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Formation of a standing-light pulse through collision of gap solitons
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Results of a systematic theoretical study of collisions between moving solitons in a fiber grating are pre-
sented. Various outcomes of the collision are identified, the most interesting one being merger of the solitons
into a single zero-velocity pulse, which suggests a way to create pulses of “standing light.” The merger occurs
with the solitons whose energy takes values between 0.15 and 0.35 of the limit value, while their velocity is
limited by ~0.2 of the limit light velocity in the fiber. If the energy is larger, another noteworthy outcome is
acceleration of the solitons as a result of the collision. In the case of mutual passage of the solitons, inelasticity
of the collision is quantified by the energy-loss share. Past the soliton’s stability limit, the collision results in
strong deformation and subsequent destruction of the solitons. Simulations of multiple collisions of two
solitons in a fiber-loop configuration are performed too. In this case, the maximum velocity admitting the
merger increases te 0.4 of the limit velocity. The influence of an attractive local defect on the collision is also
studied, with the conclusion that the defect does not alter the overall picture, although it traps a small-
amplitude pulse. Related effects in single-soliton dynamics are considered too, the most important one being
the possibility of slowing down the solitofreducing its velocity to the above-mentioned values that admit
fusion of colliding solitong by passing it through an apodized fiber grating, i.e., one with a gradually increas-
ing Bragg reflectivity. Additionally, transformation of an input sech signal into a gap sdlithich is quan-
tified by the share of lost energyand the rate of decay of a quiescent gap soliton in a finite fiber grating, due
to energy leakage through loose edges, are also studied.
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[. INTRODUCTION a defect can also stimulate a nonlinear four-wave interaction
without formation of a solitop Moreover, it is possible to
Bragg gratinggBGs) are structures in the form of a peri- combine the attractive defect with local gain, which opens a
odic variation of the core refractive index, which are writtenway to create a permanently existing pinned soliton, even in
on a fiber or other optical waveguid&]. Devices based on the presence of lod44].
fiber gratings, such as filters and gain equalizers, are among One of the objectives of this paper is to explore the pos-
the most widely used components of optical syste@ap  sibility of creating standing BG solitons as a result of a
solitons(in a more general context, they are called BG soli-head-on collision between two identical moving ones. Colli-
tons[2]) exist in fiber gratings due to the interplay betweensions are quite feasible from the experimental standpoint, as
the BG-induced effective dispersigwhich includes a gap in the characteristic length necessary for the formation of a BG
the system’s linear spectryrand the Kerr nonlinearity of the soliton is=2 cm [10], while uniform fiber gratings with a
fiber's core. Exact analytical solutions for BG solitons in alength of 1 m or even longer are now available[ 3, where
fiber-grating model were found in Refg3,4], and their sta- exact solutions for the moving solitons were found, their
bility was studied later, showing that approximately half of collisions were already simulated, with the conclusion that
them are stablésee details beloy[5,6]. Spatial solitons and they passed through each other developing intrinsic vibra-
their stability in a model of a planar BG-equipped wave-tions, which may be explained by excitation of an intrinsic
guide, taking into regard two polarizations of light, were mode which a stable BG soliton suppof.
recently considered in Reff7]. Actually, broad small-amplitude BG solitons are asymp-
Lately, a lot of attention has been attracted to the possitotically equivalent to nonlinear-Schiimger (NLS) solitons,
bility of capturing “slow light” [8], and, in particular, of and hence collisions between them are completely elastic
slowly moving optical solitong9] in various settings. The [15]. However, in a more generic case results may be differ-
fiber grating is a natural candidate for a nonlinear mediunent, as the standard fiber-grating mopsde Eqs(1) below]
where it may be possible to stop the light, as exact solutiongs not an integrable one, in contrast to the NLS equation.
for zero-velocity BG solitons, in which the left- and right- Systematic simulations are thus needed to study head-on col-
traveling waves are in permanent dynamical equilibrium, ardisions between BG solitons, the results of which are re-
available in the corresponding modg3,4], and some of ported below(in Sec. IV, after presenting the model in Sec.
them are stabl¢5,6]. However, BG solitons that were ob- Il, and considering the one-soliton solution in Sec).Ihe
served in the first experiments were fast ones, moving at enain finding is that, at relatively small values of the soliton
velocity ~75% of the limit light velocity in the fibef10]. A velocity +c, and not too large values of the soliton energy,
possible way to capture a zero-velocity soliton is to use arin-phase solitons merge into a singlendingone. We find
attractive finite-siz¢11] or 5-like [12] local defect in the BG  the maximum velocite admitting the merger, which is 0.2
which attracts soliton§it was demonstrated in R€fL3] that  of the maximum light velocity in the fiber.
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As mentioned above, in the first experiments the BG soliwherex andt are the coordinate and time, which are scaled
tons were observed with the velocity0.75; hence it is nec- so that the linear group velocity of light is 1, ardis the
essary to slow down the solitons before the collision, bridg-Bragg-reflectivity coefficient. In the case of the uniform grat-
ing the gap between the velocity values 0.75 and 0.2, if théng, Egs.(1) can be additionally normalized so as to set
formation of a standing pulse is an objective. Using the well-=1, which we do below. However, in the case of the
known technique based on the balance equation for the solapodized gratingg is a function ofx.
ton’s momentum16], we demonstrate in Sec. Il that the Exact solutions to Egs(l) with k=1, which describe
slowing down can be achieved in a so-called apodized gratsolitons moving at a velocitg (c?<1), were found in Refs.
ing, i.e., one with the grating strengiBragg reflectivity  [3] and[4]:
subject to a slow variation along the fiber. In fact, apodized
gratings are easily fabricated and commonly used for other u=aW(X)exdy/2+i¢(X) —iT cos+i o],
applications(in particular, to facilitate coupling of light into _ _ )
the grating [1]. We demonstrate that reducing the soliton’s U=~ aW*(X)exf —y/2+i¢(X) —iT cosf+ido]. (2)

