PHYSICAL REVIEW E 69, 046607(2004)
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By examining the concept of energy exchange among the orthogonally polarized components of each of two
colliding (Manakov-like vector solitons it is observed that a maximum or an efficient energy-exchange process
is possible only for an appropriate choice of the initial physical paramétensely, frequency separation,
polarizations, time delay, and pulse-width separation between the colliding splitsnshich Ly (walk-off
length =Ly, (nonlinear length However, in this case only, the amount of energy-exchange can be consider-
ably increased or decreased by appropriately changing the phases of colliding solitons without altering the
walk-off length and the initial energy distributions between the soliton components. Moreover we observe that
during the collision between two closely placed vector solitons of the practically interesting integrable Mana-
kov model, nonuniform pulse broadening takes place in each of their components. Such an effect has not yet
been reported in anyl +1) dimensional integrable soliton systems so far. In addition, the relation between
walk-off length, polarization, and pulse width is briefly discussed.
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I. INTRODUCTION the pulse evolution in optical fibers with randomly and rap-
Zakharov and Shabét] developed the inverse scattering idly varying birefringence can be described by the Manakov

theory (IST) to integrate the nonlinear SchrédinggdLs)  cduation[11]. Further lMenyuk[lZ] _deriVﬁd thﬁ Malnako¥ H
. . : guation to govern pulse propagation when the value of the
equation which appeared later as a mathematical model télipticity angle of the birefringent fiber is 35 °. In this case

govern the dynamics of o_ptical _scalar splitons in an idea e also claimed that a soliton of one polarization, when in-
single-mode fibe(2,3]. Bqt in reality, the simplest model is teracting with a switching pulse of the other polarization,
a two-component pulse in a waveguide that supports pulseges not develop shadow or daughter wévansfer of en-
along two orthogonal polarizations_as a result of biref'rin-ergy from one polarization axis to the other due to colligion
gence effects. Therefore by coupling two NLS equationsgt Radhakrishnaet al.[13] proved by studying the vector-
through cubic nonlinearities, the two-component vector-sgliton collision through the general two-soliton solution of
soliton system was first suggested and solved using the ISthe Manakov model that there is an energy exchange be-
by Manakov[4]. The extension of this study to the general yyeen the polarization components of each colliding vector
integrable N-component case is straightforwaf8l]. Such  spjiton. Based on this study, Jakubowski, Steiglitz, and
coupled equations having a co.u.pling term that is fgnction ofsquier, and later Steiglitz, mentioned in REF4] that such
the sum of the all field intensities were systematically detypes of collisions besides being fundamentally interesting
rived in nonlinear optics fiel@—16 to explain certain con-  haye also opened the exciting possibility of soliton applica-
cepts as pointed out below. _ _ tions to the implementation of all-optical logic in a way that
Recently the Manakov vector-soliton received renewedyoes not require fabrication of individual gatdsl]. Further
attraction because it was observed experimentally in singleapastassiouet al. [15] observed such strong energy-
mode fiber[6], planar waveguid¢7], and photorefractives exchange collisions experimentally. In addition, recent re-
[8]. However, theoretically, vector soliton was realized moregyjtg [16] have demonstrated the possibility of using vector-
than a decade ago in the single-mode fiber through the selkypitons in Bose-Einstein condensates media to perform
trapping phenomenon as reviewed in Rg]. In addition,  guantum information processing. Moreover the studies of
very recently ideal Manakov spatial solitons in quadratic mepojarization changes due to collision between the vector-
dia was observed via cascading optical rectification and thgg|itons of Manakov model13-18 have important conse-
electro-optic effec{10]. _ _ guences in soliton transmission systems that use polarization
One of_the most exciting phenomena asso_mated with thgivision multiplexing(PDM) [19,20. In a PDM system, ad-
vector-solitons is their collision. Manakov carried out one ofjacent solitons are launched along orthogonal polarizations.
the pioneering studiept] on the collisions between vector- Thjs technique can double the transmission rate as shown in
soliton pulses asymptotically in different polarization statesgpef. [16], experimentally. By analyzing orthogonal-soliton
and obtained an exact expression for the change in polarizgyteractions in the Manakov system, the benefit of the PDM
tion state of the colliding pulses. Later on it was shown tha‘technique was analytically demonstrated in R&f).
Therefore by considering the importance of vector-soliton
collisions supported by the Manakov model in different as-
*Permanent address: Department of Physics, Jamal Mohamgakcts, in this paper, we like to investigate how the efficiency
College, Trichy 620 020, |India. Electronic address: of energy-exchange processes varies with respect to initial
rrk68@yahoo.com parameters such as frequency, polarization, pulse width,
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phase and time delay of the colliding vector-solitons in Secs. lll. NUMERICAL RESULTS AND DISCUSSIONS
[l and IIl. Indeed, in the earlier studies, Manakpij noted

