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Abstract: We present results of a numerical simulation and analysis of various regimes of
passive mode-locking of fiber lasers including a single pulse and multipulse operation,
bound states of solitons, and harmonic passive mode-locking. Our results on the multipulse
regimes consist of the multihysteresis dependences of a number of pulsesin the laser cavity,
of pulse peak intensities and an intracavity radiation energy on a pump power. The
analysis of mechanisms of an intersoliton interaction in the laser cavity has been
performed. The opportunity of the coding of information with the use of bound soliton
sequences has been demonstrated. Various mechanisms for control of intersoliton
interactionr are proposed.
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1 Introduction

Lasers generating ultrashort optical pulses areehywigmployed in diversified
areas of science, technology, and engineering .[ITPE great diversity of
applications of ultrashort pulse lasers calls fottfer development and perfection
of this type of quantum generators. At the predané, one of main ways for
creation of perfect ultrashort pulse sources iateel to passive mode-locked fiber
lasers [3—6]. These lasers have unique potengigliiThey are reliable, compact,
flexibility, low cost. The nonlinear losses based the nonlinear polarization
rotation technique are fast, practically inertiaefr For them the depth of the
modulation and the saturating intensity are easbntrolled through the
orientation angles of intracavity phase plates. Thneat variety of operating
regimes is an important feature of this type oétasThey can operate either with
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a single pulse in the laser cavity or in a multiplelse regime. The latter is
connected with the effect of a quantization of dntvity lasing radiation into
individual identical solitons [7-9]. Lasers opengtiin multiple pulse regimes
demonstrate multistability: the number of pulsesaim established operation
depends on initial conditions [8-9]. Analogical iregs are realized in lasers with
another mechanisms of nonlinear losses (semicoodsaturable absorber mirror,
saturable absorbers based on quantum dots, cadmaiuibes, graphene and so on
(10)).

The type of a soliton interaction plays a crucialerin the established
multiple pulse regimes of fiber lasers. In the cafepulse attraction, bound
solitons structures can be formed. Such structumese theoretically and
experimentally investigated by many authors [11-Fgjssibility of a realization
of strong bonds between solitons-{0% of an individual soliton energy) was
found in the paper [16]. As this takes place, stestdtes of pair interacting
solitons form a two soliton molecule with a seteofergy levels corresponding to
various types of bonds between pulses. With a fighi® effect the high-stable
noise-proof information sequences of bound solitoas be realized. In such
sequences a high-density coding of the informatonealized through various
distributions of different energy bonds along tbéten chains.

A long-range mechanism of repulsion of ultrasofsps results in the regime
of harmonic passive mode-locking [17-21] (the remimf a multiple pulse
generation in which distances between all neighgpmpulses take the same
value). The harmonic passive mode-locked fiberrlasge of great interest as
ultrashort optical pulse sources with a high reetirate which are employed in
high-speed optical communications. This lasing megican be also realized on
basis of a sequence of bound solitons with a sitgbe of a bond between
neighboring solitons which fills completely a totaser resonator. In this case the
expected rate of repetition of ultrashort pulsethoutput laser radiation is of the
order of inverse ultrashort pulse duration and legnin the terahertz frequency
range for sub-picosecond pulses [20,21].

A quantization of intracavity radiation into indiial identical solitos is a
useful phenomenon for a creation of ultrashortgglsnerators with a high rate of
a repetition of ultrashort pulses. The greater nemtif pulses in laser cavity
results in the greater rate of the repetition dégsiin output radiation. However,
this phenomenon is a serious obstacle for creatiagenerators with high energy
of individual pulses. Really, in consequence of thhenomenon an increase of
pumping results in an increase in number of pulséke laser resonator, thus the
energy of a individual pulse remains approximataly before. The effective
control of intersoliton interactions opens new appoities for management of
generation regimes of fiber lasers. For realizatibauch control it is necessary to
know the properties of soliton interaction at adamental level. In this paper we
present our results on a formation of multiple palsegimes connected with
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interaction of lasing solitons through a gain mediunertia-free nonlinear losses
and a nonlinear refractive index.