velocity from 0.75 to 0.2 requires enhancing the Bragg re- . . . .
flectivity by a rather modest factor 1.48. Here, the asterisk stands for complex conjugation, éurisl

In the case when the solitons pass through each other, wan intrinsic parameter of the soliton family which takes val-

quantify the collision by the energy-loss share. Sec. IV in-Ues 0<<ar and is proportional to the soliton’s energy
cludes diagrams which display, in the plane of the soliton’s(aIIaS the norm
velocity and energy, all possible outcomes of the collision .
between both in-phase and-out-of-phase solitons. In the EEJ [lu(x)|?+]v(x)|?]dx=
former case, possible outcomes are, in addition to the merger, —o
passage of the solitons with decreaseirareaseof their B
velocities, and destruction of the solitons in the case whefrurther,a
their energy is too large. stant, and
In Sec. V, we report the results of simulations of multiple A 2N—12y Ca o N—12
collisions between two solitons, to model the situation in a X=(1-¢%)"Mx—ct), T=(1-¢%) ™ t-cx),
fiber loop. Although experiments with a loop composed — 2 —1 ;
solely of a fiber grating have not yet been reported, numer- $(X)= asinn2y)tan” “{tanH (sin ) XJtan(6/2)}, (4)
ous experiments have been done for various fiber-ring setups W(X) = (sin §)secki(sin 0)X—i(6/2)].
that include a passive or active pump and one or several BGs
as a crucially important ingredierit7—19. In particular, Below, we use these exact solutions as initial conditions to
stable circulation of picosecond temporal pulses was obsimulate collisions between identical solitons with opposite
served in ring resonators of this typ&9]. We demonstrate velocities.
that multiple collisions between BGs in the loop are impor-  Lastly, to consider the influence of a local defect on the
tant in increasing the maximum velocity that admits thecollision (see Sec. VI beloyy Egs. (1) are modified as in
merger from the above-mentioned vals®.2 to~0.4 of the  Refs.[11] and[12]:
maximum light velocity in the fiber.
We have also carried out simulations to check if inclusion iU +iuy+v +[(1/2)]ul?+[v[*Ju= = 8(x)(F'u—«xv),
of a local attractive defect may assist the fusion of colliding 5
solitons. In Sec. VI, we demonstrate that the defect does not . . 2 o
essentially affect the situation; however, a trapped pulse, fvi—ivyctu[(12)[o]*+|uf*Jo=—6(x)(I'v - xu),
which captures a small share of the initial energy of the ©6)

solitons, appears as a result of the collision. ~ whereI'>0 and x>0 account for a local increase of the

ing to single-soliton dynamics, viz., reshaping of an inpUtrespectiver. In this case, we set=1 away from the point
pulse of a secNLS soliton) or Gaussian form into a BG y—q cf. Egs.(1).

