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Generation of single and multiple dissipative soliton
in an erbium-doped fiber laser”
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We experimentally report on the generation of single and multiple dissipative soliton via nonlinear polarization rota-
tion technique. The spectrum of the mode-locked dissipative soliton exhibits typical steep edges with a flat top; the pulse
duration is 10.07 ps. It is found that with the pump power increasing from 110 mW to 161 mW, the top of the mode-locked
spectrum becomes flater and the 3-dB spectral bandwidth is broadened, which indicates that the gain-dispersion effect is
lowered under stronger pump. However, the full bandwidth of the spectrum is narrowed, which proves that the spectral filter
effect increases and overcomes the effect of self-phase modulation induced spectral broadening. Such a phenomenon was
not noticed nor reported before. Our experiment also demonstrates that the pulse interval is highly dependent on the input
pump power: with pump power increasing, the pulse interval tends towards more uniform. So our observation qualitatively
analyzes the relationship between mode-locked pulse characteristics and input pump power.
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1. Introduction

Passively mode-locked fiber lasers have been extensively
studied in the past decades for their many advantages over
conventional solid-state lasers, such as lower cost, easier ad-
justment, and higher stability.['~% Nonlinear polarization ro-
tation (NPR)!! and saturable absorbers (including semicon-
ductor saturable mirrors,[”! graphene,!3! black phosphorus, !
tungsten disulfide,!'”! etc.) are two kinds of common tech-
niques to obtain mode-locked ultra-short pulses. Depending
on the cavity dispersion design, different kinds of pulses could
be generated in fiber lasers.!!'~'#! In an anomalous-dispersion
fiber laser, conventional soliton was usually formed by the
balance between negative group-velocity dispersion (GVD)
and self-phase modulation (SPM).['3] The conventional soli-
ton was characterized by spectral sidebands and chirp-free
time bandwidth product (TBP). However, due to the effect of
soliton area theory, its pulse energy was limited to a very low
level of 0.1 nJ,I'® which greatly restricted its applicability.
In a dispersion-management cavity, the net cavity dispersion
was nearly zero, and stretched pulse was obtained.!!”-!8! The
peak power of the mode-locked pulse was effectively lowered,
and the allowed pulse energy was significantly increased to ~
1 nJ.1"1 With a little normal dispersion, the self-similar pulse
was expected to be generated, which could tolerate strong non-
linear phase shift without wave breaking.!?>>!1 While due to
the restriction of the finite gain bandwidth in a fiber laser, the
ultimate pulse energy was limited to a 10-nJ level.??) In mode-
locked fiber laser, the excessive nonlinear phase accumulation
always induced the pulse to break up.!?>>3! Therefore, the
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management of the nonlinearity was necessary to reach high-
energy pulse emission. Furthermore, a dissipative system was
proposed and investigated in the fiber laser with large normal
dispersion.[?%! Moreover, the dissipative soliton (DS) was re-
alized both theoretically and experimentally.[>’-3% In the dis-
sipative system, the dispersion, nonlinearity, laser gain/loss,
and spectral filter (SF) worked together to form the mode-
locked pulses. 'l The SF effect could efficiently modulate the
pulse amplitude, 32! which is beneficial to stabilizing the high-
chirped DS mode locking state. Hence, the allowed pulse en-
ergy of DS was improved to ~100 nJ, which was higher than
that of conventional soliton by four orders of magnitude.3334]
The strong SF effect also resulted in the fact that the spectra
of DS exhibited a nearly rectangular profile with steep edges,
which was commonly regarded as an important symbol of DS.
However, the pulse energy of such a kind of DS was still
limited by the tendency of multi-pulse arising when the in-
put pomp power was excessive. Although reports of DS were
very extensive, the research of the multi-pulse generation was
relatively deficient, and the discussion about the relationship
between the pulse characteristics and input pump power was
also rare.