that the polarization changes during vector-soliton coIIisionstial equation that does not generally admit analvtic solutions
and Radhakrishnaet al. [13] observed an energy-exchange d ot g y y . .
xcept for some specific cases such as those mentioned in

between the polarization components of each vector soliton% . ) )
ec. Il. For all other cases, numerical solution of EQ.is

provided that the unit polarization vectors of the colliding ; : :
solitons are neither parallel nor orthogonal. The main ObjeC%/r:airtifro;ili?:r?d'?ﬁrgg ﬂgﬁlrt]h(tahergg:r?tmg?li \t/)vihﬁ:\?er s?cl;l\}gs
tive of the present study is to determine under what condi- ' 9 P )

g. (1) by means of the split-step Fourier meth¢g].

tions the maximum amount of energy is transferred from on hereas dispersion and nonlinearity act together along the

component to the other. The obtained condition exhibits tht?.b h lit-sten Fouri thod mat
interesting relation between the polarization and walk-off \P€f the SPIL-SIEP Fourer method assumes an approximate
length. (but hlgh_ly aCCL_Jrat)esoIL_Jtlon, in which propagation from
to z+dz is carried out in two steps. In the first step, the
nonlinearity acts alone whereas in the second step the disper-
1. MANAKOV EQUATION sion acts alone. Mathematically, the evolution of the soliton
field, sayu;, is given by

The Manakov equatiofil) is a nonlinear partial differen-

Manakov equation can be written as

i%_&% uj(z+ dz,t)=exp(dzb)exp>(dzT\buj(z,t),

o7 2 2 Nl s un=0m=1,2, (1)

whereD andN are differential operators that correspond to
dispersion and nonlinearity effects, respectively. For suffi-
ciently smalldz this method leads to a highly accurate so-
lution for almost all standard pulse-propagation equations.