soliton in the fiber grating, and gradual decay of a gap soli-
ton in a finite-length grating due to the energy leakage
through the open ends. Section VIII concludes the paper.

—_—. 3
(3+2c¢?) 3

2=2+¢?, tanhy=c, ¢, is an arbitrary real con-

I1l. SLOWING DOWN A SOLITON IN THE APODIZED
FIBER GRATING

Il. THE MODEL Before proceeding to th.e. _consideratiqn of coIIisio_ns
proper, we analyze the possibility of controlling the velocity
The commonly adopted model of nonlinear fiber gratingsof a soliton in a BG where the reflectivity is subject to
is based on a system of coupled equations for the right- smooth variation along the fiber, which is described by Egs.
and left- ) traveling waveg2], (1) with k= «(x). To this end, we notice that the uniform
BG with k= const conserves the field momentum,
iug+iug+ kv +[(1/2)|u|?+|v]?Ju=0,

+ 00
P=J (ufutoviv)dx. @)

ivi—ivet+ ku+[(1/2)|v|?+|ul?]v =0, (1)
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The calculation of the expressidi) for the exact soliton 2
solution given by the expressiof® and(4), wherex is kept c’=1- —2(1—cﬁ1), (12
as a free constant parameter, rather than being set equal to 1, Kin
yields the soliton’s momentum,
_ _ wherexk;, andcﬁ1 are the initial values of the reflectivity and
b 8kC 9 cosot 4( 0+ sin )sir’( 6/2) velocity. In particular, we notice that, in order to reduce the
sol (3+2c2)\1—c? (3+2¢2)(1—c?) velocity from the value 0.75 to 0.2, which is a necessary
prerequisite for the formation of standing solitons as a result
of collision between moving oneee Introductio)) it is
(note that for smalt the proportionality coefficient between enough to use the apodized BG in which the reflectivity is
P andc, i.e., the soliton’s mass, is always positive gradually increased by a factor &f,/ «j,~1.48. If the value
If the reflectivity is subject to a spatial modulation  of ¢ is larger (0.2r<6<0.5; still larger values are not
= k(x), the momentum is not conserved; instead, it evolveselevant as the soliton will be unstahl¢he analysis of Eq.
in time according to the following equation, which directly (10) is slightly more complex, but the final result is quite

follows from Eqgs.(1): similar.
dpP +odk
azzf &Re(m)*)dx. 9 IV. COLLISIONS BETWEEN SOLITONS

A. The mode of simulations
In the case when a soliton with a velocitymoves in the

apodized BG with slowly varyinge(x), so thatx is almost

constant on a spatial scale corresponding to the soliton’s siz hould me distance o <h itself int liton. A
the gradientd«/dx can be written before the integral in Eq. should pass some distance 1o shape Itse 0 a soiiton. AS

(9), and then the remaining integral can be explicitly Calcu_mentloned above, in previously reported experiments this

lated in the first approximation, substituting the expressiong'St.ance was quite smalt; 2 cm [10.]' and hence this is not
(2) and (4) for the unperturbed soliton: an important issue. Nevertheless, it may be relevant to sepa-

rately simulate shaping of an initially launched single-
[_~2 component pulse into a steady-shape BG soliton. This will be
d 8vi-c dK[z(sin 0)(1+cos#h) done below in Sec. VI.