In this work, we experimentally obtain DS emission in an
erbium-doped fiber (EDF) laser via NPR technique. More-
over, we report on the generation of single pulse, multiple
pulses, and 2nd harmonic mode-locked pulses respectively.
The spectrum of the mode-locked DS exhibits a typical rectan-
gular shape with steep edges; the 3-dB bandwidth is measured
to be 19.13 nm. In time domain, the pulse presents a Gaus-
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sian profile, and the pulse duration is 10.07 ps. The pulse train
on oscilloscope is very uniform, and the fundamental repe-
tition rate is 14.15 MHz. Our experiment also demonstrates
that the pulse number and interval are both highly dependent
on the input pump power. In our experiment, when increas-
ing the pump power, the pulse number increases from one to
five and the pulse interval tends to become more uniform. At
the same time, a novel phenomenon is discovered. When the
input pump power is increased form 110 mW to 161 mW, the
top of the mode-locked spectrum turns flater, as a result, the
3-dB spectral bandwidth is broadened obviously. It shows that
the gain-dispersion effect induced by the gain fiber is lowered
under stronger pump. However, the full bandwidth of the spec-
trum is narrowed a little, which proves that the SF effect in the
fiber laser increases and overcomes the effect of SPM induced
spectral broadening. Such a phenomenon was not noticed nor
reported before. So our observation qualitatively analyzes the
relationship between mode-locked pulse characteristic and in-
put pump power experimentally.

2. Experimental setup

The configuration of the fiber laser system is schemati-
cally shown in Fig. 1. One 976-nm laser diode with a max-
imum output power of 650 mW was coupled into the laser
cavity by a 980 nm/1550 nm wavelength-division-multiplexer
(WDM). A section of 10-m EDF (Nufern: EDFC-980-HP)
with a dispersion parameter D of about —42 (ps/nm)/km at
1550 nm worked as the gain medium and contributed to the
large-normal dispersion. The other fibers in the cavity were
the single-mode-fiber (SMF) with a total length of ~ 4.5 m,
the dispersion parameter D of SMF was ~ 17 (ps/nm)/km.
The fundamental frequency and net dispersion of the cavity
were estimated at ~ 14.1 MHz and ~ 0.44 ps?, respectively.
A polarization-sensitive isolator (PS-ISO) accompanied with
two polarization controllers (PCs: PC-1 and PC-2) worked as
an equivalent saturable absorber, and the NPR technique was
utilized to realize mode locking state in this fiber laser. A fiber-
pigtailed optical coupler (OC, 10% output) acted as the output
port. A power meter (JDSU OLP-85), an optical spectrum an-
alyzer (Yokogawa AQ6370D), an autocorrelator (Alnair Lab-
oratories Corporation HAC-200), a 40-GHz radio-frequency

Fig. 1. (color online) Schematic diagram of the experimental setup.

analyzer (Agilent E4447A), and a 1-GHz digital oscilloscope
(Rohde&Schwarz RTO1014) with a home-made 5-GHz pho-
todiode detector were employed to simultaneously monitor the
output pulses.

3. Experimental results

By appropriately adjusting the polarization states of the
two PCs, self-started mode locking state is realized when the
input pump power reaches 110 mW. The mode-locked fiber
laser emits typical DS, which is characterized by rectangular-
profile spectrum with steep edges as shown in Fig. 2(a). Due
to the strong SF effects caused by the gain fiber and other
components in the laser system, the spectrum is restricted
from 1545.22 nm to 1572.48 nm corresponding to a full band-
width of 27.26 nm (herein, we take 20-dB bandwidth as the
full bandwidth). The 3-dB spectral bandwidth is 19.13 nm.
The corresponding autocorrelation trace performs a Gaussian
shape as shown in Fig. 2(b), which means that the DS pos-
sesses a Gaussian profile in time domain. The pulse duration
is estimated at 10.07 ps. The corresponding TBP is calcu-
lated to be 23.70, which is much larger than the transmis-
sion limit of 0.44. So the mode-locked DS is highly chirped.
The pulse train on oscilloscope presents a uniform intensity
on a scale of 2 ps as shown in Fig. 2(c). The pulse interval
is ~ 70.6 ns as shown in the inset of Fig. 5(c), which is in
agreement with the cavity round-trip time. The corresponding
radio-frequency spectrum as shown in Fig. 2(d), reveals that
the fundamental repetition frequency located at ~ 14.15 MHz
is in agreement with the pulse interval, thereby confirming that
the mode-locked pulse state runs at the fundamental repletion
rate. The radio-frequency spectrum exhibits a high signal-to-
noise ratio of ~ 60 dB, which indicates that the mode locking
operation is stable. The average output power is measured to
be 4.88 mW, so the single pulse energy and peak power are
calculated to be ~ 0.345 nJ and 34.25 W, which are much
higher than those of the conventional soliton. Such a mode
locking state is very stable, which could operate for more than
24 hours at room temperature without significant degradation.

