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Conversion of a chirped Gaussian pulse to a
soliton or a bound multisoliton state in quasi-

lossless and lossy optical fiber spans
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The formation of single-soliton or bound-multisoliton states from a single linearly chirped Gaussian pulse in
quasi-lossless and lossy fiber spans is examined. The conversion of an input-chirped pulse into soliton states is
carried out by virtue of the so-called direct Zakharov–Shabat spectral problem, the solution of which allows one
to single out the radiative (dispersive) and soliton constituents of the beam and determine the parameters of
the emerging bound state(s). We describe here how the emerging pulse characteristics (the number of bound
solitons, the relative soliton power) depend on the input pulse chirp and amplitude. © 2007 Optical Society of
America
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. INTRODUCTION
ntegrable nonlinear systems have a special role in mod-
rn mathematics, physics, and various practical applica-
ions. In the context of nonlinear optics, the nonlinear
chrödinger equation (NLSE) [which is an example of a
idely applicable and thoroughly studied integrable non-

inear model solved by the inverse scattering transform
ethod1 (IST)] has played an important part in modeling

ignal propagation in single-mode optical fibers.2–5 Since
he NLSE possesses stable soliton solutions, it was pro-
osed to use soliton pulses for optical data transmission
nd storage (see, e.g., Refs. 2, 4–7 and references therein).
Some recent examples of applications of optical solitons

n these areas include all-optical regeneration using con-
ersion of return-to-zero (RZ) signals into conventional
olitons8,9 and all-optical picosecond-pulse packet buffers
ased on four-wave-mixing loading and intracavity soli-
on control.10 It was shown in Refs. 8 and 9 that the effi-
iency of carrier signal control can be enhanced by peri-
dic conversion of an RZ signal into a classical soliton.
he benefit of RZ signals [e.g., dispersion-managed (DM)
olitons] to fundamental soliton conversion is that the
tabilization of conventional solitons is more efficient
ompared with an arbitrary RZ pulse. The practical use of
rue NLSE solitons, however, requires that fiber loss is
ompensated exactly along the fiber span by distributed
mplification.
Recently, such a quasi-lossless fiber span has been

esigned11,12 and experimentally implemented11,13 using
n amplifier scheme that combines second-order bidirec-
ional pumping and fiber Bragg grating reflectors at the
econdary pump wavelength, which effectively converts a
0740-3224/07/061254-8/$15.00 © 2
ransmission span into an ultralong laser. It has been
emonstrated experimentally11,13 that this scheme allows
ne to effectively achieve quasi-lossless transmission over
pan lengths up to 75 km with virtually zero signal power
ariation. This result has paved the way for the practical
mplementation of integrable nonlinear systems in optical
ber devices. In practical terms, the quasi-lossless regime

s modeled here by the ideal lossless NLSE, so in what fol-
ows, we will not distinguish between the two.

In this paper, we revisit the problem of pulse-to-soliton
onversion in both lossless and lossy fibers. We consider
onversion of a linearly chirped Gaussian pulse—the
aveform, which is especially important for a variety of
ber-optics applications. For example, in the optical re-
eneration technique, a standard chirped-RZ signal (well
pproximated by chirped Gaussian pulses) is converted
nto the NLSE soliton for efficient filtering and then
aunched again into the fiber line.8,9 Also it is a known
act among the experimentalists that it is quite difficult to
ontrol the chirp for sech-shaped input pulses. Therefore
f one tries to produce supersoliton inputs N sech t with
arge N, the chirp becomes uncontrollable and difficult to
uantify. On the other hand, Gaussian pulses can be eas-
ly produced and controlled, which makes them perfect
andidates for the soliton sources. Another important rea-
on why we picked Gaussian pulse shapes in the first
lace is that the shape of a DM soliton is often quite close
o Gaussian. Therefore if one wishes to use the quasi-
ossless loop as a storage facility for DM solitons, it is cru-
ial to investigate how the DM pulse shape transforms
nto the integrable nonlinear Schrödinger solution and
ack.
007 Optical Society of America
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It is worthwhile now to clarify some terminology. His-
orically, in the context of the NLSE, the term “bound
tates” (breathers) was introduced in the original paper
y Zakharov and Shabat.1 It has become a common term
ver since and is widely used throughout the literature
edicated to the NLSE. In IST, the term bound states is
enerally understood in a sense that the individual soli-
ons in the pulse do not disperse and remain localized
bound). It is more typical, however, in nonlinear science,
o use this term for structures having nonzero binding en-
rgy. In this paper, we will nevertheless stick to the first
efinition and will use the term “bound-multisoliton
tate,” although these structures technically have zero
inding energy.
Note that the problem of conversion of the pulses hav-