This paper is organized as follows. In Sec. 2 ves@nt the results on models
of passive mode-locked lasers with uniformly dimited intracavity medium. In
Sec. 3 we analyze phenomena due to lumped inttgcaleéments inducing
powerful soliton wings. Such wings result in a sgantersoliton interaction with
great bound energies. Section 4 is devoted to méxha of management of
interaction between solitons.

2 Models of Passive Mode-Locked Lasers with
Uniformly Distributed Intracavity Medium

2.1 Model with Complex Cubic Nonlinearity

2.1.1 Master Equation

In the first stage of our analysis we use the cemplormalized equation with a
cubic nonlinearity which describes the field evimntin a unidirectional ring laser
with a uniformly distributed intracavity medium [23]:

% =Dy +iD) 2% +[g+(prich J &

where E is the electric field amplituder is the time coordinate in units
a :1/|,82|L/2 (here B, is the second-order group-velocity dispersion tfue
intracavity medium and. is the cavity length)¢ is the normalized propagation
distance (the number of passes of the radiatiautir the laser cavity)D, is the

frequency dispersion of the gain and the lineasdesD,; is the frequency
dispersions of the refractive indexp is the cubic nonlinearity of the losses

(p>0), q is the cubic nonlinearity of the refractive indelx,=|E|2 is the field

intensity in units (y{_)_l, where y is the dimensional nonlinear refractive

coefficient related to the nonlinear index coeéfit. The termg is the total
amplification including the linear losses;:

a

-— 2 g, 2
g 1+b[ 1dr 0 @
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where the integration is carried out over the whwlend-trip period,a is the
pumping parameter, and is the saturation parameter. Equation (1) is the
simplest equation taking into account a frequerispatsion of gain-losses and a
refractive index, a nonlinearity of losses and &aaive index, and also a
saturation of an amplification.

2.1.2 Results of analysis and numerical simulation

The model of passive mode-locking based on Eqsarftl)(2) describes only two
lasing regimes which are realized after a transpotess: an operation with
filling totally laser resonator with radiation amdregime with single ultrashort
pulse in laser cavity. The amplitude of the sirgieady-state pulse is described by
the expression

expliQr —idke)

E.=E -
*T 7% coshtia gr

3
where the peak amplitude of a pul&g, its reverse duratiors3, its frequency
chirp a, parametersQ and & are determined from a system of algebraic
equations. The temporal profile Ig = Io/cosh2 [1. The spectral profile of this
pulse is determined by the following analytical eegsion [24]

_ e sinh7zr

y ) , (4)
B a(coshm + cosh%]

where v is a frequency detuning from the center frequesitgoliton radiation.
With increasing chirpa the spectral profile changes from bell-shaped to
rectangle form (see Fig. 1(a)). Figure 1(b) shoke ¢hange of the frequency
chirp a on the plate{ =q/p, 6=D;/D, . Large chirpa resulting in the
rectangle spectrum is realized in the case of laedees of focusing nonlinearity
of a refractive indexq>0 and of normal dispersiorD; >0 (the left upper

quadrant in Fig. 1(b)).
The equation (1) has also solutions with indefigitecreasing amplitude

E - o during a transient process which are not correctibse of breakdown of
the condition pl <<1. In this case it is necessary to take into accoemnt terms

of the expansion of the nonlinear losses in a Tragries. For the analysis of
many problems it is sufficient to use the cubicrgiginonlinear losses.
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Figure 1
Spectra of ultrashort pulse described by Eq. (@).Spectral profiles of established solitons with
different chirps: (1)a =0, (2) a =1, (3) a =3, (4) a = 5. (b) Variation of the chirpy on the plane
of the nonlinear-dispersion paramete(é,&). For the dashed linex = ,Ofor the solid curves
a= i«/E , the arrows point the directions of maximal inee#n the chirpa . The spectral profiles in

the figure (b) demonstrate typical spectra for tinee areas separated from each other by the solid
curves.