When the operation states of PCs are kept unchanged and
the input pump power are increased to 161 mW, a little bulge
appears on the flat top of the rectangular spectrum at the wave-
length of 1557.82 nm as shown in Fig. 3(a), which is a sign of
excessive pump power. The full bandwidth of the spectrum
is narrowed on both sides (from 1546.83 nm to 1570.86 nm)
to 24.03 nm, which indicates that the SF effect in laser cavity
becomes stronger. Such a phenomenon was not noticed nor
reported before. The 3-dB spectral bandwidth is broadened
to 22.67 nm, which means that the top of the spectrum turns
flater. This phenomenon was common in other reports. >3 At
the beginning, the fiber laser still operates at single DS mode
locking state (herein, the pulse intensity on oscilloscope has
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a significant enhancement) as shown in Fig. 3(b). The output
power is measured to be 7.13 mW, and the pulse energy is cal-
culated to be 0.504 nJ, which is the maximum pulse energy
we can obtain based on the current cavity. However, keep-
ing all the cavity parameters fixed, about two minutes later,
obvious spikes arise on the two edges of the rectangular spec-
trum and the little bulge disappears as shown in Fig. 3(c). The
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uniformity of the pulse intensity on oscilloscope degenerates
and double pulses appear as shown in Fig. 3(d). Obviously,
the spikes occurring on spectrum reduce the stability of mode
locking state. The pulse interval between the accompanied
double pulses is ~ 28 ns. The mode locking state jumps from

single pulse to double pulses.
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Fig. 2. (color online) Single DS at fundamental repletion rate: (a) spectrum, (b) autocorrelation traces, (c) oscilloscope trace, and (d)

radio-frequency spectrum.

Those phenomena above could be explained as follows.
With the enhancement of pump power, the gain-dispersion ef-
fect of the EDF decreases, so the top of the spectrum turns
flater and the 3-dB bandwidth of the spectrum is broadened.
With the increase of pulse intensity, the SPM and other Kerr
nonlinear effects in laser cavity become stronger. It caused two
kinds of results: first, new spectral components are stimulated,
which means that the spectrum tends to broaden on both sides;
on the other hand, the polarization difference among different
wavelengths is expanded, therefore, the SF effects of the EDF,
PS-ISO, and other devices become stronger. When the latter
influence overcomes the former one, the full bandwidth of the
output spectrum is narrowed. However, the mode locking state
under excessive pump is unstable; the strong nonlinear effect
leads to pulse splitting (single pulse divided into double pulse).
Thereby, the pulse intensity largely decreases, and the SPM
and other Kerr nonlinear effects are also degenerated greatly.
So the full bandwidth of spectrum is still narrower than that of
the original stable mode locking state. Because the input pump

power is not enough to support the double pulses mode lock-
ing state, the pulse intensity in laser cavity is varying always
and spikes appear on the spectrum.

When further increasing the pump to 165 mW, the spikes
on spectrum disappear and the spectrum is broadened a little
on both sides as shown in Fig. 4(a). Both the pulse inten-
sity and interval on oscilloscope are very uniform as shown
in Fig. 4(b), which shows that the mode locking state is stabi-
lized. Herein, we could find that with the further enhancement
of the pump power, the SPM induced spectral broadening ef-
fect shows a little stronger influence. The pulse interval is cal-
culated to be 35.3 ns corresponding to a repetition frequency of
~ 28.33 MHz, which illustrates that the 2nd harmonic mode-
locked state of DS is obtained. Herein, it is necessary to illus-
trate that because of the errors caused by the measuring equip-
ment, the calculated repetition frequency of the 2nd harmonic
mode-locked state of DS is different from the theoretical value

by 0.03 MHz. Such an error was unavoidable and acceptable.
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Fig. 3. (color online) Jump process of the mode locking state from single pulse to double pulses: (a) spectrum and (b) pulse train of
single pulse mode locking state, (c) spectrum, and (d) pulse train of double pulses mode locking state.
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Fig. 4. (color online) The 2nd harmonic mode-locked state of DS: (a) Fig. 5. (color online) Multiple pulse mode locking state: (a) spectrum
spectrum and (b) pulse train on oscilloscope. and (b) pulse train on oscilloscope.
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While the input pump power is continuously increased to
464 mW, the multiple pulse mode locking state is obtained
as shown in Fig. 5. Both the 3-dB and full bandwidths of
the spectrum are broadened (23.17 nm and 28.49 nm, respec-
tively) as shown in Fig. 5(a). The pulse number rises to five as
shown in Fig. 5(b) and the output average power is 20.14 mW.
But such a multiple pulse DS mode locking state is unstable,
the pulse intensity on oscilloscope has a slight variation, and
the mode locking state would be destroyed several minutes
later.

