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Dissipative soliton resonance (DSR) was previously studied in separated mode-locked fiber lasers within different
dispersion regimes including anomalous, near-zero and normal dispersion. Here we propose a method to study DSR in
a single mode-locked laser in these different dispersion regimes. This is achieved by virtue of a waveshaper which can
control the laser dispersion readily using software, avoiding the usual tedious cutback method. We find that dispersion has
a negligible effect on DSR since the pulse duration keeps constant while dispersion is varied. Moreover, we examine the
dynamics of DSR on the parameters of the SA including modulation depth and saturation power, and find that the pulse
duration can be changed in a large range when the saturation power is decreased. Our numerical simulations could be

important to guide relative experimental studies.

Keywords: mode locking, laser, fiber, pulse

PACS: 42.55.Wd, 42.65.-k, 42.65.5f, 42.65.Re

1. Introduction

Dissipative soliton resonance (DSR) refers to a stable
flat-top square pulse, the pulse width of which increases lin-
early with pump strength.!'l DSR has attracted much atten-
tion because of its potential uses in materials processing, !
sensing,**! and microscopic imaging.®! It was first observed
experimentally in a passively mode-locked fiber laser with
anomalous dispersion,[®! and its dynamics were later studied
numerically using the Ginzburg—Landau equation which is an
average model describing mode-locked lasers.!-7-8]
Dispersion plays a significant role in the dynamics of dis-

9171 It is therefore nat-

sipative solitons in mode-locked lasers.
ural to ask whether dispersion is also important in the dynam-
ics of DSR. So far, DSR has been investigated in different
dispersion regions including anomalous, near-zero and nor-

[18-251 However, it was generated in separated

mal dispersion.
laser cavities, thus the role of dispersion on DSR is unknown.
Generating DSR under different dispersion regimes in a single
laser system is a challenging task as dispersion management
is generally realized by changing the relative lengths of the
different kinds of fibers inside the laser.?%-28]

Recently, a programmable spectral filter shows great ad-
vantages in dispersion management by software control, with-
out varying the length of fibers.[> It is also widely employed

in mode-locked lasers, encompassing pulse shaping through
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dispersion management,*’ pulse synchronization,*!! en-
hancement of optical nonlinear effects, 3! pure-quartic soliton
lasing[**! and Nyquist pulse generation, 34381

In this work, we propose a method to excite DSR in
anomalous, normal and near-zero dispersion regimes in a sin-
gle mode-locked laser, without changing the physical layout of
the laser cavity. This is realized by employing a waveshaper
such that the net dispersion of the laser can be readily varied
using software. Our proposal is demonstrated using a discrete
mode-locked laser model based on the nonlinear Schrodinger
equation (NLSE). 32 We find that the DSR phenomenon is
independent of dispersion. We also reveal how gain satura-
tion energy, modulation depth and saturable power impact the
dynamics of DSR.

2. Numerical model

The laser configuration is shown in Fig. 1. The power
from a laser diode operating at 980 nm is injected into the
ring laser through an optical wavelength division multiplexer
(WDM). A 9-m erbium-doped fiber (EDF) with a group ve-
locity dispersion of 40 ps?/km serves as the gain medium. The
net cavity dispersion can be changed from anomalous to nor-
mal dispersion regime, by changing the phase amplitude in
a programmable waveshaper, which can also provide narrow-
band Gaussian-type spectral filtering. During this process, the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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repetition frequency of the cavity remains unchanged because
the length of the fiber is not changed. To achieve DSR mode
locking, a saturable absorber (SA) such as nonlinear polariza-
tion rotation (NPR)3] can be placed in the cavity. Other fibers
in the ring cavity are 10 m highly nonlinear fiber (HNLF) and
27.07 m single-mode fiber (SMF), whose group velocity dis-
persion values are 0.64 ps>/km and —23 ps?/km, respectively.
The employment of HNLF is to reduce the pump power thresh-
old for DSR generation. 10% of the laser signal is outputted
by a coupler.