2.1.3 Some Remarks

In the case ob =0, the gain is constant and the Eq. (1) is transéarninto the
following equation

ow .\ 0°W
_:(dl’ +Idi) 622

+ C+(c1+ic2)|\P|2]‘P, )

whered,, d,, c, ¢, c, are constant parameters. This equation was obitéine

the paper [26] for an analysis of hydrodynamicatabilities. This equation has
also the solution in the form (3). However, theréses the principle distinction
between Eg. (1) and Eg. (5). Equation (1) hasstakile solution in the form of a
single stationary soliton described by Eq. (3), buthe case of Eq. (5) such
stationary solution is always unstable. In the @deq. (1) the stabilization of the
single pulse solution is realized through a saitomanf the amplificationg . If the

parameter of the gain saturation is equal to 2erd) (see Eq. (2)) then Eq. (1) is
transformed into Eqg. (5). In addition, B; =d; =0 andg=c, =0 then Eqgs. (1)
and (5) is transformed into Fisher-Kolmogorov etpraf27-29].

The simplest model of a passive mode-locked laased on Egs. (1) and (2)
adequately describes many properties of lasin@shiort pulses. However, this

model does not describe multipulse passive modéddgc Such description
becomes possible at the account of dependenceeohdhlinearity p on an

intensity | . This dependence appears at high values of péasity of pulses.
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The solution with an infinite growth of the fielchtensity is due to
imperfection of the model for nonlinear losses: whatually happens in real
experimental systems is that the decrease in losgesot be greater than the
linear losses. In this regard the following fornr fbe change in the nonlinear
losses is more realistic

p p
50 = —p=- . 6)
1+[gf* 1+[Ef*

2.2 Passive Mode-Locked Laser with Saturable Absody

2.2.1 Master Equation

Replacing in Eq. (1) the termpl by the term pI/(1+I) (see Eg. (6)), we obtain
the following master equation

oE . \0%E p .
2= = (D, +iD;)Z=+| g+| ——+iq |l |E, 7
i Gl ) {9 (1“ IqH )

which describes a laser generation more adequdtké/gaing is determined by

Eqg. (2). In the case of the small intensltg<1 Eq. (7) is transoformed into into
Eq. ().

2.2.2 Results of Numerical Simulation

The typical transient evolution and the steadyestgieration for passive mode-
locking of a laser described by Eqg. (7) is shownFig. 2. The temporal
distribution of the intensityl (r) is presented as the function of the number of

passes¢ of radiation through the laser cavity. The muéiplulse initial condition

with various amplitudes of pulses models the vaganf amplitudes of initial
noise pulses. It might be well to point out thaargzteristics of individual pulses
in the steady state are identical. This is thecefftd a quantization of intracavity
radiation into individual identical solitons. Theetdiled information on the
dependence of number of pulsMsin steady state on pump powaris presented
in Fig. 3. As can be seen from this figure, theatefence of pulse numbé&t on
pumping a is a many-valued function; that is, the generattomultistable. The
number of pulses in an established regime dependmital conditions. The
number of possible steady states increases witteasing pump power. Such
dependenceN on a is realized for both normal and anomalous disper®; of

refractive index.
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Transient process and steady-state multipulse  Multistability and the  multihysteresis
operation in a passive mode-locked laser. dependence of the number of pulsds in
steady state on pump powar.

2.2.3 Discussion

The mechanism of appearance of new pulses in gérengith increasing pump
power and the physical nature of the quantizatbmadiation into individual
identical solitons in passive mode-locked lasersvimvestigated and discussed in
details in previous papers [9,25]. In the analysisthese phenomena, it is
necessary to take into account the dependence @riplificationg on the total

energy of the intracavity radiation (see Eq. (2)).

In the case of harmonic passive mode-locking, thétipulse generation due
to the quantization of the intracavity lasing rdia into individual identical
solitons is a very useful effect; the greater thenber of pulses in a laser cavity,
the higher the pulse repetition rate in the outpudiation. In the case of creation
of generators of high-energy pulses, the radiatjoantization effect is a very
harmful phenomenon. It prevents an increase irettezgy of an individual pulse
with increasing pumping. Suppression of multiputgeeration for obtaining a
lasing regime with a single high-energy pulse i@ ldser resonator provides new
opportunities for increasing the pulse energy.