Simulations of collisions were performed by means of the
split-step fast-Fourier-transform method. First, collisions be-
tween solitons in the case of repulsion between them, with a
The expression in the square brackets in @) is always ~Phase differencel ¢o=m, were considered. It was found
positive for < /2 (i.e., for stable solitons, see belpvput  that the salitons bounce off each other quasielastically, with-
it changes sign and becomes negativéatf,~0.73r. out generation of any visible radiation or intrinsic vibrations

An effective equation for the velocity of the soliton in the Of the solitons, if their initial velocities- ¢ are small enough,
apodized BG with smoothly varying(x) can be obtained by and the solitons are “light,” having a sufficiently small value
substitution of the expressioi8) into the left-hand side of ©f 6. Collision-induced radiation becomes conspicuous if the
Eq. (10) and taking into consideration that the soliton’s en-Solitons are “heavier” or faster; see the example shown in
ergy, given by Eq(3) (which is not altered ifc# 1) remains  the inset to Fig. 1. Figure 1 displays a boundary in the plane
a dynamical invariant in the case of thedependentc. In  (C,) above which the collision results in generation of a
particular, in the case whet?<1/2, which corresponds to Noticeable amount of radiation, in the case,= .
the case of interest, wite<0.75 (see above the energy Then, collisions between in-phase solitons, witthy=0
conservation approximately reduces to setiigconst, and ~ (the case of attractionwere simulated. In this case, a num-
hence Eq(10) directly yields an evolutional equation for the ber of various outcomes can be distinguished. A summary of

velocity. This equation is greatly simplified in the cage the results is displayed in Fig. 2 in the form of a diagram in
<0.27 the (c,6) plane, different outcomes being illustrated by the

set of generic examples displayed in Fig. 3.
d cx d The simplest case is the collision of solitons with snall
T ~—y1-¢c? ax (12) (region E in Fig. 2; see also Fig. 4 belgwlIn accordance
1-c with the results reported in Ref15], these solitons collide
elastically, which is easily explained by the fact that they are
virtually tantamount to NLS solitons.

In this section, we consider collisions between the BG
golitons(Z). In a real experiment, an initially launched pulse

di" e giae? dx

—6(cosh)(1+2 cosb)]. (10

A noteworthy consequence of E@Ll) is that a quiescent
soliton (c=0) in the apodized grating will start to move with
the accelerationlc/dt~ —d(In «)/dx.

In order to solve Eq(11), we notice that the moving
soliton actually experiences the smoothly modulatéxl) as The most interesting outcome of the collisiomigrgerof
a function of time, so thatlx/dt~c(dx/dx). Substituting two solitons into a single one, which takes place in the re-
this into Eq.(11), the resulting equation can be easily inte- gion 0<c<0.2, 0.15r<#<0.357 (areaM in Fig. 2. A
grated, yielding the final result typical example of the merger is shown in Fidag its no-

B. Merger of solitons and spontaneous symmetry breaking
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FIG. 1. The border separating regions in the plan@) where FIG. 2. Adiagram in the planec(6;,) for different outcomes of

the collision betweenr-out-of-phase solitons is elastic or generatesthe collision between in-phase solitons. In the rediahe collision
significant radiation loss. An example of a collision of the latter js elastic. In the regioM, the solitons merge into a single pulse. In
type is given in the inset, in which the left and right panels show,the regionS, they separate with velocities smaller than they had
respectively, the wave formai(x)| and |v(x)| (solid and dashed before the collision. In the regioR, the velocities are not affected
lines) at the end of the simulatiort 14w), and the evolution of by the collision, but conspicuous radiation losses are observed. In
the field|u(x,t)| in terms of level contours. Apparent “oscillations” the regionF, large radiation loss takes place, and the velocities
of the solitons before the collision in the inset is an artifact due toincrease after the collision. In the regi@ the collision leads to
mismatch between the sampling used for plotting and the numericajtrong deformation of the solitons.

grid used for the simulations.

ter the collision, emerging with smaller amplitudese Fig.