ng different shapes into NLSE solitons has already been
tudied in various contexts, both analytically and
umerically,14–28 including the study of chirped Gaussian-
ype input pulses. Let us recall some of these results, in
rder to clarify what is new in our studies. The authors of
ef. 14 were the first who addressed the problem of the

ormation of multisoliton states emerging from chirped
nput pulses in the NLSE. Using the numerical solutions
f the associated direct Zakharov–Shabat scattering
roblem1 (ZSSP) attached to the NLSE (the input pulse
rofiles play the role of “potentials” for the associated
SSP), they inferred that the area theorem giving the
inimal value of the area of the monotonic unchirped in-

ut profile sufficient to create a soliton state, was no
onger valid for the chirped profiles. The authors of Ref.
4 also studied the multisoliton conversion of the chirped
aussian input profile but, however, the analysis was lim-

ted only to certain values of the chirp parameter. Later,
n Ref. 15, the author studied the generation of bright
patial soliton beams from a linearly chirped Gaussian in-
ut waveform (the direct form of the input pulse was also
omewhat different from that considered in the present
aper) and compared the results with those for sech-
haped input profiles to demonstrate the distinctions. The
esults obtained apply to a single-soliton regime, and an
pproximate analytical formula for the amplitude of the
merging soliton was derived in the case of unchirped
ulses. Burak16 dealt with a similar problem, but for real,
ymmetric, and spatially modulated Gaussian pulses. In
ef. 17, the authors demonstrated both numerically and
xperimentally, the breakup of a strongly prechirped sech
ulse into a train of fundamental solitons in lossless low-
ispersion optical fibers. A similar effect was considered
nalytically in Refs. 18 and 19, while in Ref. 20, the sta-
ility of linearly chirped sech pulses was demonstrated
umerically, In Refs. 21 and 22, a variational approach
as used to approximate the eigenfunctions (the so-called
ost functions) of the ZSSP associated with the different
nitial pulse shapes of the NLSE. This approach allowed
he approximate values for discrete ZSSP eigenvalues to
e obtained, which correspond to the bound multisoliton
tates, as a function of the input shape parameters.
owever, in Ref. 29, it was pointed out that the results of

ariational approaches can sometimes fail to correctly
escribe the spectrum of the ZSSP if the chosen ansatz
s not flexible enough; one example of such a case
s the interaction of solitons with radiation. In the
atter case, a special type of ansatz is required (see
ef. 30). In Ref. 23, a WKB approach was applied to the
roblem of soliton formation from a variety of different
hapes for the initial pulses, while in Ref. 25, a combina-
ion of variational and WKB methods was used to find the
ecomposition of the initial pulses into multisoliton
tates.

However most of the works cited apply to the single-
oliton regime and give only approximate values of the
SSP eigenvalues; in the current paper, we generally deal
ith a more complicated case when one needs to study
ultisoliton pulse decomposition. Moreover when con-

erned with the lossy case, no analytical solution for the
ssociated ZSSP is available at all, so we will resort to the
umerical solution of the associated ZSSPs.
To conclude the introductory part on multisoliton con-

ersion, it is worthwhile to mention that the integrability
f a system is not a necessary condition to attain stable
ulse propagation. One such example is provided by the
olitons in the DM systems mentioned earlier. A recent
aper31 proposes a new method of analyzing the soliton
ontent of the pulse, and the method does not rely on the
roperty of system integrability (and hence it does not in-
orporate the considerations based on the solution of the
ssociated direct-scattering problem), and it may be ap-
lied to nonintegrable systems such as DM transmission
ines.