The authors of [6] used a model of nonlinear losdescribed by an
additional term with a quadratic dependence omaitg. In this case, an infinite
increase in intensity is suppressed due to suclerdmce. It was found that
within the framework of this model with certain hioear-dispersion parameters
the pulse shape became rectangular and its enargype arbitrarily high. This
phenomenon was termed a dissipative soliton resenand it is of interest for
designing high-energy pulse lasers. ConditiongHeroccurrence of a single pulse
and multipulse operation with increasing pump weo¢ studied. Interaction of
pulses through a common gain medium was ignored.task about competition
and coexistence of ultrashort pulses in passive esiocked lasers under
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dissipative-soliton-resonance conditions with aoréasing pump power is of
great interest for understanding of potential @ thser regime.

2.3 Competition and Coexistence of Ultrashort Pulgein Passive
Mode-Locked Lasers under Dissipative-Soliton-Resomee
Conditions

2.3.1 Master Equation

For our analysis we use the following master eguwatilescribing the field
evolution in a unidirectional ring laser based dw® tmodel of a distributed
intracavity medium with a quadratic complex dispmisand a cubic-quintic
complex nonlinearity [24,30]:

0E _ \0%E . v 2
a_c_(Dr+|Di)a7+[g+(p+|q)l ~(p, +ig, )1 ?E, 8)
The gain is determined by Eq. (2). We analyze #wme of normal dispersion
D; <0. The term pl describes nonlinear losses that decrease witleasorg

| 2

intensity | . The term p, is due to nonlinear losses that increase with

increasingl . In the case of such nonlinear losses, the graimthe peak intensity
of pulses is limited by the valué,,, ~ p/ P, - A similar limitation of the peak

intensity occurs in passive mode-locked fiber Iaseith nonlinear losses due to
the nonlinear polarization rotation technique [Ryjuation (8) takes into account
the gain saturation through the dependence of #éinangeterg on the energy of

the intracavity radiation (see Eq. 2)). This di§f&tqg. (8) from the equation used in
[6,28], where the parametey is a constant.

The scalar model described by Eq. (8) gives tent@oré spectral profiles of
a stationary single pulse that are qualitativetyilsir to the corresponding results
obtained using a vector model of passive mode-tackor fiber lasers [9]. At the
same time, this simpler model provides a betterewstdnding of the various
features of passive mode-locking. These factomrdehe the use of the model (8)
for the analysis of the investigated regimes ofsjpa@s mode-locking of fiber
lasers.

2.3.2 Results of Numerical Simulation and Discussio
Using Egs. (8), (2), we studied the features ofghssive mode-locking observed

with a limitation of a decrease of nonlinear loss@th increasing intensity.
Numerical simulation was performed with the focgsinonlinearity q and
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various values of the normal dispersidn. Plots of the number of intracavity
pulses in steady-state operatidth versus pump powea are presented in Fig. 4.

@ (b)
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Figure 4

Number of pulsesN vs. pump powera . (a) Dj =-20, (b) Dj =-28 Other parameters afy =1,
p=1 gq=18 0gy=1 p,=3 @, =0 andb=001.

Increase in the number of pulses in a laser cawith increasing pump
power a is common for models of nonlinear losses takirtg account that their
decrease with increasing intensityis limited (see Fig. 4(a)). However, as one
can see from Fig. 4(b), in the case of a high nodispersionD; , this is not so.
The single pulse operation regime is retained wiitreasing pumping. This
regime is stable because the amplificatignoutside the volume of the pulse

remains negative as the pump poweis increased.
(@ (b)
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Figure 5

Dependence of the temporal (a) and spectral (Hllgs®f a steady-state pulse on the pump power
Laser parameters are the same as in Fig. 4(b).