whereu,(z,t) andu,(z,t) are the two orthogonally polarized
components of the slowly varying envelope pulse
=(uy,u,)T, zandt are, respectively, the distance and tinse,
is the group-velocity dispersion parameter, gnid the fiber
nonlinearity. Throughout the present paper, to make the pre- A. Influence of the initial frequency separation
sentation clear, the time is expressed in units of picoseconds we will first see below how the process of energy-
(p9), the distance in kilometerékm), and the amplitudes exchange among the components of each colliding vector-
of the soliton components; andu, in VWatt. soliton (as noted by deriving the most general two-soliton
In order to investigate the vector-soliton collision, we solution of Eq.(1) in Ref.[13] ) is affected with respect to
want to consider the sum of two different vector one solitonshe initial frequency separatioif. For this purpose we se-
S, and S, supported by the Manakov model, namely,zat |ect the two vector one-solitons of the fori®) having equal
=0 as pulse width value of 5 ps and equal peak power of 0.2 W.
N ) By restricting the azimuthal angle of the two solitons to the
u'S =CSVPVexplinY)secting).i=1.2, (2 yae of 45°, the power is equally distributed in each com-
where n(%):A(j)(t+t(J)), n(%):w(j)t_,_nﬂ), and C& ponent of the colliding soliton$§; and S,. But the initial
- Dexri A0) e g eneri A0V T e phase difference for solitos; is 0 and = (i.e. hered:(l)
=[cog0V)explig;’) sin(8)expidy) T is the Jones vec- D 2 2 ’ 2
tor, in which the superfixj represents vector solito§; =¢y =¢ =0 and¢; _|§_other than 0 andr). Through this
- : : a?d andC@ of the
while suffixes 1 and 2 define componentsandu, of the Chﬁ.'g_e we sl,_elect th%mltlalr;]ones Vﬁclt h | h
vector soliton§, Pg%) is the initial peak power of soliton fho Iding solitons to e_ne|t er parallel nor ort ogona so that
D al) . e energy exchange is possible due to the collision. Here we
S, &'=1/A0 is the half-width atl(.él)45{% of the peak . 10p =250 pe km-L, and the value ofy=4 W-m-" fol-
power of soliton§ componentsAt=t,"- {5 is the initial 155" from the condition of soliton period9]. Further,
time delay or the cg?tragl)posmqn difference between theyq,gh this study the initial time-delajAt) or the central
two solitons, Af=(w'”-w'”)/27 is the initial frequency position difference betweers, and S, is 56 ps. This is
separation between the solitons. The Jones veGtdr achieved, for example, by placir§ att=28 ps and, att
contains all the informations about the polarization state__»g ps. With such temporal positions, the dynamicsSpf
of the solitons, where 9/ is the azimuthal angleg;’ andS, before and after collision appears equally on the both
- ¢! is the initial phase difference between the two com-side oft=0, as shown in Fig. 4. Therefore during the numeri-
ponents of solitonS, and 7 is the arbitrary in-phase cal simulation, the powers and energiesSpfand S, (com-
constant of solitor§. Manakov[4] noted asymptotically ponents wisgcan be calculated exactly outside the collision
that during vector-soliton collision, except the position region, by separating, andS, with respect ta=0 at differ-
shift all other physical parametef@amely, pulse-width, entz Such symmetric timefiller proposed for this study is
velocity, polarization, and frequenggre not affected pro- needed because odrf range introduces spectral overlap as
vided their initial polarizations are paralleC?[C?, i.e.,  explained below. In addition, it is worth noting that depend-
69=62 and|4y - ¢’|=0 or ) or orthogonalC™® L C?,  ing on the precollision parameters the collision of two vector
i.e.,|#?-6D|=7/2). Otherwise in addition to the position solitons of the form(2) may be attractive or repulsive, and/
shift, the associated Jones vect@$’ do change without or, elastic or inelasti§13]. So, after a given collision, irre-
disturbing other parameters. Here the value of positiorspective of the precise nature of the collision, we hereafter
shift depends on their initial polarizatiof$3,21]. simply designate the component of solitBn(S,) which has
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FIG. 1. Initial phase difference between the componentS,abr the state of polarization &) is varied against the output and input
energy ratio by fixing the initial phase difference $fas 0° andg=45° at differentAf values. HereAt=56 ps.
gained energy as'? (u ). Similarly we designate the Af>0.005 THz. Further, one can observe that the value of
component of solitor§; (S,) which has lost energy asl)  ¢5' - ¢} giving the maximum switching efficiency depends
(U2, strongly on the value oAf. That is, eachAf value has dif-