In the present paper, we study soliton conversion in a
ber span both in the lossy and the quasi-lossless re-
imes. The numerical values of loss we use in our simu-
ations actually imply that the system is far from inte-
rable. In this case, we use a combination of a split-step
ourier method to propagate the pulse in a lossy fiber and
SSP analysis to study its spectral content at each point

n space. When solving the direct ZSSP numerically, we
se a well-documented piecewise constant approximation
or the potential (see, e.g., Ref. 26 for the detailed descrip-
ion). Though for the systems far from integrable, the de-
omposition into soliton “modes” via ZSSP itself is not
ery meaningful; its application makes perfect sense
hen one considers a span of lossy fiber immediately fol-

owed by a span of quasi-lossless fiber. Then the ZSSP
pectral content at the output of the lossy span deter-
ines completely the further integrable evolution of the

ulse. We will examine the conversion of the input-
hirped Gaussian pulses and determine how the charac-
eristics of the emerging soliton states, such as the num-
er of the bound states, the relative soliton power, and
amiltonian, depend on the amplitude and chirp of the

nput Gaussian pulse in both quasi-lossless and lossy re-
imes. Note that previously reported results on this
roblem15 were concerned with a single-soliton regime
nd lossless case only.
This paper is organized as follows. In Section 2, we de-

cribe the normalization of the NLSE in an optical fiber,
ntroduce basic scales, and describe the multisoliton de-
omposition addressed in the current paper. In Section 3,
e present results of numerical multisoliton decomposi-

ion of the chirped Gaussian pulse in the quasi-lossless
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egime. Section 4 presents a similar analysis for a 25 km
ossy fiber span.

. MODEL
he evolution of optical pulses along the fiber span is gov-
rned by the NLSE3:

i�z +
i�

2
� −

�2

2
�tt + ����2� = 0. �1�

his equation describes the propagation of a light enve-
ope ��z , t� in a lossy optical fiber with constant group-
elocity dispersion. Here �= �̃�0.1 ln 10 is the fiber
ower loss (recalculated from the corresponding quantity
measured in dB/km), �2 is the second-order dispersion

oefficient (measured in ps2/km), and � stands for the
onlinear coefficient (measured in W−1 km−1). It is cus-
omary to operate with Eq. (1) in dimensionless soliton
nits. More specifically, if we introduce the pulse width
0, the so-called dispersion length LD=T0

2 / ��2�, and the
haracteristic power P0= ��LD�−1, we can rewrite Eq. (1) in
imensionless rescaled units t→ t /T0 , z→z /LD , �

� /�P0 ,�→�LD, as

i�z +
i�

2
� �

1

2
�tt + ���2� = 0. �2�

he sign of the third term in Eq. (2) is determined by the
ign of the dispersion coefficient �2 in Eq. (1). In what fol-
ows, we will always assume constant anomalous disper-
ion ��2�0�, which corresponds to the “+” sign in Eq. (2).
e will now use the dimensionless notation and will re-

urn to the real world units only when a quantitative de-
cription is desirable. For the specific values of param-
ters, we use standard single-mode telecommunication
bers with �2=20 ps2/km, �̃=0.2 dB/km, and �
3 W−1 km−1. We will consider pulses of width T0=22 ps,
hich yield LD=25 km and P0=13 mW. The dimension-

ess loss is then computed as �=1.15. In the quasi-lossless
egime, of course, losses are neglected, and so in that
ase, one deals with the integrable version of the NLSE
ith �=0 in Eq. (2). In the absence of loss, it is known

hat Eq. (2) possesses a family of soliton solutions. Let us
rite down, for reference, the general form of a single-

oliton solution in the lossless case:

��z,t� =
2�

cosh�2��t − T0 + 2	z��
e−2i	t+i
0+2��2−	2�z. �3�

his anzatz defines four basic parameters of a single soli-
on: amplitude 2�, frequency (or velocity in time domain)
	, initial position T0, and initial phase 
0.
More generally in the absence of loss, the fundamental

nderstanding of the pulse behavior can be provided by
ecomposing the wave field into “normal” coordinates, i.e.,
he soliton and nonsoliton (quasi-linear radiation) compo-
ents, also termed as the nonlinear spectral data. Such a
ecomposition of an arbitrary profile implies the solution
f the associated direct scattering problem, i.e., ZSSP1:

d�1

dt
= ��2 − i��1,
d�2

dt
= − �*�1 + i��2. �4�

enerally, an initial condition ��0, t� gives rise to a con-
inuous real spectrum of eigenvalues � (associated with
he background radiation), and in addition to the continu-
us spectrum, the ZSSP can also support a discrete
pectrum—the finite number of complex-valued eigenval-
es �k=	k+ i�k located in the upper complex half-plane of
. The discrete part of spectrum is associated with the
oliton part of the solution and for each k, the real part of
he complex eigenvalue, 	k, is half the corresponding soli-
on frequency, and the imaginary part �k is half the soli-
on amplitude. The key to the IST technique is the fact
hat the discrete eigenvalues (soliton parameters) are in-
egrals of motion, which makes the evolution of spectral
ata with propagation distance, z, trivial. Another impor-
ant property of solutions is that the radiative part gen-
rally disperses away from the soliton solution after a suf-
cient propagation distance.29 Therefore, an arbitrary

ocalized input waveform ��0, t� asymptotically evolves
nto a multisoliton bound state with negligibly small cor-
ections due to radiative part (provided that there exists
t least one discrete eigenvalue of the ZSSP associated
ith the input profile).
The decomposition in the lossless case can be per-

ormed directly by inserting the chirped Gaussian pulse
nto a direct spectral transform solver. This gives us the
ependence of the eigenvalues and, therefore, the
symptotic multisoliton bound-state characteristics, on
he input pulse parameters. It is appropriate to note that
he analytical solution of the ZSSP is known just for a
imited number of input waveforms,32 and for the chirped
rofiles, one usually has to resort to approximate solu-
ions or numerical techniques.14,15 When dealing with
ossy propagation, we carry out the numerical integration
f the lossy NLSE (2) with a chirped Gaussian pulse as an
nput profile and then take the output profiles as the
SSP potentials for subsequent analysis. Eventually the
nal soliton-state characteristics are again analyzed as
unctions of the input shape amplitude and chirp values.

The lossless NLSE possesses an infinite number of con-
erved quantities (integrals of motion) that can be ex-
ressed in terms of scattering data. We will consider here
he following integrals of motion for the NLSE, which are
ften taken as the fundamental characteristics of the so-
ution: total pulse power, often referred to as the number
f bound quasi-particles, N:

N =�
−



dt���2, �5�

nd Hamiltonian H:

H =
1

2�−



dt���t�2 − ���4�. �6�

oth integrals of motion can be expressed through the
cattering data with the obvious decomposition into the
oliton and radiation contributions:
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N = 4�
k

�k +�
−



d�n���, �7�

H = 16�
k

�	k
2�k − �k

3/3� +�
−



d�h���, �8�

Total power and Hamiltonian are important quantities
ecause in the lossless case, being integrals of motion,
hey provide valuable information about the structure of
he solution. In the fiber-optical applications, one is inter-
sted in the amount of power actually contained in the
oliton part of a solution and how it compares with the to-
al power of the solution.