Figure 5(a) shows that with increasing pump powaethe peak intensity of
the steady-state pulse initially increases and tieenains constant while its bell-
shaped form is transformed into a rectangular dhgrther increase in the
pumping a results in a monotonic increase in the duratiorthef rectangular
pulse. This transformation of the stationary pugsassociated with the stabilizing
quadratic nonlinearity of the lossgs, in Eq. (8). The corresponding change in
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the pulse spectrum is shown in Fig. 5(b). As thempypower a is increased, a
bell-shaped top appears in the rectangular speutodile (see Fig. 5(b)). Further
increase in the pump power leads to the growthhefhell-shaped part of the
spectrum and the rectangular spectral profileaadformed in this way to a bell-
shaped one. The amplificatiog outside the pulse becomes negatige 0,

which prevents the appearance of new pulses ifatiez cavity from spontaneous
radiation with increasing pump power. Accordinghyjth increasing pump power
a, the energy of a single pulse can be arbitrasifgé at a corresponding level of

pumping.

In the case of dissipative soliton resonance, passiode-locked lasers also
show multistability (see Fig. 4(b)): the numberstdtionary pulses in steady-state
operation depends on the initial conditions. Openawith initial pulses differing
in duration becomes steady-state operation withtidal pulses. Single-pulse
operation is obtained only with a single initiallgior with small initial pump
power a . With increasing pump power, the single-pulse afien is retained.

The phenomenon of dissipative soliton resonanceuis to the specific
dependence of nonlinear losses on the intengity=—pl +p2I2. At low

intensity, these losses decrease with  increaisitgsity. In contrast, at high
intensity, they increase as the intensity is inseela As a result, in the case of
dissipative soliton resonance, the peak intenstygtabilized at a certain level
Il max ~ P/ P, @and the pulse becomes rectangular. A similar digere is

observed in passive mode-locked fiber lasers wlith monlinear polarization
rotation technique. Correspondingly, the analysishe generation dynamics of
these lasers based on the vector model also |eadsctangle pulses and the
specific spectral dependence presented in Figed67a(see Fig. 4 in [9]). Thus,
dissipative soliton resonance is a rather commbanpmenon and can be
observed in real lasers with passive mode-lockiipe scalar model (8)
adequately describes the phenomenon studiedsigisficantly simpler than the
vector model and provides a better understandinghefmain features of the
passive mode-locking process related to dissipatiliton resonance.

Smaller nonlinearities of the refractive index dadyer values of the normal
dispersion promote dissipative soliton resonaridés phenomenon provides
new opportunities for the design of high-energyspuasers.

2.3.3 Some Remarks

In the case ob =0 (the gain saturation is ignored), the gain is tammsand the
equation (8) is transformed into the Thual-Faegeation

2
LI NI

-10-
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whered,, d;, c, ¢, C,, C3, C, are constant parameters. Thual and Fauve first

observed stable stationary pulses in numerical raxgats in the frame of this
equation [30]. Here the gain saturation is ignomswd stabilization of the
stationary soliton is realized through the quimiimlinearity c;. Using Eqg. (9) the

authors of papers [14,15] investigated the regifi@oond solitos. In the frame of
this equation the effective interaction betweerit@as$ is realized only for short-
range equal to several widths of an individualtsali In the frame of Eq. (9) the
phenomenon of dissipative-soliton-resonance wasyzed in the paper [6]. In
this case the stationary soliton becomes be umstdiilis instability is due to
incorrect ignoring of the gain saturation. It iscessary to notice, that the
saturation of amplification is one of primary factavhich determines work of the
generator.

3 Models of Passive Mode-Locked Lasers with Lumped
Intracavity Elements

3.1 Passive Mode-Locked Fiber Laser with Nonlinear
Polarization Rotation Technique

The type of an interaction between solitons pkagsucial role in the steady-state
multiple pulse operation of passive mode-lockednaslodels with uniformly
distributed intracavity nonlinear-dispersion mediutemonstrates only short-
range interaction between solitons which is eqoakéveral soliton durations.
Models with lumped intracavity elements shows agloange interaction. The
long-range interaction is realized by the followiwgy.The soliton circulating in
the laser cavity periodically experiences pertludret caused by lumped nonlinear
losses and various intracavity components. Aftatheperturbation, the soliton
emits a dispersive wave. Constructive interferebetveen these waves forms
powerful spectral sidebands and powerful extendsgiios wings. These wings
result in long-range interaction and provide tharfation of bound steady states
of interacting solitons with a large binding enerdp fiber lasers with the
nonlinear polarization rotation technique, the noedr losses are essentially
lumped.

