3484 OPTICS LETTERS / Vol. 39, No. 12 / June 15, 2014

280 GHz dark soliton fiber laser
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We report on an ultrahigh repetition rate dark soliton fiber laser. We show both numerically and experimentally that
by taking advantage of the cavity self-induced modulation instability and the dark soliton formation in a net normal
dispersion cavity fiber laser, stable ultrahigh repetition rate dark soliton trains can be formed in a dispersion-
managed cavity fiber laser. Stable dark soliton trains with a repetition rate as high as ~280 GHz have been generated
in our experiment. Numerical simulations have shown that the effective gain bandwidth limitation plays an

important role on the stabilization of the formed dark solitons in the laser.
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Since first predicted in 1973 [1], the dark soliton forma-
tion in single mode fibers (SMFs) has been extensively
investigated [2]. Like the bright soliton formation in
the anomalous dispersion SMFs, the dark soliton forma-
tion is an intrinsic feature of the nonlinear light propaga-
tion in the normal dispersion SMFs. It is a result of the
natural balance between the fiber dispersion and the
nonlinear Kerr effect. However, numerically as well as
theoretically it was shown that the dark soliton propaga-
tion in SMFs is less sensitive to noise and fiber losses
than the bright solitons [3,4]. The dark solitons are prom-
ising for future optics telecommunication and optical
signal processing applications.

The dark soliton formation in SMFs was first experi-
mentally observed by Emplit et al. [5]. Weiner et al.
reported experimental observation of dark soliton forma-
tion initialed either by an odd-symmetry or an even-
symmetry dark pulse [6]. Taking advantage of the dark
soliton formation and stability in the normal dispersion
SMFs, various techniques for the generation of highrepe-
tition rate dark soliton trains were also proposed [7-9].
Richardson et al. have demonstrated 100 GHz repetition
rate dark soliton train generation in a dispersion decreas-
ing fiber (DDF) through the nonlinear conversion of a
beat signal [7]. Based on the same principle, Atieh et al.
proposed to use a comb-like dispersion profile fiber
structure to replace the DDF, to overcome the manufac-
turing problem of the DDF. They demonstrated the gen-
eration of a dark soliton train with a 47.6 GHz repetition
rate [8]. Sylvestre et al. generated stable high-repetition
rate dark soliton trains in a fiber laser using the dissipa-
tive four-wave mixing method. They used a Fabry—Perot
(FP) filter together with a bandpass filter in their fiber
laser to achieve the dissipative four-wave mixing, and
generated dark soliton pulses with a repetition rate of
~15 GHz, which was determined by the free spectral
range of the FP filter used [9]. Recently, Zhang and
co-workers also reported dark soliton formation in an
all-normal dispersion fiber laser [10,11]. However, due
to the thresholdless feature of the dark soliton formation,
the dark solitons were randomly formed and the number
of dark solitons in the cavity was uncontrolled.

In this Letter we report a novel technique for the gen-
eration of ultrahigh repetition rate dark soliton trains in a
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fiber laser. Ultra-high repetition rate bright soliton fiber
lasers were reported previously [12,13]. The key for gen-
erating high repetition rate pulses in the fiber lasers is the
self-induced modulation instability (MI) effect. Although
there is no MI in the normal dispersion SMFs, due to the
cavity effect self-induced MI could still occur in normal
dispersion fiber cavities [14]. Here we propose to use a
dispersion-managed fiber laser with a net normal dispe-
rsion cavity to generate ultrahigh repetition rate dark
soliton trains. We found numerically that using the com-
bined effect of the cavity-induced MI and the dark soliton
formation in a net normal dispersion cavity fiber laser,
not only could high repetition rate dark solitons be
formed, but also the formed dark soliton trains are stable
if the effective gain bandwidth of the laser is appropri-
ately selected. With this technique we have experimen-
tally successfully generated stable dark soliton trains
with a 280 GHz repetition rate.

