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Reverse saturable absorption is essential for the realization of dissipative solitons. In this paper, we introduce reverse
saturable absorption by using nonlinear multimode interference (NL-MMI), for the first time, to the best of our knowl-
edge, and obtain a stable dissipative soliton operation. By adjusting the coupling efficiency from multimode fiber to single
mode fiber, the absorption properties of NL-MMI can be switched between saturation and reverse saturation. The dissi-
pative soliton can be obtained with pulse width of 975 fs in the experiment, the 3-dB bandwidth at 1555 nm is 16 nm,
and the maximum output power is 11.48 mW. The nonlinear absorption optical modulation and high damage threshold
characteristics of the NL-MMI based ultrafast optical switch provide a new idea for realizing dissipative solitons.

Keywords: multimode interference, laser mode-locking, abnormal saturable absorption

PACS: 42.55.Wd

1. Introduction

Dissipative solitons (DSs) have attracted much attention
due to the balance between the ultrashort pulse and large
energy.!!:?) The excellent output performance is suitable for
applications ranging from optical communication to ultra-
precision machining.®*! To design a DSs fiber laser, there
are several critical factors that require careful consideration.
The balance among nonlinearity, dispersion, gain, and loss de-
termines the mode-locking mechanism. Compared with the
traditional soliton, the dissipative soliton is not a closed-loop
system, but a dynamic balance system that continuously ex-
changes energy with the outside world. The dynamical bal-
ance between loss and gain is the key to a stable dissipative
system. In dissipative soliton mode locking based on the two-
dimensional materials, the reserve saturable absorption is real-
ized by triggering two-photon absorption or multi-photon ab-
sorption of two-dimensional materials, but this triggering is
unfavorable for generating ultrashort pulses.>~'#1 Moreover,
dissipative solitons based on nonlinear polarization rotation
(NPR) and nonlinear optical loop mirror (NOLM) have higher
damage threshold. However, the flexibility of fiber determines
that these methods are vulnerable to environmental impact and
lose locking.

Recently, the mode-locking based on nonlinear multi-
mode interference (NL-MMI) has attracted attention. The
principle of mode-locking based on NL-MMI is to introduce a
section of multimode fiber into the oscillator, and employ the
NL-MMI in multimode fiber (MMF) to control the coupling
efficiency of beam from MMF to single mode fiber (SMF) to
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obtain nonlinear saturable absorption, and realize the mode
locking.[">-191 Compared to the two-dimensional materials,
the obvious superiority of NL-MMI is high optical-power ther-

e,29] and the realization of

mal damage and oxidation resistanc
nonlinear saturable absorption by coupling efficiency modula-
tion means that the polarization state of beam is not required.
However, the length of MMF has precise requirements for the
realization of mode locking, and the modulation depth of non-
linear saturable absorption based on stretch MMF is limited,
which brings great limitations to the application of mode lock-
ing based on NL-MMI.

In this paper, we obtain the tunable modulation depth
based on NL-MMI optical switch from positive (saturable)
to negative (reverse saturable), and realizes a stable dissipa-
tive soliton operation. By inserting two pieces of grad-index
multimode fiber into an erbium-doped fiber laser, 975 fs pulse
duration with 28.15 MHz repetition rate dissipative soliton is
obtained, whose central wavelength is 1555 nm, and the aver-
age power is up to 11.48 mW. Dissipative soliton by combin-
ing saturable and reverse saturable absorption provides a new
method for all-fiber mode-locked lasers with high energy.

2. The characteristics of the GIMF-based opti-
cal switch

The GIMF-based optical switch, as shown in Fig. 1, con-
sists of a segment of GIMF (GI 50/125, YOFC), and L is
the length of GIMF, which is sandwiched between two seg-
ments of single mode fiber (SMF, SM28e, YOFC). Ignoring
the reflected loss, the propagating light field from the SMF ex-
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cites many guided modes at the splicing point between SMF
and GIMF. The excited modes in GIMF interfere with each
other in the propagating process to form multimode interfer-
ence (MMI), which causes the self-imaging.