3.1.1 Master Equation
The laser resonator contains a polarization costystem including the following

sequentially arranged components: a half-wave ppkde with orientation angle
a5 with respect to thex axis, a quarter-wave plate (orientation anglg), a

-11-
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polarizing isolator (the passing axis is parallelthe x axis), and a second
quarter-wave plate (orientation angte ) [9]. The polarization control system

produces nonlinear losses that form ultrashortgsuils the laser resonator.

For our analysis of a fiber laser with the nonlingmlarization rotation
technique, we use the following equations
% _(
¢

D, +iD; )(:TE+ G+iq|E|2]E, (10)
Enea(r) = -7lcodpl , +ap)coday —as)+isin(pl , +ao)sina; + a3 )JE, (7). (12)

Equation (10) describes the evolution of the fieldhe fiber. Equation (11)
connects the amplitudes of the electric field befand after then-th pass of
radiation though the polarization control system.

3.1.2 Multipulse Operation and Hysteresis Phenomena

The investigated passive mode-locked laser denatastthe transient process and
multihysteresis phenomena which are analogicahéopresented in Figs. 2, 3.

The corresponding changes in the intracavity rastiag¢nergyJ :j I (r)dr and in
the peak intensity of intracavity identical pulsesare shown in Fig. 6.

300

100 |-

Figure 6
Multihysteresis dependences of the intracavityiatémh energyJ (a) and the peak intensitly, (b)

on pumpinga.

3.1.3 Bound States and Information Sequences

In this Section for our numerical simulation we dawsed typical parameters of
Er-doped fiber laser with anomalous net dispersiogroup velocity. The solitons
have powerful wings which result in a strong intti@n between solitons. The
pair of such solitons is united in the stabilityrrf@tion with a large binding
energy — highly-stable “two soliton molecule”. Thadiation energy of such

-12-
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molecule is less than the energy of two solitoree@d from each other on a long
distance. The binding energy for two solitons iis timolecule takes the discrete
set of values shown on Fig. 7. Large binding emsrdor the low energy steady-
states are due to powerful wings of solitons.

0 4
3
41
8 2 2 -
J, % 121 |
16 1 -
-20
241 oL )
1 0 256 512
-28 L
T
Figure 7 Figure 8

Binding energy of two solitons in steady-states . . .
. . . . Stable molecule chain of bound solitons with
J expressed in relative units (the binding

the ground and first excited types of bonds in
which the number 10122013 is coded in
binary system 100110100111001100011101.

energy divided by the energy of a single soliton).

For the all odd levels, the field functions areisymmetric E, (r): -Ey (—r) if

the origin of the coordinate =0 corresponds to the point equally spaced from
the peaks of the solitons. In this case, the paaksiitudes of two solitons are in
opposite phase @ = ). For all even steady-states the field functiome a

symmetric E (r) = E, (—r) and the peak amplitudes of two solitons have #mees
phase 0¢ =0).

One of the usual way of coding the information ft&r transfer through
optical communication fiber lines consists in tlodldwing. In equidistant initial
sequences of pulses, some pulses are removedsds @&wo positions (a pulse is
present and a pulse is absent) which are requirethé coding of the information
in binary system (zero and unit). Displacement amefge of pulses in such
information ultrashort pulse sequences, that is tuearious types of technical
perturbations including noise radiation, resultddss of the information. There
are various ways of increase of a tolerance toetlpesturbations. Among them
there is an increase in distance between the neigitb pulses in initial pulse
sequence. However, this way results in the decriead®e speed of a transfer of
information. In this Section we consider the noadin regime of propagation of
pulse information sequences. The interaction ofjimsoring pulses results in the
stabilization of this sequence. Because variousedymf bonds between
neighboring pulses can be realized, accordingly,abding of the information in
such sequences can be realized through variousbdigins of types of bonds
between neighboring pulses along a soliton tralmariks to powerful wings, the

-13-
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binding energy for such solitons appears high, gravides the high degree of
tolerance against various perturbations in the a#ssuch sequences. Dense
packing of pulses in such sequence provides higledpf transfer information.
Due to large binding energies, such multisolitonenoles are highly-stable and
noise-proof. Placing several initial pulses on a@ertdistances from each other,
after transient process we have obtained statiofrapfecular chains” with any
desirable distribution of types of bonds betweerghgoring solitons along a
pulse train. Such sequence is realized more simfily a use of the ground and
first excited types of intersoliton bonds for whitche binding energies are
especially great.