We first show the working principle of the proposed
technique numerically. The light circulation in a unidirec-
tional fiber ring cavity is governed by the following
equation [15]:
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where w is the slowly varying amplitude of the light field,
Ps is the average cavity dispersion parameter, y is the
nonlinearity of the fiber, g is the effective laser gain co-
efficient, and Q, is the effective bandwidth of the laser
gain. To derive the equation it has been assumed that
the light field is in resonance with the cavity and the cav-
ity length is far shorter than the dispersion and nonlinear
length of the light in the cavity. The gain saturation of the
laser is described by
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where g, is a small signal gain and E; is the saturation
energy. For the simplicity of numerical simulations,
the above equation is further normalized with Ly, =
1/}’P0, Ld = T(2)/|ﬂ2|) U\/‘P—O =u, n= Sgn(ﬁ2)a 5 = z/Ld’
7=1/Ty, N> = Ly/Ly;, = 1. Eq. (1) then has the form:
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where G =gL; = goLs/(1 + [|U]Pdt/I), Q= Q,T,,

I, =E;/(PyTy) are the normalized gain coefficient,
bandwidth, and saturation energy, respectively.

Equation (3) has exactly the same form as the ex-
tended Ginzburg-Landau equation. Hence it is easy to
understand that as far as the net cavity dispersion is in
the normal dispersion regime, an intensity dip in the cav-
ity will eventually evolve into dark solitons [6]. In a fiber
laser there are plenty of sources that could generate such
an initial intensity dip. Therefore, uncontrolled dark
soliton generation always occurs in the laser cavity,
which causes complicated dark soliton operation of a
fiber laser [11].

The challenge now is how to generate controlled dark
soliton formation in a fiber laser and stabilize the formed
dark solitons. We found that by using a dispersion-
managed cavity fiber laser with net normal cavity
dispersion and appropriately selecting the effective gain
bandwidth, stable high repetition rate dark soliton trains
could be generated. A dispersion-managed cavity is made
of both normal and anomalous dispersion fibers. Due to
the average low cavity dispersion the self-induced MI has
a low threshold [13]. The MI introduces an initial high
frequency intensity modulation on the light circulating
in the cavity. As the light is circulating in a net normal
dispersion fiber cavity, based on Eq. (3), instead of form-
ing an ultrahigh repetition rate bright soliton train, the
intensity modulation will be shaped into an ultrahigh rep-
etition rate dark soliton train.

To validate the above analysis we have numerically si-
mulated such an MI dark soliton fiber laser. We consid-
ered an unidirectional ring fiber cavity made of a piece of
3 m erbium-doped fiber with a group velocity dispersion
(GVD) parameter of —-48 ps/km/nm, and a piece of the
standard SMF with a group velocity GVD parameter of
18 ps/km/nm. The averaged cavity dispersion parameter
is 5 = 0.65 ps®/km, and y =3 W-lkml. We choose
Ty =1ps, Py = 0.2 W, Q = 3.75, which refers to a 30 nm
gain bandwidth, and E; = 2 pJ. Through appropriately
setting the linear cavity losses and the gain parameter,
a stable operation state of the fiber laser can always
be obtained. We then simulated the MI effect of the cavity
by artificially introducing a weak field of U(0,7) = U,
cos (2zAv) as an initial perturbation. It was found nu-
merically that if the gain bandwidth is appropriately se-
lected, a stationary dark-pulse train is automatically
formed in the cavity. Figure 1 shows a typical result nu-
merically obtained.

Figures 1(a) and 1(b) show the temporal intensity and
phase profile of the stationary dark-pulse train formed.
The phase of the dark-pulse train reveals a 7 phase jump
in the center of each pulse, which indicates that the dark
pulses are dark soliton. The autocorrelation trace of the
dark-pulse train is shown in Fig. 1(c). We note that a sim-
ilar equation was used by Sylvestre et al. to simulate the
dark soliton train formation in their fiber laser and sim-
ilar results were also obtained [8]. However, we need it to
point out that the working principle of the two systems is
different. Unlike the results of Sylvestre et al., where the
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Fig. 1. Numerically calculated (a) temporal intensity, (b)
phase profile, and (c) corresponding autocorrelation trace of
the dark pulse train. U, = 0.1, Av = 0.14, G = 400, and cavity
loss is 10%.

four-wave mixing between two optical fields was used to
generate the dark pulses, we have used the self-induced
MI of the cavity. In addition, there was no physical band-
pass filter in our cavity. Instead the effective gain band-
width of the erbium-doped fiber played the role in our
laser. In the numerical simulation we noticed that even
without the gain bandwidth limitation, dark pulses could
still be formed. However, the pulses are unstable. Their
intensities vary periodically with the propagation dis-
tance. Under the effective gain bandwidth limitation, a
stable dark soliton train could always be formed. The re-
sult indicates that the dark solitons are a kind of dissipa-
tive dark soliton. In Fig. 2(d), we also showed the
corresponding spectrum of the stationary pulse train
shown in Fig. 1(a). It shows that a large number of har-
monics are generated.

