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Observation of bound states of solitons in a passively mode-locked fiber laser

D. Y. Tang
School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore

W. S. Man and H. Y. Tam
Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

P. D. Drummond
Physics Department, The University of Queensland, Brisbane, Australia
(Received 26 March 2001; published 17 August 2001

We report on an experimental observation of bound states of solitons in a passively mode-locked fiber
soliton ring laser. The observed bound solitons are stable and have discrete, fixed soliton separations that are
independent of the experimental conditions.
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Bound states of solitons known as high-order soliton sofiber, whose group velocity dispersion+isl ps/nmkm. The
lutions of the nonlinear Schdinger equatiofNLSE) have  nonlinear polarization rotation techniqUéd5] is used to
been extensively studigd—5]. A bound state of solitons of achieve the self-started mode locking in the laser. To this
the NLSE is formed because two or more fundamental soliend, a polarization-dependent isolator together with two po-
tons coexist, and they have the same Ve|0city and locate éqtrization controllers is used to adjust the polarization of
the same position. Recently, another form of bound soliton§ght in the cavity. The polarization-dependent isolator and
has also been theoretically predic{&] to exist in nonlinear ~ the polarization controllers are mounted on a 7-cm-long fiber
dynamical systems such as the Ginzburg-Landau equatid?len,Chv with 'WhICh accurate po!arlzatlon adjustments. can be
[7,8], and the coupled nonlinear Sékinger equationgg]. ~ €asily obtained. The laser is pumped by a pigtailed
In contrast, the formation of these bound solitons is due to &MxG8-1ASP semiconductor diode of wavelength 1480 nm.
direct interaction between the solitons, and the propagationW© OUtput ports, one locates before the erbium-doped fiber,
of them is characterized by the fact that the solitons havé&nd the other one after, have been used to outlet the soliton
discrete, fixed separations. p_ulses out of th_e laser cavity. The output of the_ laser is tgken

It is well known that the dynamics of passively mode- V12 two 10% fiber couplers and analyzed W|th_ an o_ptlcal
locked fiber soliton lasers can be well modeled by the comSPectrum analyze(HP 70004A and a commercial optical
plex Ginzburg-Landau equatidii0,11. The same equation autocorrelatofinrad 5-14-LDA. _ , ,
also describes the soliton propagation in the long-distance Multiple soliton operations can be easily achieved in a
optical transmission liné2—13. It would be expected that Passively mode-locked fiber soliton laser. However, due to
the predicted bound states of solitons could be observed iffi€ Unavoidable environmental perturbations and the interac-
these systems. However, to the best of our knowledge, so f4lon Petween soliton and dispersive waves, the phases of the
no bound states of solitons of this form have been experiS0litons vary randomly, which causes a random interaction
mentally confirmed in the systems. bet_ween the solltqng. To experimentally suppress the rapdom

Two effects in optical fibers are detrimental to the forma-SOliton phase variations, we have developed a novel intra-
tion of the predicted bound states of solitons. One is th&@Vity phase-locking technique to synchronize the random-

Raman effect. Theoretical studies have shown that a strorgf1as€ change of solitons. To this end, we build up a very

Raman effect destroys the bound solités Another one is

the random-phase variations of the solitons, which cause: 7em
random soliton interactions. Although in fiber soliton lasers,
the influence of the Raman effect can be significantly re-
duced by the effect of laser gain dispersjdd], no efficient
way has been found to suppress the random relative phas
variations between solitons. In this paper, we report on an
experimental observation of bound states of solitons in a
passively mode-locked fiber soliton laser. We confirm experi-
mentally the existence of stable bound states of solitons witt
discrete, fixed soliton separations.