. MULTISOLITON DECOMPOSITION OF A
HIRPED GAUSSIAN
onsider a linearly chirped Gaussian initial pulse having

he form

�0�t,0� = A exp	−
1

2
�1 + iC�t2
 , �9�

here A is the pulse amplitude and C is the chirp param-
ter. Our goal is to carry out numerical spectral analysis
f the ZSSP (4) with the potential Eq. (9) inserted. The fol-
owing properties of ZSSP associated with the chirped
aussian profile are useful here14,15: (i) the scattering
ata are invariant under the change of the chirp sign, C
−C; (ii) the discrete eigenvalues for the chirped sym-
etric Gaussian profile Eq. (9) lie on the upper part of the

maginary half-axis of the � plane.
The numerical method for the solution of ZSSP, Eq. (4),

tilizes the piecewise constant approximation of the input
rofile26 used as a potential of the associated ZSSP. The
ensitivity of the method (i.e., the lower threshold of the
bsolute values for the eigenvalues above which we were
ble to recognize the presence of a new soliton) was ��k �
10−3.
The results of our analysis are given in Figs. 1–3. If one

ncreases the input profile amplitude, the number of soli-
ons evidently becomes bigger. However the increase of
he chirp value brings about the opposite effect tending to
iminish the number of solitons and also the quantities of
he power transferred into the soliton part as well as the
mount of the Hamiltonian associated with the solitons.
To illustrate the effect of the chirp on the number of

reated solitons in Figs. 4(a)–4(c), we show the propaga-
ion of the chirped Gaussian pulse in lossless optical fi-
ers [�=0 in Eq. (2)] for three different sets of input pa-
ameters. The following results were obtained by solving
he NLSE (2) with initial profile Eq. (9) using the second-
rder split-step Fourier method.3 The first graph [Fig.
(a)] corresponds to A=2,C=0, and the results of our
imulation demonstrate the creation of the two-soliton
ound state. The next one [Fig. 4(b)] corresponds to the
ame amplitude, but the value of the chirp �C=2� places
he system in the single-soliton regime [see the density
lot in Fig. 4(b)]. Spatial oscillations of the amplitude de-
ay slowly, approaching the predicted single-soliton am-
litude A �2.37. Finally, Fig. 4(c) corresponds to A
sol
2,C=7. In this case, one can observe that, in accordance
ith Fig. 4(c), no solitons were created during the propa-
ation. It is also instructive to plot explicitly the ampli-
ude threshold for the creation of 1, 2, 3 soliton states ver-
us the value of chirp as done in Fig. 5.

It is useful to point out the difference between the lin-
ar and nonlinear chirp where the phase variation decays
t the wings of the pulse. This difference was mentioned
n the paper by Desaix et al.19 For the linear chirp, the
umber of soliton states and net soliton power decrease
onotonically with the chirp for the sech-shaped pulses,
hich is in agreement with our results for the linearly

ig. 1. (Color online) Density plot of the number of solitons
numbers of discrete eigenvalues for the associated ZSSP, Eq. (4)]
enerated from the input-chirped Gaussian profile, Eq. (9), as a
unction of the amplitude A and chirp C values. Lossless case.

ig. 2. (Color online) Density plot of the relative power of the
olution, Nsoliton/ �Nradiation+Nsoliton�, see Eq. (7), generated from
he input-chirped Gaussian profile, Eq. (9), as a function of the
mplitude A and chirp C values. Lossless case.

ig. 3. (Color online) Density plot of the part of the Hamiltonian
soliton, see Eq. (8), transferred into the solitons generated from

he input-chirped Gaussian profile, Eq. (9), as a function of the
mplitude A and chirp C values. Lossless case.
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hirped Gaussian pulses, Figs. 4(a)–4(c). For the nonlin-
ar chirp (seeh-like phase function), there is the opposite
rend in the behavior of the number of solitons versus
hirp; also the initial pulse shape breaks into separating
olitons and so-called Y-shaped ZSSP spectra occur.18,19,23

one of this is observed in our case of linear chirp.