Figure 8 shows such information soliton sequencewirich the number
10122013 is coded in binary system (10.12.201%ésdata of § International
Conference on Optics Photonics and their Applicetie ICOPA’2013. Here the
ground type of a bond (smaller distance betweesgsjlcorresponds to unit and
the first excited type of a bond (the greater distabetween pulses) corresponds
to zero. In binary system this sequence correspotalsthe number
100110100111001100011101, that in decimal systethdsnumber 10122013.

Really, 12%* +12%% + 0(2%* +-.- +1[2' +12° =10122013

Such soliton trains are highly stable formationdie Thigh stability is
primarily due to large binding energies. Furtherepdhere exists a second reason
of the high stability. It consists in the followinghe perturbation energy which
was initially localized in the vicinity of some padf bound solitons is quickly
collectivized among all solitons of the train. hetnumerical simulation we have
used the random radiation noise to prove this lgiabi his noise induces up to
10\% fluctuations of peak intensities of solitong Hoes not change the structure
of soliton sequences.

3.2 Passive Mode-Locked Fiber Laser with Lumped Satable
Absorber

3.2.1 Properties of Lasing Regimes

Lumped saturable absorber can be based on variaterials: carbon nanotubes,
graphene, saturable absorbers based on quanturarttbtso on [10]. In this case
the equation Eq. (11) is replaced by the followdmg

En+1(r)=En(r>ex;{— j 12)

1+ plniri

This equation describes the change in the fieldeuitd pass through the lumped
saturating absorber, wherg, is the losses for a weak field, here is the

parameter of a saturation. We have studied the &tom of bound states of

4=



3rd International Conference on Optics Photoniastharir Applications ICOPA’2013 Algiers

interacting solitons and obtained analogical rasak for the case of nonlinear
losses due to the nonlinear polarization rotatemnique.

In this case the powerful soliton wings are alsalired. These powerful wings
result in large bound energies of interacting mul§®r both cases of a realization
of nonlinear losses we have used sufficiently clasenlinear-dispersion
parameters of the investigated laser systems.

3.2.2 Mechanism of Formation of Powerful Long-Rang&oliton Wings

Large bounding energies of interacting solitonsdare to their powerful wings. In
this section we analyze reasons resulting in suolgsw Figure 12(b) demonstrates
the additional structure on the bell-shaped spegrefile of a single soliton
which has the spectrum sideband form. Sidebandrgéme in soliton spectrum is
a well-known phenomenon. The sidebands result iorimterference between the
soliton and dispersive waves. Such dispersive waregmitted by a soliton when
it circulates in a laser resonator and periodicakperiences perturbations caused
by the lumped intracavity components. The interfeee of such wave during
several circulations forms the powerful long-ranggngs of solitons. This
mechanism does not work in the case of a contifyadistributed intracavity
nonlinear-dispersion medium. In this section weckhthe hypothesis about a
formation of powerful soliton wings at the expew$aispersive waves.

We study passive mode-locked laser with the contibinaf the uniformly
distributed saturable absorber and the lumpedadariabsorber. To follow the
change of properties of soliton wings due to disperwaves and correspondingly
of properties of steady-states we reduce the madmiof the lumped saturable
absorbers, up to zero. Simultaneously we increase the vafude distributed

nonlinear lossewr,; thus that the total losses for a weak signal fog pass of a

field through the resonator remain constant. If dwpothesis is true, thus
dispersive waves should weaken up to zero and niditade of soliton wings
should decrease that will result in the changeroperties of bound steady-states.

