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Preface

The ter1"11 .~s01it<_m refers to special kinds of vvzu»-'es tllat (rem pr0pa.

ga.t.e \11"1<1ist-u1"t.e(l over long (lista.u1c0s and 1"e1m1.i11 11z1a.fl'0<:t-ml aft-or

collision with ea.cl'1 01.1101‘. In t-he twentietll <:e.11t.111'~\,-', L110 soliton

becalllo one of the most fruitful c:011c:epLs of nonlinear pl1ysics

zuld a. key to 1111<'lersta.11(_li11g how 110I1li11ez11'it-y mtts in l'l&'1-1'.-l.lI'(‘.

The fielcl of opt-i(:a.l solitlons llavc growll e1101‘1'110usl_\-' (1110 to its

p0t.e1'1tia.l ?l[)pll(I?.l-l-l(')l'1S in (10II1II1llI'li(Té¢Llll()l1t all ()[)l’.iL'i-Ll swit(?l'1i11g,

logic: gates <ri,<:. In 1101'1li11c:a-r opt:-ins, opt-ica.l solitmls a.L1‘<_*. Clél-."4Sll'l(?(.l

as t-empoml zu1<_l spatial <.lepcn<_li11g on V\-"'ll0l'.-l1€.‘l‘ r-luv <.-011fi11e1"11011T.

of light 0(?(":1.1rs in time 01' space 1'esp<:<.%t.i\-'cl_v <l111‘i1l1g_>; vx-"aw prep

zlgatioll. Bot-l1 t;._yp0s of 0pti(:a.l solitons 11m-'0 been tlur focus of

ext-<-2115i ve 1'€S(?2l.l'{fl1.

This t.l"10sis }.>1'es01"1t-s a- st.11(ly of optical soliton p1'<_>pa.ga.t.i<>11

in i11lu">1'110g<r11co11s singl<-2 mode and (?()\1pl(J(l fil>1‘(:s, :1-nd the sta

l>iliz-¢1-tion of 11'111lti<li111e1e1si0na,l .s'pa.tial solitons. Chapter 1 is a.

g01"1<&1':1.l i1|t.r0<l11(:ti011 I-0 tempoml amcl s]>a.tie1.l 0[.>t.ica.l s"r_'>liT.011.s. I I



vi

is then <fla.1'ifie<_l what has been explored in the area, (:ove1"e<l by

the T.-l'l(.?SlS.

The ].)l1lS(J p1'opa_ga.tio1i in an inhoinogeneous optic fibre

niediilm with ga.in(loss) and fr0.q11e1"1(&_\_-' crhirping has been eni

:1.l_\_-'2e<l within the integrable limit in Chapter 2. The two soli

ton solution for the nonlinear S(:l11'0¢li1ig01' equa-t.ion (NLSE) has

been (":o11s't.ruct-ed using Backlund trzu1.<fonnation tecrliniquc and

:1. I‘O(t111'SiV(-3 method.

Chapter 3 deals with the st-11<,ly of solit-on p1'0pa.g;-1.t,i<.>11 in

an inhomogeneous optic fibre s_vst.0111 with var_ving dispersion.

The NLSE representing the rlyiiaiiiirts of this inhomogeneous

optic fibre s_yst.e111 is not i11teg;rz1ble a,nrl (-annot be solvetl ana

lyt.ica.ll}-' in geiieml. The variatioiial a.1"1al_ysis. a S('.‘.I'l1l a.11a-lyt-ical

ii.-[)[.)I‘()2L(?ll, ljmsed on La.gra.11gia11 fo1'111a.lis111 o1"classi<?z1.l 1ne<:l1a.ni(.-s

lias been used to st.11<ly the s__vst-0111. The inl1o111oge1"1eous optic fi

bre systelii has been Stllrlied I1111neri(rall_\_-' using split-Step Follriel‘

invthorl. Chapter 4 presents the propa..gat-ioii of opti('a.l solitons

in two mode nonlinear directional rroiipler (NLDC) with inho

mogeneous dispersion and I1()l'1ll1l(*!&i.-1'lll_\='. The soliton <lynan1i(:s

in NLDC is govcrlied by coupled nonlinea.1" S(:l11'<><li1‘1;;>;e1' eq|.1a

tions. The switching dynalnics in N LDC lltl-S been ST.ll('li€(_l using

\-'a.1'ia,ti011a.l analysis and m11nerica,l nietliods. An i111po1't-a.11t, ap

plica.t..i0n of fibre (~.0uplers consists of using theni for all opt-ieal
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switching.