4. Conclusions

The generation of single and multiple DS by NPR tech-
nique in an EDF laser are reported in this work. The spec-
trum of the mode-locked DS exhibits typical rectangular pro-
file with steep edges; the 3-dB spectral bandwidth is 19.13 nm.
The pulse duration is 10.07 ps; the fundamental repetition rate
of the mode locking state is 14.15 MHz. With the increasing
of pump power, the gain-dispersion effect is lowered, which
results in the enhancement of 3-dB spectral bandwidth. The
SF effect and SPM induced spectral broadening effect both
become larger. Under suitable conditions, the SF effect can
overcome the spectral broadening effect, and the full band-
width of the spectrum will decrease. Such a phenomenon is
first noticed and reported in this paper. We also find that, with
the increasing of the pump power, the pulse interval tends to be
more uniform. Our observation on experiment give a clear un-
derstanding of the relationship between the nonlinear effects
and pump power in a dissipative system.

Acknowledgment

The authors wish to thank Jing Bai, Ye Fen, Jia Yu, Xi
Wang, Zhendong Chen, Lianglei Wei, and Xiguang Yang for
their help.

References

[1] Duan L N, Liu X M, Mao D, Wang L R and Wang G X 2012 Opt.
Express 20 265

[2] Zhang P Z, Wang X C, Li J H, Feng T, Zhang Z X, Fan Wei, Zhou S
L, Ma W X, Zhu J and Lin Z Q 2016 Acta Phys. Sin. 65 214207 (in
Chinese)

[3]
[4]
[5]

[6]
[7]

[8]
[9]
[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]

104205-5

Li X H, Wang Y G, Wang Y S, Zhang Y Z, Wu K, Shum P P, Yu X,
Zhang Y and Wang Q J 2013 Laser Phys. Lett. 10 075108

Sotor J, Sobon G, Grodecki K and Abramski K M 2014 Appl. Phys.
Lett. 104 251112

Lv Z G, Teng H, Wang L N, Wang J L and Wei Z 'Y 2016 Chin. Phys.
B 25 094208

Wei K H, Jiang P P and Wu B 2015 Chin. Phys. B 24 024217

Zhang H, Tang D Y, Zhao L M, Wu X and Tam H'Y 2009 Opt. Express
17 455

Zhang H, Tang D Y, Knize R J, Zhao L M, Bao Q L and Loh K P 2010
Appl. Phys. Lett. 96 111112

Chen Y, Jiang G B, Chen S Q, Guo Z N, Yu X F, Zhao C J, Zhang H,
BaoQL,Wen S C, Tang DY and Fan D Y 2015 Opt. Express 23 12823
Liu W J, Pang L H, Han HN, Liu M L, Lei M, Fang S B, Teng H and
Wei Z 'Y 2017 Opt. Express 25 2950

Duan L N, Su Y L, Wang Y Ga, Li L, Wang X and Wang Y S 2016
Chin. Phys. B 25 024206

Jones D J, Chen Y, Haus H A and Ippen E P 1998 Opt. Lett. 23 1535
Grelu P, Chang W, Ankiewicz A, Soto-Crespo J M and Akhmediev N
2010 J. Opt. Soc. Am. B 27 2336

Gong Y D, Shum P, Tang D Y, Lu C, Guo X, Paulose V, Man W S and
Tam H'Y 2004 Opt. Laser Technol. 36 299

Papacharalampous I E, Kevrekidis P G, Malomed B A and
Frantzeskakis D J 2003 Phys. Rev. E 68 046604

Nelson L E, Jones D J, Tamura K, Haus H A and Ippen E P 1997 Appl.
Phys. B 65 277

Chen Y, Kirtner F X, Morgner U, Cho S H, Haus H A, Ippen E P and
Fujimoto J G 1999 J. Opt. Soc. Am. B 16 1999

Pincemin E, Audouin O, Dany B and Wabnitz S 2001 J. Lightwave
Technol. 19 624

Zhao L M, Tang D Y, Cheng T H, Tam H Y and Lu C 2007 Appl. Opt.
46 4768

Bale B G and Wabnitz S 2010 Opt. Lett. 35 2466

Ruehl A, Prochnow O, Engelbrecht M, Wandt D and Kracht D 2007
Opt. Lett. 32 1084

Ilday F 0, Buckley J R, Clark W G and Wise F W 2004 Phys. Rev. Lett.
92 213902

Grudinin A B, Richardson D J and Payne D N 1992 Electron. Lett. 28
67

Komarov A, Leblond H and Sanchez F 2005 Phys. Rev. A 71 053809.
Tang D Y, Zhao L M, Zhao B and Liu A Q 2005 Phys. Rev. A 72 043816
Renninger W H, Chong A and Wise F W 2008 Phys. Rev. A 77 023814
Soto-Crespo J M, Grelu P, Akhmediev N and Devine N 2007 Phys. Rev.
E 75016613

