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We present results of our research on a multiple-pulse operation of passive mode-locked Þber lasers. The research has been
performed on basis of numerical simulation. Multihysteresis dependence of both an intracavity energy and peak intensities of
intracavity ultrashort pulses on pump power is found. It is shown that the change of a number of ultrashort pulses in a laser
cavity can be realized by hard as well as soft regimes of an excitation and an annihilation of new solitons. Bound steady states
of interacting solitons are studied for various mechanisms of nonlinear losses shaping ultrashort pulses. Possibility of coding of
information on basis of soliton trains with various bonds between neighboring pulses is discussed. The role of dispersive wave
emitted by solitons because of lumped intracavity elements in a formation of powerful soliton wings is analyzed. It is found
that such powerful wings result in large bounding energies of interacting solitons in steady states. Various problems of a soliton
interaction in passive mode-locked Þber lasers are discussed.

1. Introduction

Lasers generating ultrashort optical pulses are widely em-
ployed in diversiÞed areas of science, technology, and
engineering [1Ð7]. Applications of such lasers range from
testing of ultrahigh speed semiconductor devices to precision
processing of materials, from triggering of tracing chemical
reactions to sophisticated surgical applications in medicine.
These lasers are used for study of ultrahigh speed processes in
atomic and molecular physics, in solid-state physics, and in
chemistry and biology. They are employed for investigation
of light-matter interactions under ultrahigh intensity levels.
Lasers of ultrashort optical pulse with a high repetition rate
are a key element in high-speed optical communications.
Ultrashort pulse lasers are extensively used for micromachin-
ing, biomedical diagnostic, in light detection, and ranging
(lidar) systems, and so forth.

The great diversity of applications of ultrashort pulse
lasers calls for further development and perfection of this
type of quantum generators. At the present time, one of main
ways for creation of perfect ultrashort pulse sources is related

to passive mode-locked Þber lasers [8Ð16]. Nonlinear losses
forming ultrashort pulses in Þber lasers are usually realized
by the nonlinear polarization rotation technique. These
lasers have unique potentialities. They are reliable, compact,
ßexible, and of low cost. Such generators can be conveniently
pumped with commercially available semiconductor lasers.
The nonlinear losses based on the nonlinear polarization
rotation technique are fast, practically inertia-free. For them,
the depth of the modulation and the saturating intensity are
easily controlled through the orientation angles of intracavity
phase plates. The great variety of operating regimes is
an important feature of this type of lasers. Indeed, these
lasers have demonstrated bistability between continuous
wave and mode-locking regimes, spike operation, and Q-
switching [17, 18]. They can operate either with a single
pulse in the laser cavity or in a multiple-pulse regime.
The latter is connected with the e� ect of a quantization
of intracavity lasing radiation into individual identical
solitons [17Ð21]. Lasers operating in multiple-pulse regimes
demonstrate multistability: the number of pulses in an
established operation depends on initial conditions [17, 20].



2 International Journal of Optics

The dependence of the number of pulses on pumping and
on orientation angles exhibits hysteresis phenomena [22].
Analogical regimes are realized in lasers with another mecha-
nisms of nonlinear losses (semiconductor saturable absorber
mirror (SESAM), saturable absorbers based on quantum
dots, carbon nanotubes, graphene, and so on [23Ð25]).

The type of a soliton interaction plays a crucial role
in the established multiple-pulse regimes of Þber lasers
[26Ð30]. In the case of pulse attraction, bound solitons
structures can be formed. Such structures were theoretically
and experimentally investigated by many authors [11, 13, 16,
26, 28, 30Ð32]. Possibility of a realization of strong bonds
between solitons (� 10% of an individual soliton energy) was
found in the paper [33]. As this takes place, steady states of
pair interacting solitons form a two-soliton molecule with
a set of energy levels corresponding to various types of
bonds between pulses. With a use of this e� ect, the high-
stable noise-proof information sequences of bound solitons
can be realized. In such sequences, a high-density coding of
the information is realized through various distributions of
di� erent energy bonds along the soliton chains.