Pump EDF

Waveshaper

Output

Fig. 1. Configuration of the mode-locked fiber laser. ~WDM:
wavelength-division multiplexer; EDF: erbium-doped fiber; SA: sat-
urable absorber; HNLF: highly nonlinear fiber; SMF: single-mode fiber;
OC: optical coupler.

The transmission of the waveshaper is described by the

following equation: #*!

H (@) = R(0)exp [W} 7

> 6]

where R(w) represents the profile of the filter and a Gaussian
spectral profile R (@) = exp {—2((0/2%)2 /32} with a band-
width (B) of 0.24 THz is used throughout the work. Second-
order dispersion can be added through the term f; occ (in ps?)
in the spectral phase.

The pulse propagation in optical fibers can be numerical
simulated with a generalized nonlinear Schrodinger equation
(NLSE) 39401

i . 1
v, = f%%ﬂylw\zw% <w+ QZ%) , (2)

where W = y(z,t) is the slow-variation amplitude envelope
with z being the moving coordinate, and 3, and y denote
the group velocity dispersion and the Kerr nonlinear coeffi-
cient, respectively. The dissipation term includes gain having a
parabolic profile with a bandwidth of Q. The gain is saturated
according to g(z) = go/[1 + E(z)/Esat), where gy represents
the small-signal gain, E (z) = [ dr|y]|* represents the energy

of the pulse, and E,¢ denotes the saturation energy of the gain
which resembles the role of pump power in experiments.

The transmission curve for the SA is of the sine type!*!
(Fig. 2), expressed as

T:T0+AT><sin2<”xP+<p>, 3)
where T denotes the transmissivity, 7y being the minimum
transmittance, AT being the modulation depth, P = [ || be-
ing the instantaneous pulse power, Psa being the saturation
power of the SA, and ¢ denotes the phase delay which for
convenience is set to 0. The SA model described by Eq. (3)
and Fig. 2 is not a general model for ordinary SAs, but a spe-
cialized model used to describe artificial SAs such as nonlin-
ear optical loop mirror, nonlinear amplifying loop mirror and
nonlinear polarization rotation.

1.0

0.91

0.81

0.7r

0.6

Transmissivity

0.5

0.4

0 0.055 0.110 0.165
Input power (W)

0.220
Fig. 2. A sine-type transmission curve of the saturable absorber.

3. Simulation results

The simulations in the following begin with a weak Gaus-
sian single pulse, which has a temporal width of 1 ps, an en-
ergy of 0.1 fJ, and a central wavelength of 1575 nm. The
small-signal gain go of the gain fiber is set to 0.8 m~'. The
pulse evolution is modelled accurately by the split-step Fourier
method.#*! Figure 3 shows the observed pulses in the DSR
regime without altering the cavity’s original net dispersion
(—0.23 ps?). The other parameters are shown in the cap-
tion of Fig. 3. DSR is evidenced by the rectangular pulse in-
tensity profile and its broadening with gain saturation energy
(Fig. 3(a)). As shown in Fig. 2, the peak power of the pulse
is saturated by the sine-type transmission function of the sat-
urable absorber. As a result, increasing the gain saturation en-
ergy (akin to the role of pump power in experiments) does not
contribute to enhancing the power of the pulse, and the pulse
broadens instead. The optical spectra of the pulses are shown
in Fig. 3(b), showing that the spectral width narrows down as
the gain saturation is increased.

Next, we change the net cavity dispersion by readily vary-
ing the term B 5cc (in psz) in the spectral phase (Eq. (1)) while
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the length of the fiber in the laser is fixed. The net cavity
dispersion is changed to different regions including normal
dispersion (1.4 ps?), anomalous dispersion (—0.23 ps® and
—1.4 ps?) and near-zero dispersion (0.08 ps> and —0.08 ps?).
The parameters of SA are the same as that in obtaining Fig. 3
and the gain saturation energy is kept to be 2 pJ. The results
are shown in Fig. 4. Figure 4(a) illustrates the pulse inten-
sity profiles (solid line) and the corresponding chirp (dotted
line) under different dispersion regions. Dispersion induced
chirp can be clearly observed. The strong dispersion results in
a large chirp (up- and down-chirp for —1.4 ps? and 1.4 ps?,
respectively). Such a large chirp means that the pulse lead-
ing and tailing edges contain different frequency components.
Namely, the strong dispersion separates the low and high fre-
quency components. As a result, the spectrum has two peaks
under the strong dispersion regime (+1.4 ps?), as seen in
Fig. 4(b).