We start our discussion by raising the fundamental quesferent maximum possible switching efficiency at different
tion that for a givenAf value, how sensitive is the energy- 42— 4. For the such observetl?’ - ¢’ values at the dif-
exchange process with respect to the initial polarizations oferent Af values, Fig. 2 gives the values of energy of each
colliding solitons. To answer this question we have examinedomponent of the two vector solitons at the different fiber
the energy ratid,,/ Ej, between the energies of each com-lengths. In general, as Fig. 2 shows, the energies of vector
ponent of the two solitons aftdiE,,) and before(E;,) the  solitonsS; andS, recorded at different fiber lengths clearly
collision, as a function o - ¢\, for different values of ~reflect that before the collisio, and S, are having equal
Af. In Fig. 1, for the different consideredf values, the energy distribution in their respective components. But after
amount of energy transfer from one component to the othethe collision, one of the components of each soliton gains
component of the colliding solitons is recorded at differentenergy from the other component. In our situation, when the
initial phase differences 08, without modifying the other gain appeas in one component&fthen the corresponding
parameters defined above. Here we note the Manakov’'s olgomponent inS, faces loss. For example, we see in Fig. 2,
servations[4] that there is no energy switching whef whenAf=0.1 THz, that the maximum possible switching ef-
=9 =9=45°, and¢(22’— (12):180° (because, for this choice ficiency(53.5%) occurs f0r¢(22)—¢(12):100°. In this case the
Cc@W|C@). We also observe in Fig. 1 that by increasing theswitching is partial or inefficient. This inefficiency increases
value of ¢?—¢? from 0° to 180°, the efficiency of the if we increase the\f value further. But our aim is to obtain
energy transfer from one component to the other increasgfe condition for high switching efficiency. This is achieved
very slowly and reaches its maximum value in a differentonly by decreasing théf value. WhenAf decreases the
part of the¢>(22)— (12> range(depending on a giveaf valug ~ switching efficiency increases systematically as shown in
and then decreases. In addition, one can note that this vari&igs. 1 and 2. Whef becomes sufficiently small the maxi-
tion is not uniform for all givenAf values. That is, if the mum efficiency appears at a certain critical value@f)
given Af value is very smal(say hereAf<0.005 THa the  —¢? (for an example whenAf=0.005 THz, 99.1% is
maximum efficiency will appear suddenly at a particularachieved apy’ - ¢\?=172° as shown in Figs. 1 and 2. This
value(very close to 180); otherwisewhenAf>0.005 TH2  optimum value is very close to 180° whe®&"||C@. Thus,
the efficiency will increase gradually and stand almost verythe maximum switching efficiency appears very close to the
close to its maximum value for a small range dﬁ(f)—d)(lz) situation where there is no switching. Here a fundamental
variation. This range is broad for a largd value, namely, question arises as to whether or not there is a discontinuity or
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FIG. 2. The maximum possible switching efficiency at differArtvalues is obtained by changing the initial phase differencg,dd
a particular value Herat=56 ps,f=45°, and¢>(21>—¢<ll)=0°.

sharp jumping between the switching and nonswitching paraswitching. It is worth noting that wheaf is small then there
metric region. In order to answer this question, we have deis an overlap between the frequency spectrun$,cindS,.
creased the\f value from 0.4 THz to 0.0005 THz and ob-
tained 99.8% efficiency ab(zz)—¢(12):179° as shown in Fig.
3. If Af is decreased furthe,'? - 4> will move very close
to 180° and there, the switching efficiency will jump into the  The reason for the above energy-exchange process can be
situation(¢(22)— (12):180°, i.e.,CWC®@) where there is no explained phenomenologically by using the approximate re-

B. Relation between polarization and walk-off length
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FIG. 3. Plot showing that the maximum efficiency appears very close to the situation where there is no switching. Thus there is an
interesting jumping phenomenon or discontinuity between the switdifig °) and nonswitching180 °) region.
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FIG. 4. Intensity plots showing the collision dynamics at different polarizationS, afith ¢(21)—¢(11):0° and #=45°. Note that the
collision appears at different fiber lengths and produced different position shifts.Mef6 ps andAf=0.005 THz.

lation for walk-off length (during which two overlapping esting to note that the role of the polarization&fandS,
pulses separate from each othéx,~ &/ (27|B,/Af), where  also depends ohy,. That is, wherL> Ly, the polarization
5=(80+62)/2 is the average value of width of the two Of each colliding soliton becomes sensitive and can be tuned
solitons. This relation gives the conditid =1/27 8, if the ;Ostgﬁoc\’,\s’rt]'rmjg‘igvalluev\}r?e?s;;hﬁ]énf‘éigng{npgg?{ggﬂgﬁcPsaggte
nonlinear lengtLy, =1/yPy, in which Po=(PY+P?)/2is @5 S . . :

the average gor\}veNrLof thz t(\)NO solitthg d(is%ersign) length significant at all wherL,,> Ly, . For the intermediate values