Soto-Crespo J M, Akhmediev N and Ankiewicz A 2000 Phys. Rev. Lett.
852937

Chang W, Akhmediev N and Wabnitz S 2009 Phys. Rev. A 80 013815
He Y J, Malomed B A, Ye F and Hu B 2010 J. Opt. Soc. Am. B 27 1139
Rozanov N N 2009 J. Opt. Technol. 76 187

Wise F W, Chong A and Renninger W H 2008 Laser Photon. Rev. 2 58
Chong A, Renninger W H and Wise F W 2007 Opt. Lett. 32 2408
Buckley J R, WiseF W, Ilday F O and Sosnowski T 2005 Opt. Lett. 30
1888

Wang L R, Liu X M, Gong Y K, Mao D and Li X H 2010 Appl. Opt.
49 2665


http://dx.doi.org/10.1364/OE.20.000265
http://dx.doi.org/10.1364/OE.20.000265
http://dx.doi.org/10.7498/aps.65.214207
http://dx.doi.org/10.7498/aps.65.214207
http://dx.doi.org/10.1088/1612-2011/10/7/075108
http://dx.doi.org/10.1063/1.4885371
http://dx.doi.org/10.1063/1.4885371
http://dx.doi.org/10.1088/1674-1056/25/9/094208
http://dx.doi.org/10.1088/1674-1056/25/9/094208
http://dx.doi.org/10.1088/1674-1056/24/2/024217
http://dx.doi.org/10.1364/OE.17.000455
http://dx.doi.org/10.1364/OE.17.000455
http://dx.doi.org/10.1063/1.3367743
http://dx.doi.org/10.1063/1.3367743
http://dx.doi.org/10.1364/OE.23.012823
http://dx.doi.org/10.1364/OE.25.002950
http://dx.doi.org/10.1088/1674-1056/25/2/024206
http://dx.doi.org/10.1088/1674-1056/25/2/024206
http://dx.doi.org/10.1364/OL.23.001535
http://dx.doi.org/10.1364/JOSAB.27.002336
http://dx.doi.org/10.1016/j.optlastec.2003.09.013
http://dx.doi.org/10.1103/PhysRevE.68.046604
http://dx.doi.org/10.1007/s003400050273
http://dx.doi.org/10.1007/s003400050273
http://dx.doi.org/10.1364/JOSAB.16.001999
http://dx.doi.org/10.1109/50.923475
http://dx.doi.org/10.1109/50.923475
http://dx.doi.org/10.1364/AO.46.004768
http://dx.doi.org/10.1364/AO.46.004768
http://dx.doi.org/10.1364/OL.35.002466
http://dx.doi.org/10.1364/OL.32.001084
http://dx.doi.org/10.1364/OL.32.001084
http://dx.doi.org/10.1103/PhysRevLett.92.213902
http://dx.doi.org/10.1103/PhysRevLett.92.213902
http://dx.doi.org/10.1049/el:19920042
http://dx.doi.org/10.1049/el:19920042
http://dx.doi.org/10.1103/PhysRevA.71.053809
http://dx.doi.org/10.1103/PhysRevA.72.043816
http://dx.doi.org/10.1103/PhysRevA.77.023814
http://dx.doi.org/10.1103/PhysRevE.75.016613
http://dx.doi.org/10.1103/PhysRevE.75.016613
http://dx.doi.org/10.1103/PhysRevLett.85.2937
http://dx.doi.org/10.1103/PhysRevLett.85.2937
http://dx.doi.org/10.1103/PhysRevA.80.013815
http://dx.doi.org/10.1364/JOSAB.27.001139
http://dx.doi.org/10.1364/JOT.76.000187
http://dx.doi.org/10.1002/lpor.200710041
http://dx.doi.org/10.1364/OL.32.002408
http://dx.doi.org/10.1364/OL.30.001888
http://dx.doi.org/10.1364/OL.30.001888
http://dx.doi.org/10.1364/AO.49.002665
http://dx.doi.org/10.1364/AO.49.002665

	1. Introduction
	2. Experimental setup
	3. Experimental results
	4. Conclusions
	References