Our experiment is conducted on a passively mode-lockec
fiber soliton ring laser. A schematic of the laser configuration
is shown in Fig. 1. The laser cavity is about 10 m long,
which comprises of a 4-m long 2000 ppm erbium-doped fi- FIG. 1. A schematic of the fiber soliton laser sethfs, quarter-
ber with a group velocity dispersion of abottlO ps/nmkm  wave plate;\/2, half-wave plate; Pl, polarization-dependent isola-
and two pieces of 3-m-long single-mode dispersion-shiftedor.
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bound, we can reduce the cw mode strength by reducing the
pump power.
a) In our laser, the pulse duration of the fundamental soliton
/ is about 310 fs when measured after the erbium-doped fiber
v A and assuming a sech-form pulse profile, and 340 fs measured
J\/ \ before it. The variation of the soliton pulse duration along
] \ the laser cavity is due to the average soliton effect of the
/ M laser[17]. The soliton separation between the bound solitons
¥ shown in Fig. 2b) is measured to be about 1160 fs. Two
Y, Y methods have been used to work out the soliton separation.
7 One is that we first measure the period of the soliton spectral
it SPAN 0.8 a modulation, and then calculate the pulse separation based on
the spectral modulation frequency. The other one is to di-
rectly measure the soliton pulse separation by using an opti-
A (b cal autocorrelator. Within the experimental error range, both
1 methods have given the same value, showing that the spec-
A tral modulation observed in Fig.(1® is actually a result of
U the closed soliton separation. The pulse separation of the
bound solitons is roughly 3.5 times of the soliton pulse du-
ration, suggesting strongly that the state of bound solitons is
W formed due to the direct interaction between the solitons.
{’“ A We emphasize that the observed bound states of solitons
’\V - are very stable. Although in our experiment no effort has
TR AT T been taken to reduce the environmental perturbations, which
are in fact quite strong in our experiments. Once the bound
FIG. 2. Typical soliton spectra of the laser observ@liSoliton  state is obtained, it can remain there for several hours.
spectrum with the coexistence of a strong cw compor@htSpec- Changing the experimental conditions such as the pump
trum of a bound state of soliton. power, etc., does not change the soliton separation and their
phase relationship. Another significant feature of the ob-
strong(cw) laser field in the laser cavity, which coexists with served bound solitons is that no matter how we change the
the solitons. By carefully setting the cw mode-frequency po-experimental conditions, such as changing the wave plates’
sition in the soliton spectrum, a phase locking between onerientations and stressing the fibers, as long as the bound
of the dynamical modes of the solitons and the cw modestates of solitons are obtained, the bound solitons will always
takes place automatically. In this way, the phase variations dfiave the same discrete, fixed separations that in our laser are
all the solitons in the laser cavity can be synchronized teeither 1160 or 2280 fs. No other values of soliton separations
those of the cw mode except for an arbitrary phase constantave been observed. Fixed, discrete soliton separations are
Details of the phase-locking principle and techniques will beanother characteristic of the bound states of solitons pre-
reported elsewhergl6]. dicted in[6,7,9. Again, our experimental results confirm the
Bound states of soliton are observed in our laser after thgsroperty of the bound solitons. However, we point out that in
the random relative-phase variations between the solitons amir experiment, the observed soliton separations have almost
suppressed. Figure 2 shows a typical spectrum of a bounafixed relationship of a factor of 2, which although is well in
state of solitons observed. For comparison, we have alsagreement with the theoretical prediction of the coupled non-
shown the soliton spectrum of the laser before the solitonfinear Schrdinger equations modé¢b], the phase relation-
are bound together. Except for the coexistence of a strong cship between the observed bound states does not have a pi
spectral component in the center of the soliton spectrum, thphase change. While considering that the solitons in our laser
spectrum shown in Fig. () has typical characteristics of are in fact not exactly the nonlinear Schilger equation
those also observed in other fiber soliton lasers. Specificallyolitons but the complex Ginzburg-Landau equation solitons,
the sidebands caused by the periodic perturbations of thihis discrepancy could then be explained.
laser gain and losses are clearly seen. The spectrum of the To check if the soliton separation varies periodically
bound solitons shown in Fig.(B) is strongly modulated, along the laser cavity, as in the case of bound solitons of
which is a direct consequence of a very close soliton sepaNLSE, we have measured the soliton spectra and pulse sepa-
ration in the time domain. The spectral modulation has aations at each of the two laser output ports. Figure 3 shows
rather symmetric structure with a dip in the center, indicatinga comparison of the measured soliton autocorrelation traces.
that the phase difference between the bound solitons iBoth traces give exactly the same soliton separation. At dif-
roughly pi as predicted theoretically if6,7,9. Although ferent positions of the laser cavity, the soliton spectral modu-
bound states of a zero phase difference between the solitotetion becomes slightly asymmetric, indicating a small rela-
have also been theoretically predicted, in all of our experitive phase change between the solitons. This small phase
ments no such bound states of solitons have been observathange could, however, be attributed as a result of the aver-
A strong cw component is necessarily required to get theage soliton effect of the laser. Despite the fact that the indi-
bound state of solitons, however, once the solitons areidual soliton pulse duration itself varies along the laser cav-
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FIG. 4. A typical autocorrelation trace showing the coexistence
=) of multiple-bound solitons.
§ the laser cavity, in the stable state only bound states of soli-
o ton are observed. Solitons in the laser cavity will automati-
5 , cally pair together and form bound states of solitons. To
. i demonstrate this feature, we show in Hga long scan of the
= f f\ autocorrelation traces. Within the scan range, there are three
5 pairs of solitons. We have further studied each of these three
;& B ‘ / IERY, \ pairs of solitons in detail. We found that each of them forms
a bound state of solitons, and in particular, all of the bound

; : states of solitons have exactly the same soliton separation
Time (1ps/div.) and phase relationship. However, the separations between the
) bound states of solitons are not fixed. We observed that when
FIG. 3. Autocorrelation traces measu_red at t_he two output ports, o pair of solitons was generated or an existing pair was
Z;té?ethlzse;:(a) Mg.‘”"sured before the gain mediuth) Measured  yoqiroved, the separations between the bound states of soli-
gain medium. tons changed.

In conclusion, we have experimentally observed a type of
ity, the soliton separations between the bound solitons rebound states of solitons in a passively mode-locked fiber
main constant, which is in good agreement with thesoliton laser. The observed bound states of solitons are char-
theoretical prediction§6,7,9. acterized as being very stable, and have discrete, fixed soli-

In a previous paper we have shown that, by carefullyton separations. Comparing the pulse separation of the bound
adjusting the pump power, one can creé&e destroy the  solitons with that of the individual soliton pulse duration, it
soliton in the laser cavity one by ofi#8]. We found that the shows that the formation of the observed bound solitons is
number of the bound states of solitons can also be controlledue to a direct interaction between the solitons in the laser.
in the same way. However, in the case of bound solitonsAll of these properties of the observed bound solitons are in
instead of a single-soliton pulse being creat@ddestroyeg good agreement with those of theoretical predictions. This is
a soliton pair in the form of bound states will be created  experimental evidence of bound states of soliton of this form
destroyed In particular, when multiple solitons coexist in observed in a passively mode-locked fiber laser.
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