ticea_ble pec_uiiarities being_that the merger takgs place afte\:.r(d)]. A noticeable peculiarity of this case is that the collision
multiple collisions and the finally established soliton demon- L . , i D
results in anincreaseof the solitons’ velocities, which is seen

strates persistent internal vibratiofsee the lowest panel of . N,
. . . in the change of the slope of the contour-level plots in Fig.
Fig. 3(@)]. As judged from the lowest panel of Fig(a (and L
- . . . 3(d). We note that, pursuant to E(B), the soliton’s energy
other similar plotg the amplitudes of these internal vibra- . . Y .
. , . . monotonically increases witle”; therefore the collision-
tions being about 10—-20% of the soliton’s amplitudes. In. . )
. ; S ) induced decrease of the amplitude may be explained not only
this region of the values af (areaM in Fig. 2), the attraction - . o
o . o ) . by radiation loss, but also by the increase of the velocities.
between initially quiescentcE 0) in-phase solitons, which . : e
The acceleration of the solitons due to the collision is more

are placed at some distance from each other, also results lient if the initial velocityc is small; for instance, initially

their merger[see Fig. 8)]. At the border between the re- ~ . : S . )
gionsM andE, the interaction between initially quiescent or quiescent S.Ol'ton(’w't.h ¢=0) acquire a large velocity after
the interactior{see Fig. 8)].

slow solitons results in their separation after several colli- As f il heavi i it is K hat th

sions, which is accompanied by a conspicuous spontaneous s for still heavier solitons, 1t Is known that they are
' . i unstable if6>6.,~1.011(/2) [5,6] (this value pertains to

symmetry breakingSSB [see the example in Fig.(8]. —0: 6., very weakly depends on the soliton’s velodi6])

Note that the SSB resembles what was observed in a mod§[_ > “er V€Y y aep :

of a dual-core fiber grating, in which the nonlinearity and BG tpi ac:giag;ixv'tré;?gsr}r']gttigi rgfgIi(iﬁz]s(tlzglleaotrh\?vggms'c;rt]abIe
were carried by different corg0]. As in that case, SSB 99 9 y

may be plausibly explained by a fact that the “lump,” which solitons[see Fig. &)]. At longer times, the strong deforma-

temporarily forms as a result of the attraction between thetlﬁgit:)e/?ds to destruction of the pulsgwot shown here ex-

solitons in the course of the collision between them, may b If 8'is taken in the same range as in the merger retflon
subject to modulational instability, and hence a small asymie 0.157< 0<0.357. but with% laraer velocit gthe co(l;l)i-
metry in the numerical noise may provoke conspicuous sym-.""’ ™ N 9 Y,

metry breaking in the eventual state. Indeed, it is well knowrb'O" picture seems ordinary: the solitons separate with some

that any spatially uniform solution to Eq) is modulation- decrease in their velocity and some loss in amplitude. If the

ally unstable21], and the instability may extend to a suffi- initial velc_)city is still Ialrgerz it is possible to distinguish an-
ciently broad state, like the above-mentioned “lump.” other region, marke® in Fig. 2, where the velocity shows
' ' no visible change after the collision, but emission of radia-

tion takes place.
Quasielastic collisions can be naturally quantified by the
Increase off brings one from the regioM to F (Fig. 2), ratio 8,/ 0;, of the soliton’s parameter after and before the
where solitons collide quasielastically, i.e., they separate afeollision, and by the share of the net initial energy of the

C. Quasielastic collisions
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FIG. 3. Typical examples of the collision between in-phase solit@sMerger of the solitons in the regiad in Fig. 2. They collide
several times before the merger, which is accompanied by emission of radiation. The lowest panel exhibits persistent vibrations of the field
amplitude|u(x=0,)|. Here and below, the middle and top panels show, respectively, the evolution at a relatively early-s@2ige)( and
the single pulse emerging &t 225. (b) Merger of initially quiescent solitonscé& 0). The lower and upper panels show the evolution at
t< 907 and the emerging single pulsetat 2007. (c) At the lower edge of regioM (Fig. 2), solitons undergo multiple collisions before
they finally separate. Spontaneous symmetry breaking is evident in the final(dia@allision between relatively heavy solitons leads to
emission of radiation jets and increase of the velociiegionF in Fig. 2). (e) Interaction between two initially quiescent solitons in the
regionF (Fig. 2. (f) Collision between heavy solitons which are weakly stable or unsteddgonD in Fig. 2) results in strong deformation
of the pulses, which is followed by their destructiorot shown here
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0,05, with increase ofé;, up to =0.67. Past the last value, the
isolated soliton is strongly unstable by itself and therefore
detailed study of collisions becomes irrelevant.