SMF1 SMF2

Fig. 1. The schematic of GIMF-based ultrafast optical switch.

The self-imaging point emerges at periodic intervals
along the propagation direction of the GIMF, and Lj, is the
beat length, which is the distance between the two adjacent
self-imaging points, L, = TRV/2A, while R is the core radius
of GIMF, and A is the refractive index difference between core
and cladding of GIMF. By gradual increase of the injected
power, the excited modes in GIMF generate phase difference
due to the nonlinear birefringence, and the self-imaging point
moves in the propagation direction, which causes the change
in the coupling efficiency of light from GIMF to SMF. All the
modes interfere with each other when they recouple back to
the second section of the SMF. The SMS is coiled on PCs, and
the measured relative power transmission of SMF-GIMF-SMF

can be given by[?!]

T=1+2v/x(l—x)cos(2m(ny —na)L/A+¢@), (1)

where k is the coupling coefficient of the fundamental mode,
ny and ny are refractive indexes of two modes, L is the length
of the multimode fiber, and ¢ is the additional phase shift of
the excited modes, which is caused by the nonlinear birefrin-
gence. In the experiment, the GIMF is coiled on the paddles of
PC, and the ¢ of GIMF can be tuned by adjusting the stress ap-
plied on the fiber by changing the orientation angle of paddles.
The additional phase shift ¢ can be expressed as

¢ = arctan (tan (8; — &) cos2Q), 2)

where 01 and &, are the stress-induced birefringence inten-
sity of the two modes, and €2 stands for the angle of the fast
axis orientation of the PC with respect to the x polarization
component assuming the same orientation angle for the two
modes. The saturable or reverse saturable absorption of GIMF

satisfies2224]

AB.L+ ¢ =m, 3)

where AB, = Bi—P;, B; and f3; are the propagation constants of
i-th mode and j-th mode. The saturable absorption of GIMF
can be excited when m is odd, and reverse saturable absorp-
tion of GIMF can be excited when m is even. In other word,
the beat length L, can be expressed as

(mz — @)

2
e @)

Equation (4) indicates that the beat length L, can be changed
by adjusting the additional phase shift ¢. When the length
of GIMF equal to L = mL,/2 and m is an odd integer,
the saturable absorption can be excited. Contrarily, when
m is an even integer, reserve saturable absorption can be

23261 Hence, saturable or reverse saturable absorption

excited.!
can be achieved by adjusting the additional phase shift ¢ rather

than by precisely controlling the length of GIMF L.
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Fig. 2. (a) The saturable absorption curve of GIMF, (b) the reverse sat-
urable absorption curve of GIMF.

The nonlinear transmission of GIMF is measured by I-
scan experiment. A homemade mode-locked fiber laser serves
as the light source, whose central wavelength is 1561.12 nm,
pulse duration is ~ 600 fs, and fundamental repetition rate is
25 MHz. An erbium-doped fiber amplifier (EDFA) is em-
ployed to amplify the optical pulse, by using an optical at-
tenuator. The average power could be deliberately controlled,
the output is divided into two parts by a 50:50 coupler, one
part of beam are injected into GIMF, and then the powers
are measured by power meters, and the pigtails of all de-
vices are SMFs. By adjusting the paddles of PC on GIMF,
two curves with saturable absorption and reverse saturable ab-
sorption can be obtained in the same GIMF, respectively, as
shown in Fig. 2, which indicates the nonlinear transmittance
of GIMF can be changed by adjusting the additional phase
shift. In the saturable region, the transmission with the wave-
length of 1561.12 nm is around 9% at the lower pulse fluence.
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With the increase of pulse fluence, the maximum transmission
of GIMF is around 17%, the modulation depth AT is about
~ 8.55%, and the saturation intensity g is 6.8 pJ/cmz, as
shown in Fig. 2(a). In the reverse saturable region, the trans-
mission is about 30%, by increasing the pulse fluence, the min-
imum transmission of GIMF can reach 22%, and the modula-
tion depth of saturable absorber is AT, = —7.8%, as shown
in Fig. 2(b).

