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We present results of our research on a multiple-pulse operation of passive mode-locked bber lasers. The research has been
performed on basis of numerical simulation. Multihysterestpehdence 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 Pber lasers are discussed.

1. Introduction to passive mode-locked Pber laséB1[6]. Nonlinear losses
) . ) forming ultrashort pulses in Pber lasers are usually realized

Lasers generating ultrashort optical pulses are widely emsy the nonlinear polarization rotation technique. These
ployed in diversibed areas of science, technology, angsers have unique potentialities. They are reliable, compact,
engineering 167]. Applications of such lasers range from gexible, and of low cost. Such generators can be conveniently
testing of ultrahigh speed semiconductor devices to precisio umped with commercially available semiconductor lasers.
processing of materials, from triggering of tracing chemicalrhe nonlinear losses based on the nonlinear polarization
reactions to sophisticated surgical applications in medicinerotation technique are fast, practically inertia-free. For them,
These lasers are used for study of ultrahigh speed processegi depth of the modulation and the saturating intensity are
atomic and molecular physics, in solid-state physics, and iasily controlled through the orientation angles of intracavity
chemistry and biology. They are employed for investigationhase plates. The great variety of operating regimes is
Lasers of ultrashort optical pulse with a high repetition rate|asers have demonstrated bistability between continuous
are a key element in high-speed optical communicationsyayve and mode-locking regimes, spike operation, and Q-
Ultrashort pulse lasers are extensively used formicromachinswitching [L7, 18. They can operate either with a single
ing, biomedical diagnostic, in light detection, and rangingpulse in the laser cavity or in a multiple-pulse regime.
(lidar) systems, and so forth. The latter is connected with the ect of a quantization

The great diversity of applications of ultrashort pulseof intracavity lasing radiation into individual identical
lasers calls for further development and perfection of thissolitons [L721]. Lasers operating in multiple-pulse regimes
type of quantum generators. At the present time, one of maindemonstrate multistability: the number of pulses in an
ways for creation of perfect ultrashort pulse sources is relatedstablished operation depends on initial conditiof,[20].
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The dependence of the number of pulses on pumping and Optical bber
on orientation angles exhibits hysteresis phenome2fd. [

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 so28tR5)).

The type of a soliton interaction plays a crucial role
in the established multiple-pulse regimes of Pber lasers
[26B80. In the case of pulse attraction, bound solitons
structures can be formed. Such structures were theoreticalligure 1: Schematic representation of the investigated ring passive
and experimentally investigated by many authdrg [L3, 16, mode-locked bber laser.

26, 28, 30882 Possibility of a realization of strong bonds
between solitons (10% of an individual soliton energy) was

found in the paper B3. As this takes place, steady states of" the (egli;ation of _hard _and soft reg.imes of excit_ation
pair interacting solitons form a two-soliton molecule with and annihilation of solitons in a laser cavity under multiple-

a set of energy levels corresponding to various types (&ulse %pgratlon_, and the retshults on an |nteract|gt){1 gfbsolltcla_lt‘ns
bonds between pulses. With a use of thie&, the high- rough dispersive waves (these waves are emitted by solitons

stable noise-proof information sequences of bound solitond?6¢@use of lumped elements in a laser cavity). For a
(I)mpleteness of a description of these phenomena, we also

can be realized. In such sequences, a high-density codingg i It the ai biect lit
the information is realized through various distributions of ISCUSS earlier our resutts on the given subjects _(a soliton
quantization, information ultrashort pulse trains in bber

di erent energy bonds along the soliton chains. | th 1h i larizati tation techni
A long-distance mechanism of repulsion of ultrasort ;(s:e)rs wi € noniineéar polarization rotation technique,

pulses results in the regime of harmonic passive mode- Thi . ed foll Secti

locking [34E87] (the regime of a multiple-pulse generation in '? tﬂaper 'T’t organlzih af 0 .OWSH ction Zdwe ¢

which distances between all neighboring pulses take the sarReESENt the Tesults on mullinysteresis phenomena due 1o a

value). The harmonic passive mode-locked bber lasers are §fTPelition and a coexistence of solitons in a laser cavity.

great interest as ultrashort optical pulse sources with a hig ection 3'5. devoted fo bound steady states related W'.th
e interaction of solitons through an interference of their

repetition rate which are employed in high-speed opticalt ) X int i di ith fast i I
communications. This lasing regime can be also realized off'N9S " & Intracavity medium with 1ast noniinear l0Sses

basis of a sequence of bound solitons with a single type d’;}nd Kerr nonlinearity of refractive index. 18ection 4 we

a bond between neighboring pulses which blis completel nalyze the interaction of solitons in Pber laser with lumped
a total laser resonator. In this case, the expected rate turable absorbeSection 5is devoted to mechanisms of

repetition of ultrashort pulses in the output laser radiation a reahzatlont(ﬂ‘ pq\tl\k/]er(;w Iong-dlstance SOl'tQt? \éwr[l)gs W?'tCh
is of the order of inverse ultrashort pulse duration and candr€ connected wi ISpersive waves emitted Dy solitons

lay in the terahertz frequency range for subpicosecond puls >cause of _Iumped Intracavity e'e!“e”‘s- .SUCh. powerful
(38 3. wings result in a strong intersoliton interaction with great

bound energies. InSection 6 we discuss the presented
fresults. The most important ones from them are presented
in Section 7

~

System of
nonlinear losses

A quantization of intracavity radiation into individual
identical solitons is a useful phenomenon for a creation o
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 output2. Multiple-Pulse Operation and Hysteresis
radiation. However, this phenomenon is a serious obstacle pPhenomenain Fiber Lasers
for creation of generators with high energy of individual
pulses. Really, in consequence of this phenomenon, amhe laser under investigation is schematically represented
increase of pumping results in an increase in number ofin Figure 1 The system forming nonlinear losses through a
pulses in the laser resonator, thus the energy of an individuahonlinear polarization rotation technique was described in
pulse remains approximately as before. detail in [20. For isotropic Pber, it involves all necessary

The e ective control of intersoliton interactions opens elements for the polarization control. In this system, a
new opportunities for management of generation regimes ofadiation passes sequentially through the brst quarter wave
Pber lasers. For realization of such control, it is necessary tplate, the second half wave plate, the polarizer, and the third
know the properties of soliton interaction at a fundamental quarter wave plate. The space orientation of the three phase
level. In this paper, we present our results on a formationplates is determined by the angleg »,, 3, respectively
of multiple-pulse regimes connected with interaction of ( ; is an angle of one eigenaxis of a corresponding plate
lasing solitons through a gain medium, inertia-free nonlinearwith respect to the passing axis of the polarizer). After
losses, and a nonlinear refractive index. The paper containthe polarizing isolator, the electric beld has a well-debned
the original results on the multihysteresis dependence ofinear polarization. Such state of polarization does not
the lasing energy characteristics (a total energy of aexperience polarization rotation in the Pber because the
intracavity radiation, peak intensities of individual solitons, rotation angle is proportional to the area of the polarization
an amplibcation coecient, etc.) on pumping, the results ellipse. Consequently, it is necessary to place the third




