90

Figure 9
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(a) Change in spectrum of single ultrashort pulse @) in its wing intensity with the change in a
value of lumped part of saturable absorlsgr: (1) s, =1, (2) s, =075, (3) sy =0. The total

value of nonlinear losses including lumped andrithisted parts remains the same.

J, % 35 | .‘..

Figure 10
Bound energy for the first excited steady-statetvad soliton molecule with changing value of a
lumped part of a saturable absorlsgr.

Figure 9(a) shows the spectral change in a singliéos with increasing
lumped part of nonlinear losses, . One can see the decrease and disappearance

of sidebands in the soliton spectrum. Figure 9fiows the decrease of the soliton
wing with decreasing lumped part of nonlinear lessEigure 10 shows the
decrease of a bounding energy for the first excitzhdy-state of a pair of
bounding solitons with decreasing valugg. These results demonstrates the role

of dispersive waves in a formation of powerful s wings which determine
properties of bound steady-state of interactingtwm and their long-range
interaction.

4 Management of Interaction between Solitons

4.1 Spectral-Selective Control of Soliton Interactin

In the paper [29] we have proposed a way to comfmlinteraction of dissipative
solitons in fiber lasers. It is based on an addélonarrow spectral selection of
intracavity radiation. Such selection allows usdalize the long distance wings of
intracavity dissipative solitons with control of thotheir phases and their
frequencies. As an important result, the type tdriction (attraction or repulsion)
can be managed. The interaction type depends oméheing of the central
frequency of the selector from the centre of thectjal gain band. We presented
the qualitative picture of peculiarities of an naetion of pulses in the
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investigated laser system. Among these peculigyitibere arises the relation
between the spectral bandwidth of the selectorstréssion and the distance of
interaction between pulses, the dependence ofdiiters velocity with respect to

the frequency detuning of the selector transmisBimm the centre of a gain band,
and so on. The results obtained are of great isitémecontrol the operating regime
of fibre lasers through the control of the intei@etof intracavity solitons, among
which is the harmonic passive mode-locking. Theyy akso be of importance to
control the interaction of ultrashort pulses irefiltcommunications lines.

4.2 Control of Soliton Interaction by Continuous Exernal
Optical Injection

In the paper [30] we have shown by numerical sittathat the nonlinear
interaction between a laser soliton and an injectethochromatic continuous
wave results in their phase locking. As a consecgietine velocity of the soliton
begins to depend on the amplitude and frequendhefnjected radiation. It has
been found that if the frequency of the externanal coincides with the
frequency of the dispersive waves emitted by saditin a laser cavity with
lumped intracavity elements (see Fig. 11(a)), &hmaism for controlling long-
range soliton interaction occurs. This mechanismelated to the interference
between the injected wave and the dispersive wanedved in the strong long-
range interaction between solitons. We have demretest the mechanism of
soliton-soliton repulsion and, as its consequentige occurrence of harmonic
passive mode-locking (see Fig. 11(b)).

@

20

10 |

Ll

10 125 15

Figure 11
(a) Spectrum of an individual soliton and an ingectmonochromatic wave falling in a right spectral
Kelly sideband. (b) Transient process and estaddifiarmonic passive mode-locking.

Conclusions

On basis of numerical simulation we have studied Hasic features in a
realization of single pulse and multiple pulse apien of passive mode-locked
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fiber lasers. It is found that the multihysteredépendence of a number of pulses
on pump results in an analogical multihysteresigeddence for the intracavity
radiation energy and for the peak intensity of tdmh solitons. Bound steady-
states of a two soliton molecule are determined. hdge demonstrated the
possibility to form information soliton sequenceighnany desirable distribution
of the types of bonds between neighboring pulsesgaboliton trains. Thanks to
large values of binding energies, such sequences aahigh level of stability
against perturbations. It is found that dispersiaees emitted by solitons because
of lumped nonlinear losses form powerful solitonngd resulting in great
bounding energy of interacting solitons in steatites. Compitition of ultrashort
pulses under dissipative-soliton-resonance condititnas been investigated.
Various mechanisms for control of intersoliton naietionr are proposed.
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