3. Experimental setup

The experimental setup of all-fiber erbium-doped dissi-
pative soliton laser configuration is demonstrated in Fig. 3.
The laser cavity is built in a ring cavity where the mode-
locking is obtained via CA-GIMFs ultrafast optical switch, a
40 cm long erbium heavily-doped fiber (Er80-8/125, Liekki)
with group velocity dispersion (GVD) of ~ 15 ps/nm-km as
gain medium, which is simultaneously pumped by a single
mode 976 nm semiconductor laser module, coupled to the
ring cavity by a 980/1550 nm wavelength-division multiplex-
ing (WDM), and the maximum output is 2 W, a section of
0.85 m length dispersion compensation fiber (DCF) with GVD
of —152.6 ps/nm-km is added in the cavity to compensate the
dispersion to the normal dispersion region. Two pieces of
graded-index multimode fibers (GIMF) are introduced in the
ring cavity and compose a cascaded GIMFs (CA-GIMFs) op-
tical switch, which is used to excite the saturable absorption
and reserve saturable absorption. The coupling efficiency of
multimode fiber and single mode fiber is adjusted by coiling
PC1 and PC2 on two GIMFs respectively. The polarization in-
dependent isolator (PI-ISO) guarantees the beam in the cavity
unidirectional transmission. The generated dissipative soliton
pulses are directed out by using a 90:10 coupler, and the total
length of the ring cavity is 6.87 m. The pulses are simultane-
ously monitored by an optical spectrum analyzer (AQ6370D,
Yokogawa) with the accuracy of 0.02 nm, and an autocorrela-
tion (FR-103XL, Femtochrome) connected to an oscilloscope
(DSOVO084A, Keysight).

Fig. 3. Structure of positive dispersion mode-locked fiber laser.

4. Result and discussion

By fine adjustment of PC1 and PC2, the dissipative soli-
ton can be observed at the threshold of 400 mW, in the normal
dispersion regime. Figure 5(a) indicates the spectrum of DSs,
the center wavelength is 1555 nm, and the edge-to-edge of the
spectrum width is 15 nm. The spectrum demonstrates steep
side edges, which indicates the typical characteristics of dis-
sipative solitons. The pulse width of ~ 975 fs is observed in
Fig. 5(b), the pulse train are displayed in Fig. 5(c), and the
corresponding repetition rate is 28.15 MHz. The evolution
of DSs along the propagation direction in CA-GIMFs can be
represented in Fig. 4, which can be divided into five stages.
Firstly, the beam in SMF is transmitted in the form of con-
tinuous wave, and the fluctuation of light intensity is random.
When the beam incident into GIMF, the high-order modes are
excited and coupling between different mode forms periodic
self-imaging points in GIMF, in the second stage. However,
the peak power of the initial pulse is not fixed but changes
periodically due to the net positive dispersion of the cavity.
When the beam enters SMF from GIMEF, it makes the begin-
ning of the third stage. By adjusting the paddles of PCl1, the
additional phase shift ¢ can be modulated to satisfy the con-
dition of saturable absorption, and the pulse train with peak
power changed periodically propagates in SMF2. When the
pulse train propagates to GIMF2, the MMI also excites peri-
odic self-imaging points, PC2 is finely adjusted to make the
introduced additional phase @ satisfy the reverse saturable ab-
sorption, the pulses with high peak power are clamped and
make the pulse train have a uniform peak power. The dissipa-
tive soliton is with the maximum average power of 11.48 mW
at the pump power of 800 mW, which corresponding to the
pulse energy is 0.41 nJ.

In order to verify the effect of reverse saturable absorp-
tion on the establishment of dissipative solitons, we remove
the GIMF2 with reverse absorption part from the cavity. By
adjusting the paddles of PC and PCI, the pulse train with
periodic fluctuation intensity are observed at the threshold
pump power of 400 mW, which possess the characteristics
of dispersion-managed soliton, and no dissipative soliton or
harmonic mode-locking can be obtained by increasing the
pump power up or adjusting the paddles of PCs. The spec-
trum and pulse train of output at pump power of 800 mW are
shown in Fig. 6. The central wavelength remains unchanged
at 1555 nm, but the 3-dB bandwidth of the spectrum is nar-
rowed to 1 nm, as shown in Fig. 6(a). It should be noted
that some satellite-peaks are symmetrically distributed on both
sides of the main peak, which indicates the existence of period-
ically modulated pulses in the cavity. Figure 6(b) records the
dispersion-managed soliton pulse train, and Fig. 6(c) shows
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the details by zooming-in the horizontal coordinate. The pulse
width of dispersion-managed soliton is in the order of fs, and
the pulse width oscillates periodically. It is attributed to the
imbalance of nonlinearity and dispersion in the net positive
dispersion region, which also causes the periodic modulation

