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We critically review the recent progress in understanding soliton propagation
in birefringent optical fibers. By constructing the most general bright two-soliton
solution of the integrable coupled nonlinear Schrédinger equation (Manakov model)
we point out that solitons in birefringent fibers can in general change their shape
after interaction due to a change in the intensity distribution among the modes
eventhough the total energy is conserved. However the standard shape-preserving
collision (elastic collision) property of the (1 4+ 1) dimensional solitons is recovered
when restrictions are imposed on some of the soliton parameters. As a consequence
the following further properties can be deduced using this shape-changing collision.

(i) The exciting possibility of switching of solitons between orthogonally polarized
modes of the birefringent fiber exists.

(ii) When additional effects due to periodic rotation of birefringence axes are consid-
ered, the shape changing collision can be used as a switch to suppress or to enhance
the periodic intensity exchange between the orthogonally polarized modes.

(iii) For ultra short optical soliton pulse propagation in non-Kerr media, from the
governing equation an integrable system of coupled nonlinear Schrédinger equation
with cubic-quintic terms is identified. It admits a nonlocal Poisson bracket structure.

(iv) If we take the higher-order terms in the coupled nonlinear Schrédinger equation
into account then their effect on the shape changing collision of solitons, during
optical pulse propagation, can be studied by using a direct perturbational approach.

1. Introduction

The study of optical wave propagation in a nonlinear dispersive (dielectric) fiber has
been receiving considerable attention in recent times as the fiber can support under
suitable circumstances a stable pulse called optical soliton [1-3]. It arises essentially due
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to a compensation of the effect of dispersion of the pulse by the nonlinear response of
the medium.

The analysis of such pulse propagation naturally starts from the Maxwell’s equations
for electromagnetic wave propagation in a dielectric medium,

wp L #FE  9°P W
2o~ M
where the induced polarization for silica fibers is

B(7.1) = o [X<1>.E AWOEEE + ... 2)

In equation(1), E represents the electric field, c is the velocity of light, uo and €y are the
permeability and permitivity of free space respectively, (™ is the mth order suscepti-
bility tensor.

In order to analyse equation(1l) it is necessary to make several simplifying assump-
tions: (i) The nonlinear part of the induced polarization is treated as a small perturbation
to the linear part. (ii) The optical field is assumed to maintain its polarization along the
fiber. (iii) Fiber loss is assumed to be very small. (iv) The nonlinear response of the
fiber is assumed to be instantaneous. (v) In a slowly varying envelope approximation for
pulse propagation along the fiber, the electric field can be written as [4]

BT t)=-¢ [F(x, Y)E(z, t)eiKoz=wot) | ¢ o] (3)

N =

where c.c stands for complex conjugate, @ is the unit polarization vector of the light
assumed to be linearly polarized, E is the slowly varying electric field, F(z,y) is the
mode distribution function in the (z,y) plane, while Ky and wy denote the propagation
constant and central frequency of the optical pulse respectively.

Under the above assumptions, rewriting equation(1) by using the method of separa-
tion of variables and introducing the coordinate system, T'= t—— moving with the pulse

at the group-velocity vy, = %—I:, one can obtain a wave equation for the evolution of E as

OE K" 9*E

i5- — 5 g7+ WIEPE =0, (4)

'n«2w0

where yo=22%%. Here A.y; denotes the effective core area of the single-mode fiber, n

<
Qo

Ow?

represents the nonlinear index coefficient and the parameter K" = ( K ) =
w=wqo
accounts for the group velocity dispersion (GVD). After normalizing equation(4) and

using the transformation, ¢ = L;(:’F’OI} E, ¢= zIK//\, F= _0 and then redefining ¢ as

z and 7 as t we get the ubiquitous nonlinear Schrodlnger (NLS) equation,

— (sgn K" )qu + 2|q?q = 0, (5)
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in which T} represents the width of the incident pulse, z and t are the normalized distance
and time along the direction of propagation and q is the normalized envelope. The NLS
equation admits the familiar bright envelope (one) soliton