A long-distance mechanism of repulsion of ultrasort
pulses results in the regime of harmonic passive mode-
locking [34Ð37] (the regime of a multiple-pulse generation in
which distances between all neighboring pulses take the same
value). The harmonic passive mode-locked Þber lasers are of
great interest as ultrashort optical pulse sources with a high
repetition rate which are employed in high-speed optical
communications. This lasing regime can be also realized on
basis of a sequence of bound solitons with a single type of
a bond between neighboring pulses which Þlls completely
a total laser resonator. In this case, the expected rate of
repetition of ultrashort pulses in the output laser radiation
is of the order of inverse ultrashort pulse duration and can
lay in the terahertz frequency range for subpicosecond pulses
[38, 39].

A quantization of intracavity radiation into individual
identical solitons is a useful phenomenon for a creation of
ultrashort pulse generators with a high rate of a repetition of
ultrashort pulses. The greater number of pulses in laser cavity
results in the greater rate of the repetition of pulses in output
radiation. However, this phenomenon is a serious obstacle
for creation of generators with high energy of individual
pulses. Really, in consequence of this phenomenon, an
increase of pumping results in an increase in number of
pulses in the laser resonator, thus the energy of an individual
pulse remains approximately as before.

The e� ective control of intersoliton interactions opens
new opportunities for management of generation regimes of
Þber lasers. For realization of such control, it is necessary to
know the properties of soliton interaction at a fundamental
level. In this paper, we present our results on a formation
of multiple-pulse regimes connected with interaction of
lasing solitons through a gain medium, inertia-free nonlinear
losses, and a nonlinear refractive index. The paper contains
the original results on the multihysteresis dependence of
the lasing energy characteristics (a total energy of an
intracavity radiation, peak intensities of individual solitons,
an ampliÞcation coe� cient, etc.) on pumping, the results

Systemof
nonlinear losses

Pump
power

Optical Þber

Figure 1: Schematic representation of the investigated ring passive
mode-locked Þber laser.

on the realization of hard and soft regimes of excitation
and annihilation of solitons in a laser cavity under multiple-
pulse operation, and the results on an interaction of solitons
through dispersive waves (these waves are emitted by solitons
because of lumped elements in a laser cavity). For a
completeness of a description of these phenomena, we also
discuss earlier our results on the given subjects (a soliton
quantization, information ultrashort pulse trains in Þber
lasers with the nonlinear polarization rotation technique,
etc.).

This paper is organized as follows. InSection 2, we
present the results on multihysteresis phenomena due to a
competition and a coexistence of solitons in a laser cavity.
Section 3is devoted to bound steady states related with
the interaction of solitons through an interference of their
wings in a intracavity medium with fast nonlinear losses
and Kerr nonlinearity of refractive index. InSection 4, we
analyze the interaction of solitons in Þber laser with lumped
saturable absorber.Section 5is devoted to mechanisms of
a realization of powerful long-distance soliton wings which
are connected with dispersive waves emitted by solitons
because of lumped intracavity elements. Such powerful
wings result in a strong intersoliton interaction with great
bound energies. InSection 6, we discuss the presented
results. The most important ones from them are presented
in Section 7.

2. Multiple-Pulse Operation and Hysteresis
Phenomena in Fiber Lasers

The laser under investigation is schematically represented
in Figure 1. The system forming nonlinear losses through a
nonlinear polarization rotation technique was described in
detail in [20]. For isotropic Þber, it involves all necessary
elements for the polarization control. In this system, a
radiation passes sequentially through the Þrst quarter wave
plate, the second half wave plate, the polarizer, and the third
quarter wave plate. The space orientation of the three phase
plates is determined by the angles� 1, � 2, � 3, respectively
(� i is an angle of one eigenaxis of a corresponding plate
with respect to the passing axis of the polarizer). After
the polarizing isolator, the electric Þeld has a well-deÞned
linear polarization. Such state of polarization does not
experience polarization rotation in the Þber because the
rotation angle is proportional to the area of the polarization
ellipse. Consequently, it is necessary to place the third
