© of Ly (i.e., Ly<Ly. or the order ofLy,) the range of the
(Lo=25/|32)), andLyy are equal. In the present study, we take | phase difference of any one of the colliding solitons

=5 ps, which imposeaf=0.0318 THz under the condi- (gyer which the maximum possible switching efficiency ap-
tion Ly=Lp=Ly.=1.25 km. From Figs. 1 and 2 it is obvious pears is not critical. From Fig. 1 one can see that this width
that, if Af=0.0318 THz, 89% efficiency is possible. This ef- js narrow if L,,> Ly, and broad ifLy,<Ly,. Thus, here we
ficiency decreases it <Ly, and becomes decreasingly conclude that for a giver,, value, by simply tuning the
small forLy<Ly,. Thus, we have found that, to increase thephase of any one of the two colliding solitons or the state of
switching efficiency appearing at,=Lp =Ly, to the highest polarization, one can substantially enhance the switching ef-
value(=100%), one must choose the precollision parameterdiciency. But this tuning leads to 100%fficiency only if

in such a way that Lw> Ly
In other way, by decreasing the temporal pulse width of
Lw>Lp=Ly.- (3) the colliding solitons for any giver\f value, one can also

explain the above noted concepts. That is, an efficient energy
The simplest way to increadsy without changingLp and  switching starts when the pulse width is tuned to a certain
Ly is to decreaséf. Thus, for sufficiently smallAf, then  optimum value for which.,,>Ly,. In addition, we verified
Lw> Ly, and there, the soliton interaction resulting from thethat all the above results can also be obtained by choosing
collision process becomes slow. This slow interaction givesppropriate values for the 12 arbitrary parameters in the ex-
enough time for the nonlinear effects to play a significantact more general two-soliton solution of Ed) derived by
role during the collision process, thus creating the maximunRadhakrishnaret al. in Ref. [13]. Hence the efficiency of
switching efficiency. However in the extreme case, whenenergy switching depends not only on the initial frequencies
Lw— %, which corresponds t&f=0, there is no energy- and but also on the pulse widths of colliding solitons as
exchange collision due to the fact that the two solitons havshown by the relation fok.,.
ing the same frequency value do not collide. Also it is worth By considering the\f=0.005 THz caséwhere the 99.1%
noting that in the particular caskf=0 andAt=0 (not rep-  switching efficiency appearsve have represented the colli-
resented in the figur¢sa peak-power fluctuation occurs dur- sion dynamics for different initial polarizations & andS,,
ing the soliton propagation. Indeed, whé&) and S, are  in Fig. 4. It is very interesting to note that the change of
launched from the same temporal window without any fre-polarization does not affect the walk-off length, but increases
quency mismatchS; and S, influences each other through- the switching efficiency. Further, the complete energy
out the propagation. Thus, our results in Figs. 1 and 2 demswitching is observed simultaneously in the two colliding
onstrate that an appropriate choice of walk-off length isvector solitons when the initial state of polarizations3yf
needed to get the maximum efficient energy exchange due tandS, corresponds tasy” - 4" =0, ¢\2 - ¢'?=172°. In ear-
the Manakov vector-soliton collision. In addition, it is inter- lier studies[13,14,21, one soliton is used to stimulate com-
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FIG. 5. Plots showing the energy and peak power gain and loss in the compon&p@nafS, after they collide at differenAt values.
Here the values for polarization parameters @5, ¢y - ¢."=0°, and ¢’ - > =90° andL,=0.2 km.