B kirexp [z ((k%R —k3) 2+ kit + 779)]
Q(Z, t) - cosh [klR (t —kirz + 778{))} ’ (6)

in the anamolous dispersion region (K" < 0), where k1 and ki; give the amplitude
and velocity of the soliton respectively and 7750) is an arbitrary complex parameter. In
the normal dispersion regime (K" > 0), equation(b) possesses dark soliton solutions
[5]. Equation(5) is valid in the picosecond regime since in obtaining the above equation
the optical field is assumed to be quasi-monochromatic. For ultra short pulses (width
< 100fs) one has to include additional effects such as third order dispersion, nonlinear
dispersion, self induced Raman effect, etc. Then equation(5) is for example replaced by

the higher-order NLS (HNLS) equation,
iq: — (sgn K")qu +2(q1*q — eque — M (la1*q)e — A2lalfq = 0. (7)

Considerable attention has been paid to this HNLS equation which results from the
delayed response of the fiber nonlinearity [6].

2. Electromagnetic Wave Propagation in Birefringent Fibers and the Cou-
pled NLS Equation

In general a single mode fiber can support two distinct modes of polarization which
are orthogonal to each other. This phenomenon is known as birefringence. Among
these two modes one corresponds to the ordinary ray (O-ray) in which the refractive
index of the medium is constant along every direction of the incident ray. The other
is the extraordinary ray (E-ray) whose refractive index for the medium varies with the
direction of the incident ray. In an ideal fiber these two modes are degenerate, while in
a real fiber due to the fiber nonlinearity this degeneracy is broken and the phenomenon
is known as “modal birefringence” [1].

Thus due to the effect of birefringence and nonlinear response of the medium there
is a possibility of interaction of two copropagating modes. As a result of this the phase
of one mode not only depends on its own intensity (Self Phase Modulation (SPM)) but
also on the intensity of the copropagating mode (Cross Phase Modulation (XPM)) [1,2].

The propagation equation for such modes can be obtained again from the Maxwell’s
equations by considering the electric field E in the slowly varying envelope approximation

as
1 ) ) )
E(7,1) = = [(BEi(2, )% 4 @ Ey(2,t) K02 F(z,y)e ™ 4 ec],  (8)

where E;, Ey are the amplitudes of two polarization components and €1, €2 are the
unit orthonormal polarization vectors and F(xz,y) is the fiber mode distribution.
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Proceeding in the same way as in the case of the single mode fiber one can obtain the
following coupled system of equations for the envelopes of the two copropagating waves,

"

. 7 K
iE1, + —F1y — —FE1 +7(|E1|* + B|Es|*)E; = 0,

’Ugl 2
) Z 1"
1B, + EE% - 7E2tt +70(|B2|* + B|E1|*) By = 0, 9)
g

where z and t represent the normalized distance and time along the direction of propa-
gation, vg; and vgy represent the group velocity of the two copropagating waves F; and

F respectively and B = % is the XPM coupling parameter (¢ - birefringence

s

ellipticity angle which varies between 0 and 7 ). After suitable transformations as in the
case of NLS equation we can rewrite the equation(9) in its normalized form as

iq1s + quee + 20(|q1|* + Blg2/*) @1 = 0,
iq2: + qare + 211(|q2* + Bla1|*)g2 = 0. (10)

The above equation is the coupled nonlinear Schrodinger (CNLS) equation which is
in general nonintegrable. However for B=1 this reduces to the celebrated Manakov
equations [7],

iqr + g+ 20(q1 > + |2)*) 1 = 0,
igo- + qour + 20(|q1 > + |q2]*) g2 = 0, (11)

which is a completely integrable soliton system. The Lax pair for the Manakov system
(11) can be identified as

{—21'/\24— {2)\(]1 {2)\(]2
i(lg? +1g2?)}  +igue}  4igar}
—iA @1 Q@
L= —q; A 0 , M= —2)q7 + i, {2i/\2 ) , (12)
—a 0 A —ilq |}
—2X\g5 +igz,  —iqgz {20’
—i|Q2|2}
such that
L,— M, +[L,M]=0, (13)

which is equivalent to the Manakov equations (11). The existence of infinite number of
involutive integrals of motion confirms the integrability of the Manakov system (11).

3. Bilinearization and Bright Two-Soliton Solution

In recent years to study the solution properties of the integrable systems several
effective tools have been developed which include inverse scattering transform method,
Hirota’s bilinearization method, Béacklund transformation method, geometrical methods
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and so on. In this section by applying Hirota’s technique we point out that the most
general bright one-soliton and two-soliton solutions for the Manakov system (11) can be
obtained [8].