. ZSSP MULTISOLITON DECOMPOSITION
OR THE SOLUTION OF LOSSY NLSE
he results obtained so far concerned the quasi-lossless
ase �=0, and for this situation, we explicitly demon-
trated how the characteristics of the multisoliton bound
tate depend on the amplitude and chirp values of the in-
ut pulse. In this section, we consider how the fiber loss
ffects multisoliton bound states originating from chirped
aussian input (9). When loss is small, ��1, the system

s still close to the integrable case, and the adiabatic per-
urbation theory can be effectively applied to describe the
volution of the bound state.33 But when the loss is large
nough (as in many situations of practical interest), the
ystem can no longer be treated as almost integrable.
herefore qualitatively new physical effects not covered
y the adiabatic perturbation theory can occur in this
ase. Figure 6 presents the evolution of the initial pulse
q. (9) with A=5,C=0, over the distance L=1 (this dis-

ance corresponds to 25 km in real world units) with loss
oefficient �=1.15 (0.2 dB/km in real world units). The
nitial pulse corresponds to a five-soliton bound state in
ig. 1 [the associated ZSSP (4) possesses five well-
istanced purely imaginary discrete eigenvalues]. The re-
ulting complicated dynamics of the pulse is shown in Fig.
. It can be readily seen that the pulse, while decreasing

ig. 4. (Color online) Propagation of a Gaussian pulse for differ-
nt values of amplitude A and chirp C (see Fig.1 for the corre-
ponding number of bound states calculated for each case). Loss-
ess case, �=0 was assumed, (a) Here A=2,C=0, and a two-
oliton bound state is formed, (b) A=2,C=2, and a single soliton
s created, (c) For A=2,C=7, large chirp prevents the creation of
olitons, and the power disperses quickly with the propagation.
n power, also breaks up into separate solitons or bound-
ultisoliton complexes, and each of these localized pulses

ecays individually. For two bound solitons, this effect
as first reported in Ref. 34 where, however, splitting of

he bound state was determined visually by the resulting
ulse broadening (see also Ref. 35). We present here re-
ults of the spectral data ZSSP consideration that gives
mportant new information concerning this effect. The
SSP analysis performed at the fiber span output [i.e., the
esulting output profile was taken as a potential of the
SSP, Eq. (4)] confirms that there are still five discrete
tates present in the output pulse. While the imaginary
arts of the eigenvalues (soliton amplitudes) unsurpris-
ngly decrease due to the loss, another interesting effect is
he appearance of nonzero real parts of the eigenvalues.
n other words, the resulting multisoliton breather be-
omes unstable and breaks into soliton pairs, escaping
ymmetrically from the origin, while losing power due to
oss. In Fig. 7, we present the results of the ZSSP-
ecomposition analysis for several sections taken at z=0,
=0.13, z=0.54, and z=0.73 for Figs. 7(a)–7(d) corre-
pondingly. We observed that the discrete eigenvalues of
SSP evolve nonadiabatically, giving rise to instabilities.
The eigenvalues, initially located on the imaginary axis
ove closer to each other, and eventually collide and dis-

erse, acquiring nonzero real parts (i.e., the individual
olitons gain nonzero velocities). This corresponds to the
reakup of the bound multisoliton state, which can be vi-
ually observed in Figs. 7. The detailed study of the
ound-state instability and disintegration described

ig. 5. (Color online) Amplitude threshold for soliton creation
ersus chirp. Lossless case.

ig. 6. (Color online) Breaking of a bound five-soliton state in a
ossy fiber. The initial profile was given by Eq. (9) with A=5,C
0. Pulse power is also shown as a density-plot in the inset. The
ropagation distance was L=1.
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bove is beyond the scope of this paper and will be pub-
ished elsewhere.

Finally in Figs. 8–10, we plot the number of soliton
tates, relative power, and Hamiltonian for the lossy line,
o be compared with Figs. 1–3, as functions of the input
ulse parameters—the input amplitude and chirp. The
resence of loss brings about a decrease of the number of
ound-soliton states thus resulting in the complicated
alette shown in Fig. 7. Because the initial configuration
reaks into symmetric soliton pairs decaying simulta-
eously, the number of soliton states decreases with
ropagation more rapidly than one would expect in the

ig. 8. (Color online) Density plot of the number of solitons
numbers of discrete eigenvalues for the associated ZSSP, Eq. (4)]
enerated from the input-chirped Gaussian profile, Eq. (9), as a
unction of the input amplitude A and chirp C values. Lossy case,
=1.15, propagation distance L=1.