V. MULTIPLE COLLISIONS IN A FIBER RING

Since the main motivation of this work is the possibility
of generating a standing pulse by dint of collisions between
BG solitons, it is natural to consider multiple collisions that
may occur between two solitons traveling in opposite direc-

o7} Lo - tions in a fiber loop or if a single soliton performs a shuttle
D motion in a fiber-grating cavity, i.e., a piece of the fiber con-
ost . fined by mirrors(in the latter case, the soliton periodically
collides with its own mirror images An issue for experi-
o5t - — — - - — 4 mental realization of thgse sch_emes is to couple a soliton into
(@) ¢ the loop or cavity. Using a linear coupler to connect the
system to an external fiber may be problematic, as repeated
porcatoge | ' ' ' ' ' passage of the circulating soliton through the same coupler
energy loss .

oo T g 06 1 will give rise to conspicuous loss. Another solution may be
ol e S to add some intrinsic gain to the system, making it similar to
. fiber-loop soliton lasers, where a soliton-circulation regime
Ly 1 may self-starf22]. It is relevant to mention that operation of

' fiber-ring soliton lasers including BG compon@htas a cru-
cially important element has been reported in much of ex-
perimental worl{17—-19; in particular, stable circulation of
picosecond pulses has been observed.

Still another possibility which lends support to consider-
ation of fiber-grating loops is using a figure-eight lasing con-
figuration[23], in which one loop is made of a BG while the
other one provides for the gain. It is relevant to mention that
fiber-ring laser schemes even including more than (opeto
three BG-carrying loops were already demonstrated to op-
erate quite efficientl{18]. Further detailed analysis of all

FIG. 4. (a) The ratio of the postcollision soliton’s parameter these schemes would not be relevant in this paper.

Oout, found from the least-square-error fit of the emerging pulse to We performed simulations of the multiple collisions be-
the analytical wave form&), to the initial valued,, . In this and the  tween two identical solitons in the loop, imposing periodic
next panels, the ratio is shown vs the initial veloditat different  boundary conditions. Figurg® shows an example in which
fixed values of¢;,. The portion of the line corresponding #,  the multiple collisions slow down the solitons quite con-
= 0.4 with 6,/ 6;,>1, which formally contradicts energy conser- spicuously, forcing them to merge. As is seen, in this case the
vation, is explained by the fact that in this case the actual shape &fplitons undergo two collisions before the merger. The initial
the emerging pulse is not very close to the analytical one, beinggjuesc=0.3 andd=0.37 used in this example show that
more narrow(b) The relative energy loss due to the collision of two e multiple collisions in the loop help to increase the maxi-
solitons. mum initial velocity ¢, that admits merger of the two soli-
tons by a factor of Jat least against the single-collision
solitons which is losfto radiation as a result of the colli- case(cf. Fig. 2). In fact, the largest value af;,,, correspond-
sion. To this end, we performed a least-square-error fit ofng to the multiple collisions was found to e0.4. In other
pulses emerging after the collision to the exact soliton soluwords, a part of the regio8 from Fig. 2 is absorbed inti
tions (2), aiming to identify the values off,,;, and the post- in the collision diagram corresponding to the loop configu-
collision velocity was measured in a straightforward way.ration. The evolution of the field at the central pojoi(x
The corresponding soliton’s energy was then calculated by=0)|, which is also displayed in Fig.(&, demonstrates that

means of the formulé3). the emerging zero-velocity pulse is again a breafberFig.
The results of the computation are shown in Fig. 4. A3(a)].
noteworthy feature, which is obvious in both pangsand Another example of multiple collisions in the loop is

(b), is that inelastic effects first strengthen with the increaseshown in Fig. %b), where the solitons initially haved

of 6,, from very small valueswhich correspond, as was said =0.37 andc=0.7, belonging to the regioR of Fig. 2. In
above, to the NLS limjtto =0.3w, then they weaken, at- this case, the solitons hardly undergo any slowing down due
taining aminimum which corresponds to the most quasielas-to the collisions, while they keep losing energy. Due to the
tic collisions, atf;,,~0.44r, and then they get stronger again, gradual decrease @f, which is related to the energy by Eqg.
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soL 607 0-03n T-1 T e— — i tiesc==0.2 in the case when a local perturbation of the refractive
= = index, withT'=0.2 [see Eqgs(6)], is placed at the collision point.