Considering equation (11) and by making the following bilinear transformation ¢; =
?, g2 = %, where g(z,t), h(z,t) are complex functions while f(z,t) is a real function, the
oll

owing bilinear equations can be obtained,
(iD: + D})g.f =0, (iD:+ D{)h.f =0, Dif.f=2u(gg" + hh"), (14)

where D, and D, are Hirota’s bilinear operators. The above set of equations can be
solved by making the following power series exapansion to g, h and f:

g=Ag1 +Xg54+ ..., h=D 1 +Xha+ .., f=1+Xfr+\fi+ .., (15)

where A is the formal expansion parameter. The resulting equations, after collecting the
terms with the same power in A, can be solved to obtain the forms of g, h and f. In order
to get the one-soliton solution the power series expansions for g, h and f are terminated
as follows, g=Ag1, h=Mh1 and f = 1 +)2f,. After following the procedure as mentioned
before, the bright one-soliton solution is obtained as

n\_ [« em (A kige™s (16)
@) \ B )14+entnitlit —\ Ay ) cosh(mp+ &)’
where 7, = kj(t+ikz)+n\”, j=1, A1 =%, Ay=2, A= /u(aP+BP), f =
2 2
%, o, B, kj and n§0) are complex parameters. Here \/f1(A1, A2) represents the
1

unit polarization vector, k1g and ki; give the amplitude and velocity of the Manakov
one soliton respectively.

For obtaining the bright two-soliton solution, the series is terminated as g = A\g; +
A3gs3, h=MAh1+ Ahg and f = 14+ A2 fo + A1 fy. After proceeding in a similar fashion as
in the case of the one-soliton solution, the following bright two-soliton solution with six
arbitrary complex parameters k1, ko, a1, (81, as and (B2 can be obtained,

are™ + age™ + em+ni+nz2+d1 + em+nz+n;+62

q1 = D )
BreM + Boe2 + emTnitnatoy | emtnatns+5;

Q2 = D , (17)

where
D = 1+em+n}‘+R1 _|_em+n§+60 + e +n2+d; _|_e772+77§+R2 _|_67714r771”r772+77§‘JrR37
Qo K12 JR1_ JRe _ N2
ki + k3’ ki +k}’ ko + k3’

kl - k2 k2 - kl

e = )(041521 — azkir), €7 = (

) (0421112 - 0411122)7

(kl-f—kf)(kf-f—kg kz-i-k;)(kl-f—k;
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. ki —k ’ ko — k
&y — 1 2 _ 5y _ 2 1 B
e (k1+kf)(kf+k2)(ﬁmm Baki1), e (k2+k;)(k:1+k;)(ﬁ2m2 Brikaz),
ki — kol a;a + Bi 65
€R3 = | 1 2| (K/llli22 — [4;12[4;21) and K;ij — M

(k1 4 k7)) (k2 + k3)| k1 + k5| ki +k;

The above most general bright two-soliton solution corresponds to a shape changing
(inelastic) collision of two bright solitons which will be explained in the following sections.

4. Inelastic Collision and Switching of Bright Solitons in the Manakov Model

The collision property of bright solitons can be revealed by analysing the asymptotic
form of the two-soliton solution [8]. Without loss of generality we assume that k;p >
0 and ki; > ko, where i=1,2, which corresponds to a head-on collision. One can easily
check that asymptotically the two-soliton solution becomes two well separated solitons
S1 and S3. Thus for the above condition, asymptotically the 7;r’s for the two-solitons
become as (i) g ~ 0, 92 — oo as z — oo and (ii)nar ~ 0, \p — Foo as z — Foo.
This leads to the following asymptotic forms for the two-soliton solution.