ig. 7. Evolution of discrete ZSSP eigenvalues with the propaga
ame parameters of the initial chirped Gaussian pulse. (a) At z=0
o that the bound state is the so-called breather state and soliton
oliton threshold and also a pair of eigenvalues acquires symmet
ame as in the case (b), but now the lowest eigenvalue reappears
igenvalues.
table case—solitons annihilate both individually and in
airs. Also the output density plots of the relative power
ransferred to the solitons and of the Hsoliton change cor-
espondingly. The latter is the consequence of the complex
aveform that occurs at the output of the lossy fiber span.

. CONCLUSION
n the present paper, we have studied the process of pulse
onversion from a linearly chirped Gaussian waveform
nto bound-multisoliton states. In the quasi-lossless re-
ime, the resulting soliton eigenvalues are integrals of

ig. 9. (Color online) Density plot of the relative power of the
olution, Nsoliton/ �Nradiation+Nsoliton�, generated from the input-
hirped Gaussian profile, Eq. (9), as a function of the input am-
litude A and chirp C values. Lossy case, �=1.15, propagation
istance L=1.

stance z, corresponding to the lossy case shown in Fig. 6 and the
ve five well-separated eigenvalues located at the imaginary axis,
ties are 0. (b) At z=0.13, the lowest eigenvalue is now below the
l parts (velocities). (c) At z=0.54, the picture is qualitatively the
. (d) At z=0.73, one observes a separation of yet another pair of
tion di
, we ha
veloci

ric rea
again



m
a
T
p
p
s
t
p
t
o
a
(
c
t
t
w
d
b
s
n
1
e
o
i
t
g
t
Z
t
e
i
n
d
c
c
h
p
a
f
l

A
T
K
w

r

t

R

1

1

1

1

1

1

1

1

1

1

F
t
i
a
d

1260 J. Opt. Soc. Am. B/Vol. 24, No. 6 /June 2007 Prilepsky et al.
otion and are conserved during the signal evolution
long the fiber while the linear radiation dissipates away.
herefore, the spectral data plots obtained for the input
ulse can be used for the characterization of the output
ulse properties. We have determined how the number of
oliton states and the efficiency of conversion (defined as
he relative power contained in the soliton solution) de-
end on both input pulse amplitude and chirp. In general,
he increase of the initial pulse chirp reduces the number
f bound-soliton states contained in the pulse. We have
lso obtained numerically the thresholds for the
multi)soliton-state formation as functions of the initial
hirp parameter. In the lossy case, the overall power of
he pulse decays exponentially with distance, and hence,
he number of solitons decreases with the propagation as
ell. Also as predicted in Ref. 34, we observed a break-
own of the bound-multisoliton state by strong nonadia-
atic loss. We must emphasize the difference between the
oliton breakdown in the lossy case and a similar phe-
omenon in integrable lossless systems studied in Refs.
8, 19, 23, and 24. The lossless system is integrable; its
igenvalues are integrals of motion. Therefore the effect
f the appearance of real parts of the eigenvalues is the
ntrinsic property of the incident pulse. When we treat
he lossy case, however, the system becomes noninte-
rable, and the eigenvalues are no longer integrals of mo-
ion. In particular, as occurs in our case, even when the
SSP for the initial pulse does not contain real parts of
he eigenvalues, such real parts may occur during the
volution. This effect is principally different from pulse
nstability in the lossless case and the two cases should
ot be confused. Applying the ZSSP formalism, we have
escribed subsequent symmetric disintegration of the lo-
alized pulse into solitons, and multisoliton complexes
ontained a partial number of the initial bound states. We
ave quantitatively described the effectiveness of the
ulse-to-soliton conversion in the lossy fiber lines with re-
listic parameters. We hope that these results can be use-
ul for designing new photonic devices based on quasi-
ossless fiber spans.
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