of the self-imaging beat length L, in GIMF, and the periodic
change of beat length leads to the fluctuation of coupling ef-
ficiency from GIMF to SMF. It indicates that the reverse sat-
urable absorption of CA-GIMFs can suppress the high peak
power of the pulses.
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Fig. 4. The principle of dissipative soliton fiber laser based on CA-GIMFs ultrafast optical switch.
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Fig. 5. Characteristics of the mode-locking pulses based on CA-GIMFs. (a) The optical spectrum, (b) autocorrelation trace of pulses, (c) the
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5. Conclusion

In this paper, the all-fiber dissipative soliton laser at
1.55 pum is realized based on the combination of saturable and
reverse saturable absorption. In the experiment, a CA-GIMFs
is employed to serve as an ultrafast optical switch. By fine
tuning the PCs, the coupling efficiency between GIMF and
SMF in CA-GIMFs is controlled, makes the CA-GIMFs have
both saturable and reverse saturable absorption characteristics,
and the modulation depths of saturable and reserve saturable
absorption can reach 8.55% and —7.8%, respectively. The en-
ergy of the dissipative solitons is up to 0.41 nJ with the width
of 975 fs, and the maximum average power is 11.48 mW. This
method based on the combination of saturable and reserve sat-
urable absorption nonlinear optical modulation properties pro-
vides a new idea for realizing soliton dissipation and increas-

ing single pulse energy.

References

[1] Cabasse A, Martel G and Oudar J L 2009 Opt. Express 17 9537

[2] Lefranois S, Liu C H, Sosnowski T S, Galvanauskas A and Wise F W
2011 Proceedings of SPIE - the International Society for Optical Engi-
neering 7914 79141

[3] LiM, Zou X, Wu J, Shi J D, Qiu J F and Hong X B 2015 Appl. Opt. 54
8800

[4] Liu X 2014 General Assembly & Scientific Symposium IEEE

[5] Yan D, Li X L, Zhang S M, Han M M, Han H Y and Yang Z J 2016
Opt. Express 24 739

[6] Wang N, Cai J H, Qi X, Chen S P, Yang L J and Hou J 2018 Opt.
Express 26 1689

[7]1 Zhang H, Tang D Y, Wu X and Zhao L M 2009 Opt. Express 17 12692

[8] Lee D, Park K, Debnath P C, Kim I and Song Y W 2016 Nanotechnol-
ogy 27 365203

[9] Zhao C J, Huang B, Liu J, Tang P H and Wen S C 2016 Progress in
Electromagnetic Research Symposium (PIERS) IEEE

064215-4


http://dx.doi.org/10.1364/OE.17.009537
http://dx.doi.org/10.1117/12.875243
http://dx.doi.org/10.1117/12.875243
http://dx.doi.org/10.1364/AO.54.008800
http://dx.doi.org/10.1364/AO.54.008800
http://dx.doi.org/10.1109/URSIGASS.2014.6929427
http://dx.doi.org/10.1364/OE.24.000739
http://dx.doi.org/10.1364/OE.24.000739
http://dx.doi.org/10.1364/OE.26.001689
http://dx.doi.org/10.1364/OE.26.001689
http://dx.doi.org/10.1364/OE.17.012692
http://dx.doi.org/10.1088/0957-4484/27/36/365203
http://dx.doi.org/10.1088/0957-4484/27/36/365203
http://dx.doi.org/10.1109/PIERS.2016.7735245
http://dx.doi.org/10.1109/PIERS.2016.7735245