(i)Limit z — —o0: (a) S1 (mgr ~0, Mg — —o0):

q1 [e%1 e . A}7 in Ry
( 72 > - < B ) 1+ entm i ( Ay k1re™Hsech mEt 5 ) (18)

where (A1~, A}7) = [p(araf + B165)]" 2 (o, B1). Here superscript 1- denotes Sy at the
limit z — —oo and subscripts 1 and 2 refer to the modes ¢; and gs.
(b) S2 (n2r ~ 0, Mmp — 00):

=R 12 9 B
)L S P )
( 72 ) - ( et ) 1+ emtns+Rs—R1 — ( A2~ )sze 2Isech ( mop + 5

(19)
where (A7, 457) = (%) ¢ [u(azas + £265)]7% [(ar, i)ty — (az, B2k ] in which
a1 = (k4 k3) (ks — ko) (ajon + B; )] F and e = [hn — 1] 7

(ii)Limit 2 — c0: (a) S1 (mr ~0, n2r — 0):

)

02— R2 m 1+ _
Q1 e e - Al in (R3 Rg)
( q2 ) - < %2R ) 1 4+ emtni+Ra—Ry ( A%Jr )klRe Vsech | mr + 2 )

(20)
where (A1F, AL") = (£2) c [u(ara] + B8] F [(an, BT — (a2, Bo)rz; ] in which
az = (ko + k7) [(k1 — ko) (cnas + B133)]* .

(b) Sa (neg ~ 0, mpr — —o0):

Q1 Q2 e _ A%Jr in Ry
( 2 ) B ( Ba )W B ( A3* hapeisech {mr + 57 ), (1)

where (A77, A27) = [u(asab + £285)] 7% (a2, Ba).
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In the above set of equations, the solitons before interaction are given by equations
(18) and (19) and the solitons after interaction are given by equations (20) and (21). We
observe from the above mentioned equations (18-21) that due to the interaction between
two copropagating solitons S7 and S3, their amplitudes change from (A%fkl R, A;kl R)
and (A%ikQR,AgikgR) to (A}+k1R,A%+k1R) and (A%JerR,A%JerR) respectively, in ad-
dition to a change in their phases by an amount RS_?_RZ and —£s +§1+R2 respectively.
The interesting behaviour which should be noted in this collision is that though the
amplitude and phase of each soliton change during collision, the total intensity of each
soliton is conserved, ie., |A7fi|2 + |A§i|2 = i, where n=1,2 represent the solitons S; and
So respectively. Thus in such a collision there is a change in the distribution of intensity
among the two component fields keeping the total intensity conserved. This is shown
in Fig(1), where a head-on collision of two solitons is pictured for the parameter values,
ki=14iky=2—4,06,=1,a1 =1and ap = %. Here initially the time profiles
of the two-solitons are evenly split between the two components ¢; and ¢g2. At the large
positive z end the profile of the S soliton is completely suppressed in the ¢; component
while it is enhanced in the g2 component. Noticeable changes in Sy soliton also take
place.

Fig. 1: Intensity profiles |¢1|? and |g2|? of the head-on collision of the two-soliton solution
of the Manakov model.

However we can regain the elastic collision for ap = 1 [8]. Thus for the special case
aq : ag = (31 : B2 the standard elastic collision nature of the soliton can be obtained. The
above analysis shows that the (141) dimensional soliton system given by equation(11)
exhibits a novel type of shape changing collision not seen in any other (14-1) dimensional
evolution equation which led us to identify the exciting possibility of switching of solitons
between modes by changing the phase [8]. This novel type of interaction led Jakubowski
et al. to suggest a method for implementing computation in a bulk nonlinear medium
without interconnecting discrete components [9].
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5. Periodically Twisted Birefringent Fibers and Soliton Interaction

Soliton propagation in a periodically twisted birefringent fiber has gained considerable
attention recently [1,10]. The effect of periodic twist on the soliton propagation can be
described by the coupled wave equations of the form

iq1: + qiee + oq1 + 0o + 2u(|@ | + |2 = 0,
iqo: + ort — 0¢2 + oq1 + 2u(|q1|* + |g2[P)e2 = 0, (22)

where ¢ and g are the normalized linear coupling constants caused by the periodic twist
of the birefringence axes and the phase-velocity mismatch from resonance respectively. It
can be easily verified that the transformation, ¢; = cos@e™ ?q1pr — sinfe " 2qops, ¢o =
sin 8e’T?qy pr + cos@e~TZgops, where the subscript M refers to the Manakov model and
I'=y/p>+0%and 6 = %tan_l(%), reduces equation(22) to the coupled system given
by equation(11). Hence by making use of the solutions (16) and (17) we obtain the
one-soliton and two-soliton solutions of equation(22) respectively as

g = {cos 0et A1y — sin He_iFZAgM} qe,

@ = {sinfe™* A1y +cosbe M Aon }ge, (23)
where ¢, = k1 exp(inir)sech (mg + %) and

[cos fel?q; — sin He_irzﬁl} em + [cos fel? g — sin He_irzﬁg} e'?

g1 =
D
[cos fetlz+o1 _ gin 96*””53} etz
J’_
D
[cos fetl'zto2 _ gin 96*””5;} em 2ty
. . , (24)

where all the parameters in (23) and (24) as well as the quantity D are defined in the
previous section and ¢o can be obtained by just replacing cosf by sinf and siné by
—cosf in the above equation. The soliton interaction for this system can be studied by
carrying out the asymptotic analysis as before.

