEg,; =1.83.
power is needed to initiate mode-locking from intra-

Higher pump

cavity noise in this case, which agrees with our ex-
periments. And the maximum pulse energy (before
period-multiplication happens) increases from 1.388
(Fig. 5(a)) to 1.514 (Fig. 5(b)) as expected.

By adjusting the waveplates, the modulation
depth of NPR and net gain can also be changed. In the
following simulation, they are changed to ¢’ = 0.56,
Onet,0 = 3.6 50 as to agree with experiments. As shown
in Fig. 6, the intra-cavity pulses undergo complex non-
linear dynamics at high modulation depth and high
pump level. At low pump level, the laser works in con-
tinuous wave regimes. Once the threshold is reached,
the laser can support one mode-locking pulse, same
as in Fig. 5. With higher pump level, the intra-cavity

pulses will be period-multiplication, and transit into
chaos as shown in Fig. 6(a). At further increased
pump, the second pulse can be supported stably with
the same energy as the first one in every roundtrip. If
these two pulses can self-organize with uniform sep-
aration, the second HML will be achieved as shown
in our experimental observation. By increasing the
pump further, two same period-doubling pulses in the
cavity and chaos will happen again in the end. In ex-
periments, we are limited by our pump level to observe

this.
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Fig. 6. The bifurcation diagram of multipulsing. Also
shown is the NPR transmission curve on the vertical axis
(dashed line). ¢’ = 0.56, gnet,0 = 3.6, o = 0. (a) Increas-
ing pump power case, initial noise-pulse energies being
0.72 and 0.58. The marks ‘*, 4’ have the same meaning
as in Fig.5. (b) Decreasing pump power case, initial noise-
pulse energies being 2.7 and 0.9. The right and left triangle
marks stand for intra-cavity pulse energy with decreasing

pump power.

Based on the same method as in Fig. 5(a), we
simulate the case of decreasing the pump power of
stable mode-locking as shown in Fig. 6(b). The hys-
teresis phenomena around the mode-locking threshold
can also be observed. Besides, multipulsing begins to
occur at Eguy = 1.475 (in Fig. 6(a)), while in the case
of decreasing the pump power, the multipulsing can
sustain till the Fgy is decreased to 1.325 (in Fig. 6(b)).
It is shown that bistablity exists between multipulsing
and single-pulse or period multiplication, which is also
reported experimentally in Ref. [6].

It should be noted that, although this model
fails to model the time distribution of multipulsing, it
shows several main features of the mode-locking and

multipulsing operations.
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4. Conclusion

We have demonstrated passive second HML of
dissipative solitons in ANDi Yb-doped fibre lasers
experimentally. Simulations based on the difference
equation model of the mode-locking fibre lasers have
been carried out to study the intra-cavity nonlinear

dynamics. Hysteresis phenomena around the mode-
locking threshold, and the effect of introducing linear
phase basis have been discussed. The model has also
been simulated to study the HML as one kind of mul-
tipulsing operations, and the bistability between mul-

tipulsing and single-pulse or period multiplication.
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