Guided by the numerical simulation, we further de-
signed an erbium-doped dispersion-managed cavity fiber
laser as shown in Fig. 3. The fiber laser had a dispersion-
managed cavity with a length of 15.6 m. Among the cavity
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Fig. 2. Optical spectrum (central wavelength, 1582 nm) of the
dark pulse train shown in Fig. 1(a).
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Fig. 3. Schematic of the fiber laser. SMF, single-mode fiber;
DCF, dispersion compensating fiber; PC, polarization control-
ler; EDF, erbium-doped fiber; WDM, wavelength-division
multiplexer; OC, optical coupler.

fibers a piece of 3 m erbium-doped fiber (OFS80) with a
GVD parameter of —48 ps/nm/km was used as the gain
medium. To reduce the MI threshold, a segment of stan-
dard SMF with a GVD parameter of 18 ps/nm/km was
added into the cavity. In addition, 4.1 m dispersion
shifted fiber with a GVD parameter of -4 ps/nm/km
was added into the cavity to make sure that the total cav-
ity operates in the normal dispersion regime. A polariza-
tion independent isolator was employed in the cavity to
force the unidirectional operation of the ring cavity, and
an intracavity polarization controller (PC) was used to
fine tune the linear cavity birefringence. A 10% output
coupler was used to output the laser emission. The laser
was pumped by a high power fiber Raman laser source
(KPS-BT2-RFL-1480-60-FA) of wavelength 1480 nm. The
pump laser can deliver a maximum pump power as high
as b W.

We have operated the fiber laser in the single polariza-
tion emission state. This was achieved experimentally
through appropriately setting the orientation of the intra-
cavity PC. Under strong intracavity light intensity due to
the polarization instability effect the laser then oscillated
in a single polarization state. Experimentally it was
observed that the self-induced MI appeared at a pump
power of ~1 W, characterized by the appearance of weak
spectral modulations on the optical spectrum. The spec-
tral modulation frequency varied with the intracavity
light intensity. At a pump power of 2 W, which corre-
sponds to ~500 mW intracavity power, a state of stable
high repetition rate dark pulse train was obtained, as
shown in Fig. 4. Figure 4(a) shows the intensity autocor-
relation trace of the dark pulse train. Stable autocorrela-
tion pulses are visible on top of a strong continuous wave
background and the pulse train is over the whole scan
range of the autocorrelator, which is typical for the high
repetition rate dark pulses [7,9]. Based on the measured
autocorrelation trace the dark pulse train had a repetition
rate of ~285 GHz. The FWHM of the autocorrelation
pulses is ~1.4 ps. If a sech? pulse profile is assumed,
the dark pulse has a width of ~910 fs. Figure 4(b) shows
the corresponding optical spectrum. The separation of
the adjacent spectral peaks is Av = 280 GHz, which co-
incides with the result obtained from the autocorrelation
trace. Like the numerically calculated optical spectrum,
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Fig. 4. (a) Measured autocorrelation trace of the dark soliton
pulse train. Inset: zoom-in of the autocorrelation trace; (b) the
corresponding optical spectrum.

the experimentally measured spectrum shows an obvi-
ously symmetric profile, which is a characteristic of
the dark soliton trains formed in fiber lasers [7,9].

The frequency of maximum gain in an MI process is
given by [15]

2 _ 2yP,
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where P, is the average power. Taking f; = 0.65 ps?/km,
y =2 Wlkm™ and P, = 500 mW in our laser, the esti-
mated MI frequency is v,, = 279 GHz, which is well in
agreement of the measured ~280 GHz. In our experiment
the high repetition rate dark soliton train was very stable.
Once formed, the state could be maintained for hours.
When the pump power was changed, stable dark soliton
trains with other repetition rates were also experimen-
tally obtained, which shows that it is an intrinsic feature
of the fiber laser.

In summary, we have proposed a novel method to gen-
erate a stable high repetition rate dark soliton train in a
fiber laser. Our approach is based on the combined ef-
fects of cavity self-induced MI, the dark soliton formation
in a net normal dispersion fiber cavity, and the dark sol-
iton train stabilization by the effective gain bandwidth ef-
fect. Preliminary experimental study has demonstrated
stable 280 GHz dark soliton trains. We believe such an



ultrahigh repetition rate dark soliton train may find prac-
tical applications in optical communications systems and
optical signal processing systems.
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