Then the form of S; and Sy before interaction (z — —o0) is given by

(q1,q2) = ([cosOe™ A~ —sinfe "7 A)7], [sinfe™*A] ™ + cosfe "2 A}]) ¢'
and
(q1,q2) = ([cosGe™* AT~ —sinfe T A7), [sin O™ * A7~ + cosfe™ " A37]) ¢*

respectively, where ¢!~ = kyrexp(inir)sech(mr + %), ¢*>~ = korexp(inar)sech(nar +

L;RI)) and the polarization vectors A{f, j=1,2 are the same as in equations(18,19).
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Fig. 2. (a) Evolution of the intensity profiles |q1|*> and |g2|?> showing the suppression
in switching between the two modes of S; soliton in a twisted birefringent fiber. (b)
Evolution of the intensity profiles |g1|? and |g2|? showing the suppression in switching of
S1 soliton and enhancement in S5 soliton in a twisted birefringent fiber.

Proceeding in a similar fashion the form of S; and Sy after interaction (limit z— oo)
can be obtained as

(q1,92) = ([cos HeiFZA}+ — sin Heﬂ'rzAé*'], [sin HeiFZA}Jr + cos GefiFZAé*']) gt
and

(q1,92) = ([cos He’TZAfJr — sin He_inAng], [sin HelTZAfJr + cos Ge_irzAng]) el

respectively, where ¢!t = kqgexp(in: 1 )sech (771R + M) ¢*t = kagexp(inar)sech(nap+
RQ) and the polarization vectors A’ +, i,j=1,2 are defined in section-4.

In order to facilitate the understandlng of the above behaviour with reference to the
optical soliton switching between the orthogonally polarized modes, it is convinient to

obtain the oscillating part of the intensities associated with the above asymptotic forms as

@GO = |ATF|? cos? 0+ |ATF|? sin® 0 + (—1)!| A F|| AT F | sin 20 cos(20z + ¢"F), 1, j =

q"F(2,t)

APF AnF
1,2, where (I # j), ¢"F = tan™! <A’1“I;E) —tan~? (A > Now let us analyse how the
1R
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presence of the oscillatory term in the above expression and the changes in A?i affect
the switching dynamics of the solitons S; and Ss.

case(i): For all the A}li’s are non zero, there is a periodic intensity switching which
is always present in both the solitons and in both the components before as well as after
the interaction.

case(ii): If any one of the A?i’s is zero, and others are nonzero then soliton interac-
tion suppresses or enhances switching dynamics. This is illustrated in Fig(2a), for the

parameter values k1 = 1+4+i, ko =2 —i, a1 =01 =0 =1, az = %, p = 0.25 and
o = 0.5. Here we observe that for |[A]"| ~ 0 the switching in the intensity of soliton S
is fully suppressed in both the modes ¢; and gs.

case(iii): If any two of the A?i’s are zero then the soliton interaction suppresses
and enhances switching dynamics. This can be verified from the Fig(2b), for the chosen
parameters, k; = 1 +4(0.1), k2 = 1 —4(0.1), oy = 0.86 + i(0.5), g = 0.5 + i(0.86),
B1 = 0.74i(0.72), f2 = 0.44 +i(0.9) and p = o = 0.25. Thus for this case due to the
interaction there is an exchange of periodic intensity between the two modes of soliton
So with the suppression of the switching dynamics in soliton S;.