plete switching in the other soliton by collision. Let us com- the walk-off length. Due to this partial collision the energy
pare the collision dynamics fop? - #7'=0 and ¢ - ¢?  transfer efficiency decreases as shown in Fig. 5, but solitons
=180° as shown in Fig. 4. In these two cases there is nalways have their initial energy vallg,=2 pJ. This reflects
energy transfer but the collision dynamics looks attractive inthe principle of energy conservation as one expects for such
the former case and repulsive in the latter case. Throughout conservative system for allt. Beyond a certaint value,

this study, by just varying the phase $f we have observed the fast solitonS, first appears before the slow one. There-
an important efficient energy switching. The same behaviofore no collision takes place and the initial energy distribu-

can be observed by varying the polarization angle. In such gon among the soliton components is maintained as shown
case, the initial energy distributions among the soliton comy, Fig, 5

ponents would not be the same. Anyhow, whatever be the gt in Fig. 5 the sum of peak powers in thg and u,
initial energy distribution, the soliton’s powgdefined in Eq.  components of the colliding solitons are not always equal to
(2)] can be scaled to any desired value without affecting thés injtial value P,,=0.2 W after the collision ifAt| < &,. But
given properties and any of the other parameters associatgdhis region, the energy is conserved as explained before. It
with vector solitons. The present study can also be tailored tafiects that there is a pulse broadening when the peak power
any given parametric choice. The allotted values for the ary, the components of the each colliding soliton decreases or
bitrary parameters have been chosen just as an example @fgre is a pulse compression when the peak power in the

parameter set. components of each colliding soliton increases. For example,
o we have examined the collision behavior when vector soli-
C. Influence of the initial time delay tons are closely packed, as shown in Fig. 6. It clearly shows

We now consider the behavior of the energy switchingthat the sum of the peak powers in tligandu, components
with respect to the initial time delajt. For this purpose we of the colliding solitons is less than 0.2 W after collision,
consider the casAf=0.2 THz, where the frequency spectra and thus not conserved, whereas the energies of the colliding
of the colliding solitons are clearly separated, so that thesolitons are conserved throughout the collision dynamics.
energies of the two solitongomponent wisecan be easily Therefore one can conclude that the colliding solitons expe-
evaluated throughout the propagati@mcluding the collision  rience pulse broadening after collision. Further one can note
region by using a frequency filter. Further, here, we t&ke from Figs. 5 and 6 that such a pulse broadening is not uni-
as the slow soliton an&, as the fast soliton by choosing form in the components d andS,. This shows that if the
f,>f, with Af=0.2 THz(just for convenience In Fig. 5 the  vector solitons of the integrable Manakov model are closely
input and the output energies and peak powers of the collideacked and then allowed to collide, nonuniform pulse broad-
ing solitons at differentAt are compared. Whatever be the ening will take place. It is surprising to observe such a be-
initial time delay between the colliding solitons the sum of havior in an integrablé¢l +1) dimensional system. In litera-
the energy inu; and that inu, of each colliding soliton is ture [4,13,14 so far, it was claimed that except the
always 2 pJ. However, ifAt| < 5,=5 ps, the closely packed polarization of colliding Manakov-like vector solitons, there
colliding solitons execute partial collision, which truncatesis no other change in soliton parameters during collision. It is
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FIG. 6. Closely packed vector solitons undergo overtaking collision.

proved here that this is true onlylify is not truncated during parameters will not play any significant role in the enhance-
the collision dynamics ment of the switching processlif, <Ly, . In addition, for a
given Af, one can vary the switching efficiency without dis-
turbing the walk-off length. Further, the complete energy
IV. CONCLUSIONS switching is observed simultaneously in the two colliding

In conclusion, we have examined the behavior of energyvector solitons as shown in Fig. 4 whereas one soliton is
exchange process within vector solitons undergoing collilsed to stimulate complete switching in the other soliton by
sions in different physical situations. It comes out that ancollision in Refs.[13,14,2]. Moreover, we have observed
appropriate choice of soliton parameters is needed to prasurprising changes in the pulse widthLif, is truncated dur-
duce the maximum energy exchange. Such results are pdRd the collision dynamics governed by the practically inter-
ticularly interesting from the practical point of view. Indeed €sting integrable Manakov model.

Manakov solitons are not only mathematical concepts, but

have also been observed in recent experimggis,15. We ACKNOWLEDGMENTS
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