The effect of the modulation depth of SA (AT) on DSR is
also studied. In this case, AT is varied from 0.1 to 0.5, while
the other parameters are kept constant. Figure 5 shows that the
peak powers of the pulses are increased while the pulse widths
are nearly invariant when the modulation depth is varied, re-
sulting in an increase of the pulse energy. The reason for this
process is that as the modulation depth increases, the transmit-
tance of the SA is enhanced, giving rise to high-energy pulses.
The corresponding optical spectra are shown in Fig. 5(b). As
seen, with the increase of modulation depth of SA, the peak
intensity of the optical spectra also increases.
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Fig. 3. (a) The pulse duration scaling with gain saturation energy. (b) The
corresponding optical spectra. The parameters of net cavity dispersion,
saturation power and modulation depth are —0.23 psz, 0.055 W, and 0.5,
respectively.
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Fig. 4. (a) The pulse intensity profiles (solid line) and the corresponding
chirp (dotted line) under different net cavity dispersion values. (b) The cor-
responding optical spectra. The parameters of saturation power, modulation
depth, and gain saturation energy are 0.055 W, 0.5 and 2 pJ, respectively.
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Fig. 5. (a) The temporal intensity of the pulses with different modulation
depths. (b) The corresponding optical spectra. The other parameters used
are Egy = 2 pJ, Psp = 0.055 W, and the net dispersion is —0.23 psz.
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Fig. 6. (a) The pulse temporal profiles, (b) corresponding optical spectra and (c) optical spectral width at various saturation powers while other
parameters are fixed. (d) The variation of pulse width by scaling the gain saturation energy for different saturation powers. The net cavity

dispersion and modulation depth are —0.23 ps® and 0.5, respectively.

Besides modulation depth, the other parameter of SA-the
saturation power (Psp) is also varied to see the evolution of the
pulses while the other system parameters are kept constant.
Figure 6(a) depicts the evolution of the pulses as the satura-
tion power is varied, which shows that the increase of satura-
tion power leads to the increase of the pulse peak power and
pulse narrowing. This result is due to the fact that the energy
of the DSR pulse remains constant when the gain and losses
of the laser are unchanged. The peak power of the DSR pulse
increases as the saturation power increases, and the pulse nar-
rows to keep a constant energy. The increase in peak power
results in enhanced nonlinearity, thus the optical spectra are
broadened when the saturation power is increased, as seen in
Fig. 6(b). Figure 6(c) shows the spectral width increases with
saturation power to highlight this broadening.

Since pulses with a tunable duration are crucial for many
applications, it is necessary to investigate how to increase the
sensitivity of pulse duration variation with respect to gain sat-
uration energy. Figure 6(d) shows the pulse duration varia-
tion by scaling the gain saturation energy for different satura-
tion powers of the SA. As seen, the pulse duration increases
linearly with gain saturation energy. Moreover, the slope of
the curves increases as the saturation power decreases. As an
example, the slopes of the curve at the saturation power of
0.045 W and 0.065 W are 64.0 ps/pJ and 44.2 ps/pJ, respec-
tively; namely, the former is 1.45 times the latter.

4. Conclusion

We achieve the exploration of DSR dynamics in differ-
ent dispersion regimes within a single mode-locked fiber laser
by incorporating a waveshaper capable of dispersion manage-
ment using only software. We demonstrate that dispersion has
a weak impact on DSR. However, very large dispersion causes
the optical spectra of the pulse to be multiple peaked. We also
reveal the effects of gain saturation energy, modulation depth,
and saturation power on DSR dynamics. Our work could con-
tribute to the understanding of DSR dynamics and thus may
be beneficial to the design of light sources with rectangular
profiles.
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