6. CNLS with Coupled Cubic-Quintic Nonlinearity

The model for ultra short optical pulse propagation in non-Kerr media (in particular
materials with high nonlinear coefficients even at moderate optical intensities, for exam-
ple, semiconductor dopped glasses, organic polymers, etc.) can be obtained by expanding
the induced polarization vector in Maxwell’s equation(1) as

P, t) = xV.E+xPEEE + Y EEEEE +..], (25)

where x(®) is the fifth order nonlinear susceptibility and following the procedure as in the
case of NLS equation. The resulting equation, in normalized form, describing the effects
of quintic nonlinearity on the ultra short optical soliton pulse propagation is [11],

iqz + qu + 2la%q + vla*a + imaue + iv2(lg2q)e + iv3(lg|*q) = 0. (26)

The generalization of equation(26) in order to include multimode effects leads to the
following coupled cubic-quintic NLS equation[11], after neglecting third order terms,

iq1: + quee + 2(J1 * + |@2[P)ar + (p1]aa ] + p2la2)®) @ + 2p2[(m1 — p1) | |?

2 . . "
+(12 = p2)l@2l?] la2l” a1 — 2i[(p1]ar | + p2lazP) e + 2i(praiau + p2@sa20)r = O,
iq2s + qoee + 2(Jq1 ] + @2?) g2 + (1 |@1? + 72|a21*) g2 + 271 [(p1 — 71)| a1 |?
+(p2 — )@ a1 g2 — 2i[(a|q1[? + Tolg2]?)ge)e + 2i(Tigi e + @3 a2)g2 = O,
(27)

where pi1,p2, 71 and 7o are real free parameters. The integrable nature of the above
equation can be studied by obtaining the Lax pairs and conserved quantities for it. The
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Lax pair associated with equation(27) is

—2i\? 2)\q1 27q2
+i(lg > 4ique +1igat
+g2?)  HOuqr  +02:qe

i) a @ —2\¢i  2i\*  —igiqe
L= ( —qi =01t 4 QA 0 > , M= +igh,  —ilg)? ) (28)
—q§ 0 —’i02t + i)\ —Oltqf —i@lz
—2\g3  —iqgs  2iN?
+iqa: —i|q2|2
—02:q3 —if2.

where 0; = fioo(p1|ql|2 +pa|q2|?)dt’, 05 = fioo(7'1|q1|2 +T2|ga]?)dt’ and X is the spectral
parameter. The compatability condition L, — M; + [L, M] = 0 leads to equation(27).
Though the integrable system(27) possesses infinite number of conserved quantities, only
the lower ones are of physical importance. They can be written as

L il + )
a6 = —=
1 2% - q1 q2 3
{ oo . * 4 4

o = —1/ dt[—i(q1q1; + 4203,) + p1la1]” + 72|g2]

+(p2 + 1)1 g2/,

_ _2 e dt * * 2 2\2 . 2N 2N

c3 = 3 [(QIQ1tt+Q2QQtt)+(|Q1| +|q2|) +l(|Q1| 1t+|‘12| 2t)

+2i(Nq145; + Nagzgs;) — (NTlqi|* + N3 lga|?)], (29)

etc., where Ni = 61y = p1|q1]? + p2|q2|? and Ny = 0y = 7i|q1|> + 72|¢3|. Here ci, co
and c3 may be related to the number operator, angular momentum and the Hamiltonian
(energy) of the system(27) respectively. It is intriguing to note that the fields ¢, and
g:, a=1,2 do not have canonical Poisson bracket relations. However under the following
nonultralocal Poisson bracket structure,

{ai(2),q1(y)} = 0z —y) +ipie(z — y)ai(z)q; (y),

{a(@),a1(y)} = ipiely — )q1 (x)q1 (),

{a(2),2(y)} = —i(p2b(z —y) —10(y — 2))q1(x)q2(y),

{a1(2),q3(y)} = i(p2b(z —y) — 1Oy — 2))q1(2)g5(y), (30)

etc., where e(x) = 6(x) — 6(—x) is the sign function defined through the step function,
O(x) = 1for z > 0, O(x) = 0, for z < 0, the integrals(29) become involutive. The
interrelation between equation(27) and the Manakov system allows us to construct the
soliton solution of equation(27) in terms of the known Manakov soliton solution.The fields
of these two models are related through a nonlinear transformation for the dependent
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|g2nse \2

(a) (b)

Fig. 3: (a) Evolution of the intensity profiles |qiar|?> and |gaare|? of the two-soliton
solution of the Manakov model. (b) Intensity profiles |g1;|? and |ga¢|? of the two-soliton
solution of (27) for p1 = po =711 =12 =1.