& | The defect traps a small-amplitude soliton.
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20 1 We have found that attractive defects of either type do not

. —— . . actually catalyze formation of a pinned pulse that would re-

R s (ormaleed unit) »o® tain a large part of the energy of the colliding solitons. Nev-

amptu e urks) ertheless, a relatively small part of the energy gets trapped by

the defect, and a small-amplitude pinned soliton appeas

the example in Fig. 6 which is displayed for the case of a
local refractive-index perturbation, i.d,>0, x=0. Local

BG suppression, accounted for lay>-0, produces a similar
effect. We have also checked that repulsive local defects
(negativel” or k) do not produce any noticeable effect either.
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VIl. SPECIAL EFFECTS IN THE SINGLE-SOLITON

FIG. 5. (a) Multiple collisions between two solitons with the DYNAMICS

initial value #=0.37 and initial velocity= 0.3 in the loop configu- A. Transformation of an input pulse into a Bragg-grating

ration. The upper and lower panels, respectively, show the global soliton

evolution of the fieldu(x,t)| and the evolution of its maximum. In _ ] ) _

the lower panel, the dotted parts of the curve mark two collisions AS mentioned above, signals that are coupled into a fiber

(maximum overlappingsbetween the two solitons before they grating in a real experiment are not “prefabricated” BG soli-

merge into a single puls¢b) Multiple collisions between solitons  tons, but rather pulses of a different form, which should

with the initial valued= 0.3 and initial velocities+ 0.7 inthe loop  shape themselves into solitons. After that, one can consider

configuration. collisions between them, as was done above. For this reason,
it makes sense to specially consider self-trapping of BG soli-

(3), the solitons gradually drift to the regidh (see Fig. 2, tons from an input pulse in the form of a NLS soliton,

where the collision becomes elastic. Ug(X) = 7 secti 7x)exp( —ikx), vo(x)=0, (19

VI. EFFECT OF A LOCALIZED DEFECT where » andk are constants, or a Gaussian pulse,

ON THE COLLISION
Ug(X)=Aexp(— yx?), vo(X)=0. (14
In Refs.[11] and[12], it has been found that local attrac-

tive defects can trap gap solitons. This fact suggests the po3he energy of the NLS solitofl3), defined as per E@3), is
sibility that the merger of two colliding solitons might be 27, and the energy of the pulgg4) is A2\ m/ 7.
assisted by a defect placed at the collision point. We inves- In fact, we also simulated the transformation of input
tigated the effect of two kinds of local defects, which repre-pulses of other shapes, with the conclusion that the results
sent BG suppression or increase of the refractive index, coiare quite similar to those briefly presented below for the sech
responding, respectively, >0 andI’>0 in Egs.(6) (the and, especially, Gaussian inputs. In this connection, it is rel-
single collision was considered in this case evant to mention that, before feeding the input pulse into the
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ends.

the sech input signal, which provides for the most efficient
generation of the BG soliton, is suggested by these results.
For the initial Gaussian pulsél4), similar results are
shown in Fig. Tb), for the caséA=1. It can be seen that an
optimal value of the width factory, for which the largest
share of the initial energy is retained in the resulting gap
soliton, can be found in this case too, bew®.2. A single
pulse is formed around this value, while much smaller or
larger values ofy (such asy=0.02 or y=1) give rise to
multiple BG solitons(similarly, in the case of the NLS soli-
ton initial pulse considered above, formation of multiple BG
solitons is also observed when the energy of the initial input
) 70 0% o1 om oz om o3 om ,°  pulse is much larger than that of the resulting BG soliton
With the increase of the amplitudk of the initial Gaussian
FIG. 7. (@ The relative energy loss in the process of self- pulse(14), the energy share that is retained in a single BG
trapping of the Bragg-grating soliton from the initial NLS-soliton soliton decreases, similar to what was observed in Hig. 7
pulse (13) vs the soliton speed parameterin Eq. (13) (at fixed  with the increase of the amplitudgof the NLS soliton(13).
values of the amplitudey). (b) The same energy loss, for the case
of the initial Gaussian pulsél4) with A=1 andx=1, vs the in-
verse square widthy.