Chin. Phys. B 31, 064215 (2022)

[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]

[18]

Wang M, Zhu J, Zi Y, Wu Z G, Hu H, Xie Z, Zhang Y, Hu L and Huang
W 2021 J. Mater. Chem. A 9 12433

Huang W, Zhu J, Wang M, Hu L, Tang Y, Shu Y, Xie Z and Zhang H
2020 Adv. Funct. Mater. 31 2007584

Huang W, Ma C, Li C, Zhang Y and Zhang H 2021 Nanophotonics 9 8
Huang W, Zhang Y, You Q, Hang P, Wang Y, Huang Z N, Ge Y, Wu L,
Dong Z, Dai X, Xiang Y, Li J, Zhang X and Zhang H 2019 Small 15
1900902

Zhang J, Jiang T and Zhou T 2018 Photon. Res. 6 C8

Nazemosadat E and Mafi A 2013 J. Opt. Soc. Am. B 30 1357

Fu S J, Sheng Q, Zhu X S, Shi W, Yao J Q, Shi G N, Norwood R A and
Peyghambarian N 2015 Opt. Express 23 17255

Wang Z K, Wang D N, Fan Y, Li L J, Zhao CL, Xu B, Jin S Z, Cao S
Y and Fang Z J 2018 Opt. Lett. 43 2078

Li HH, Wang Z K, Li C, Zhang J J and Xu S Q 2017 Opt. Express 25
26546

[19]

[20]

[21]
[22]

[23]

[24]

[25]
[26]

064215-5

Yang F, Wang D N, Wang Z K, Li L J, Zhao CL, Xu B, Jin S Z, Cao S
Y and Fang Z J 2018 Opt. Express 26 927

ChenHJ, LiuM, YaoJ, Hu S, He J B, Luo AP, Xu W C and Luo Z C
2018 Opt. Express 26 2972

Khattak A, Tatel G and Li W 2018 Appl. Sci. 8 1135

Zhan H W, Jin L, Zhang H, Xu Y T, Shi L L, Wang T B, Chen H C,
Wang D T and Ma X H 2019 Opt. Commun. 4527

Zhan H W, Jin L, Xu Y T, Zhang H, Shi L L, Wang T B, Pan W and
Ma X H 2019 Appl. Opt. 58 5788

Wang T B, Jin L, Zhang H W, Pan W, Zhang H, Xu Y T, Shi LL, Li Y,
Zou Y G and Ma X H 2020 Ann. Phys.-Berlin 532 2000018

Zhao Y, Jin Y and Liang H 2011 Photonics & Optoelectronics IEEE

Hatta A M, Semenova Y, Rajan G and Farrell G 2012 Opt. Laser Techn.
42 1044


http://dx.doi.org/10.1039/D1TA02027G
http://dx.doi.org/10.1002/adfm.v31.10
http://dx.doi.org/10.1515/nanoph-2020-0134
http://dx.doi.org/10.1002/smll.201900902
http://dx.doi.org/10.1002/smll.201900902
http://dx.doi.org/10.1364/PRJ.6.0000C8
http://dx.doi.org/10.1364/JOSAB.30.001357
http://dx.doi.org/10.1364/OE.23.017255
http://dx.doi.org/10.1364/OL.43.002078
http://dx.doi.org/10.1364/OE.25.026546
http://dx.doi.org/10.1364/OE.25.026546
http://dx.doi.org/10.1364/OE.26.000927
http://dx.doi.org/10.1364/OE.26.002972
http://dx.doi.org/10.3390/app8071135
http://dx.doi.org/10.1016/j.optcom.2019.07.004
http://dx.doi.org/10.1364/AO.58.005788
http://dx.doi.org/10.1002/andp.v532.5
http://dx.doi.org/10.1109/SOPS.2011.5780514
http://dx.doi.org/10.1016/j.optlastec.2010.01.028
http://dx.doi.org/10.1016/j.optlastec.2010.01.028

	1. Introduction
	2. The characteristics of the GIMF-based optical switch
	3. Experimental setup
	4. Result and discussion
	5. Conclusion
	References