variables given by
Garm = qaexp(—iby), a=1,2 (31)

and the subscrip M represents the Manakov model. Their Lax pairs are related through
a local gauge transformation L' = g 'Lg — ¢ 'g;,, M' = g ' Mg — g~ ¢, where

1 0 0
g=1 0 exp(—ibh) 0 . (32)
0 0 exp(—ib2)

Then the one-soliton solution takes the form
(Ch , CJ2) _ (aeiél tanh(u(tfszrzi))’ 66162 tanh(u(tfvz+5)))sech(]/(t — vz 4 6))€i(nt+wz) (33)

and the two-soliton solution can be obtained by substituting the two-soliton solution of
the Manakov model in the transformation(31).
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The effect of the dependence of phase change on the real free parameters p1, p2, T
and 7o during collision can be revealed by carrying out the asymptotic analysis of the
two-soliton solution as earlier. In this connection, we have taken the derivatives of the
|q§ﬂF|, n,j=1,2, since the effect of the phases are reflected only in such terms rather than
la; 7|

’ We have shown these effects for the parameter values k; = 1.544(0.5), ka2 = 2—4(0.7),
ap =01 =pF2=1and as = %, by comparing the plots of the intensity profiles in
the absence of the free parameters (p1, p2, 71 and 72) with those in their presence. It
is obvious from equation(31) that for the choice of parameters p;=ps=71=70= 0, the
two-soliton solution of equation(27) reduces to that of the Manakov system. Hence in
Figure(3a) we have plotted the intensity profiles of |qiar|? and |gaar|? for the above
parametric values. In the figure there appears a splitting in each of the asymptotic
profiles before and after interaction.

After setting py=p2=71=7o= 1, we can show that the splitting disappears as shown
in Figure(3b). Thus in addition to the inelastic soliton collision, there is a change in the
asymptotic form (suppression of splitting) of the intensity profiles which arises due to
the presence of the phase terms 6, in the transformation(31).

7. General Soliton Perturbation

As mentioned in section(2) the CNLS equation is in general a nonintegrable one. We
can apply the multiple scale perturbation theory to study such nonintegrable system with
more general perturbations R; and Rs as given below,

iq1: + quee + 20(q1|? + |g21P) a1 = ieRi(q1, g2, qut, ot ),
iq2s + qoee + 2u(|q2)? + |1 [*) g2 = i€Ra(q1, @2, qut, @ot---)- (34)

In the absence of the perturbation the above equation reduces to the Manakov system.
After expanding g; as
0 j j 1 2 .

gi = 4 (kin. kir, ATE00) + eqfV + 24 + 1, =12, (35)
where Agi and @gi are the real and imaginary parts of the polarization vectors of the
two-solitons respectively, in the asymptotic limits z — Z+oo. Substitution of this in
equation(34), it is trivial to verify that qgo) is nothing but the two-soliton solution of the
Manakov system. Asymptotically this two-soliton solution of the Manakov model given
by equation(17) can be written as a combination of two one-solitons as z — +00

1+, 2+
ql Q1 + QI 36
— .
(tp) (q§i+q§i> (30)
By using a direct perturbational approach [12] the evolution equations for the soliton
parameters in the presence of perturbations can be obtained. Applying this method to

CNLS equation(10) one can easily check that there occurs transmission and reflection
scenarios during collision with a sensitive dependence of the collision outcome on the
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cross phase modulation coefficient and initial soliton parameters. As a special case by
taking R; = (—vq: + Bl¢;|%q + gqm) where i,j=1,2 we have studied the effect of pertur-
bations such as fiber loss, dispersion gain and nonlinear gain. The importance of taking
such a form for perturbation is that in the absence of ¢; and ¢2 equation(34) along
with the above specified form of R; and Rs reduces to the Ginzburg-Landau equation
governing pulse propagation in fiber amplifiers [1]. Since we have taken the asymptotic
form of the more general two-soliton solution as the zeroth order solution, the collision
properties of the system(34) can be directly studied by comparing the evolution of the
soliton parameters in the limits z — —oo and z — co. We expect that this may lead
to some novel results such that collision among the solitons may be used to compensate
fiber loss experienced by the interacting coupled one-solitons corresponding to any one
of the polarized modes.
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