75

70

B. Decay of the soliton in a finite-length fiber grating
with free ends

. L . . ! In an experimentunless the fiber loop or cavity is used
fiber grating, it can pass through an ordinary nonlinear fibery ganding soliton will be created in a fiber grating with open
which will help to preliminarily reshape any pulse into a gyges. Then some energy leakage will take place through the
NLS soliton of the form(13). . ~ free ends of the fiber segments. From the exact solupit
Transformation of the pulses into a BG soliton was simu-g|lows that the leakage is exponentially small if the seg-
lated directly within the framework of Eqél). For the NLS  ment's lengthl is much larger than the soliton’s spatial
soliton, the results are summarized in Figa)7 in the form  width, which is~1 mm in a typical situatiofi10,14). More-
of plots showing the share of the initial energy lost into ra-over, the energy leakage through the loose ends can be easily
diation [cf. Fig. 4b)]. A noteworthy feature revealed by the compensatedalong with intrinsic fiber lossby local gain
systematic simulations is that, with the increase of the paf14]. Nevertheless, it is an issue of interest to find the soli-
rametery that measures the amplitude and inverse width ofon’s decay rate due to the leakage.
the initial pulse(13), the energy-loss share first decreases, We addressed this issue, simulating Ed$.with the free
attaining an absolute minimum a$=0.8—-1.0, and then boundary conditionsi,=v,=0 set at the edges of the inte-
quickly increases. The fact that the relative energy loss begration domain. In Fig. 8, we show the decay of the soliton’s
comes very large for largey is easy to understand, as the amplitude in time, for different values of the domain’s
initial energy of the puls€13) increases indefinitely withy, length, with the initial valued,,=0.51. The initial increase of
while the energy of an emerging stable BG pulse, with the amplitude is a result of temporary self-compression of
<1.011(w/2) andc?<1, cannot exceedn the present no- the pulse due to its interaction with the edges. As a reference,
tation) E,.,=(4/3)m [see Eq(3)]. Thus, an optimal shape of we mention that, in the case of the shortest fiber grating
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considered here, with=8, it takes a timet=42.2 for a  sions between two solitons in the fiber-loop configuration

decrease of the amplitude by a factoreof show that the largest initial velocity admitting the merger
increases t@=<c,,~0.4 of the limit velocity. It was also
VIIl. CONCLUSION shown that attractive local defects do not alter the overall

. ] picture, although a small-amplitude trapped pulse appears in
We have presented the results of systematic studies @fjs case. It was also shown in an analytical form that fast
collisions between moving solitons in fiber gratings. Variousgg splitons can be efficiently slowed dowto values of the
putcomes o_f the collision were idgntified_, the mo_st interestvebcity that admit the fusion of colliding solitonsy pass-
ing one being merger of the solitons into a single zerojng them through an apodized fiber grating with a gradually
velocity pulse, which suggests a way to create pulses Gcreasing value of the Bragg reflectivity. Additionally, spe-
“standing light.” The merger occurs for solitons whose en- ¢jfic effects were investigated in one-soliton dynamics, such
ergy takes values between 0.15 and 0.35 of its maximumg transformation of a single-component input pulse into a
value, while the velocity is limited bgma,~0.2 of the limit  Bragg-grating soliton, and decay of the soliton in a finite-

yelocity. If the energy is Ia_rger, another noteworthy outcom@ength fiber grating due to the energy leakage through loose
is acceleration of the solitons as a result of the collisionggges.

especially when their initial velocities are small. In the case

when the_ solitons pass @hrough each o_ther, the inelasticity of ACKNOWLEDGMENTS

the collision was quantified by the relative energy loss. If the
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