Spat-iz-1.1 and spa.ti0t.e111poral s0lit.011s lmve been s11gz;g_>;0st-<»_>.<l to

be ideal ca.11<lid:1t.<_>s for :1 11u111b0r of potential pra(:t.i(*a.1 appli

cat-i011.s' in<:lu<_li1'1g 21.11-<;>pt-i(:a.l s0lit..0n stecrillg anrl >;wit(-]1i1?1g. A

cha.lle11ging is.s11€ is the sea.1‘c.l"1 for pl1_ysi(:all_3-' 1'eleva.nt. 1n0<_l<a>1s in

which stable lliglm" di1110nsi011a.l spa-t-ial solitons exist. In next

three (fhtl-D'[-(_‘_I':>‘, xve l'1a.v<-é f01'1'nula.tc('1 and st.11(li0d (:c1'ta.i11 1I1()(.1(?lS

in which stable lligher (limensiona.l spa-t.ia,l solit-ons <&~.xi.st..

The NLSF; w1'1i(':h gm-'crI1.<; the (1_\-"'Il£LIIli(:S of two di111Pnsi011z.1.l

spa.t.Wiail solitons in Kerr media with pcri0(li(ra.lly \-'z1.1'\\»-'iI1g‘ rliff1‘a.<r

tion and I1()I1liI10&iI‘il'.-_\-' has been a.11a.1yzec1 in Chapter 5 11si1'1g

va.ria.l-i01L1a..l ;1.[.>p1'oa.<‘:l1 a.1'1d 11uI110ri(:al s’r..11dic.s. A1'1a.l}--"r.i<_1a-l c;>.x}>1‘<:.s‘

sions for soliton pa.1"a.1'110t0rs have been (l(.‘.1'i\-'e(_l using x-'a.1'ia.t§i<'>11z1.l

&LIla1-l_\-'8iS. \/m-mt-i<>1m1.1 eqlmtioxls auul partiaW1 <_lifl‘e1‘e1'1T.iz1.l 0q1u_11=i011

l1a.\-'0 been Si111111z.1t-01.1 1111n101‘i<:a.l1y.

\»-V0 ‘r..l1011 shovx»-' tlmt the existcrlce of st.a.l,>le th1"0(: L|i1ll€IlSi()11&.L1

spatiot-v1"11p<..11‘a._l solitorls in bulk K011" 11"10<lia with pc1'i0<li(#z1.l1_\'

\_-*a.1‘_\~'i11g <'1isp01'.~.4i<_>11._ <'lifi'r:1.<tt.i(>11 allrl 1'1u11liI1cuI"if.y in Chapter 6

by 111ea11s of \-"'i:l-I'itl1'-i(')Il8-l 2L].)].)I'OXiII1?lI.i('Jl'l 2-.|.11Ll K-apitszl. z1.\~'c1‘agi11g

1m.‘.tl1<_1d.

In Chapter 7 the st..abiliza.t.i011 of two di111<?11siona.l 5]_)2'i-I.-18.]

solitulls :1-nr'l tlmrc <li1"11<?1'1si0nz1_l spat-i0t<.:1nporal solitons in (.'l_1bi(j'—

q11i11t.i<: 1m_>.<lia. haw: l>e€1'1 oxplomd. A r_liff1'a.(':t-i<>11 111z1.11a.g:j?<"1 luodci
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in cubic-q1_1i11t.i<: nledia has been formulat-ed and studied. A dis

persion 111a.11a.g0rl model with diffra,r:ti011 1x1a.11agc111e11t. has b0<=.11

p1"op0s<:d for the Sf.&i.1'.)iliZ8I.-i011 of t-hm-3e dimc11si011a.l spzLti0te111

pom] soliton in bulk c:11bi(:-q11i11t,ic: media . The <:11l")i(:-quim,-i<'r

11011li11n:z-11.1‘ S(:l11"<;><li11g;<:r 0qua,t-i011 wit.-11 peri0<.li(:all_\-' va..1'_\'i11g dis

])O1‘Si()Il and diff1"z1..<":t-i011 has been st-uclied ama.1_vt-ica.l1__v aml nu

111r:1‘i(:a.ll_y. In Chapter 8, main results and conclllsion of this

tllesis are pr0se11tcd. Future p1&LI1S for the extension of t-he work

are also 111(-mt-iollcd.
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Chapter 1

Introduction and Thesis

outline

1.1 Basic concepts and terminology

The t erui solitOIl was coined b:v Zabuskv and Kruskal [1] in

1965 to reflect t.he- particle-like nature of solitarv waves that

remained intact even after umtual collisions. Soliton is a IlOIl

linear wave which has the following properties. a) a localised

'Nave propagates without change of its shape <111(1 velocity. b)

localized waves Rf8 st Clbl« against mutual collision and retain

their charactetistics. The first ohscrvat.ion of the solitary wave

was made in 1834 bv a Scor i.isli Engineer John Scott Russol and

the word Solitary wavo Wi" coined hv Scot t Russel himself [2].

The theoretical coufinuat.ion for t his phenomenon was given by



2_ j _  : _ Introduction and Thesisoutline

txx-'0 Dut-ch Pl1.\’si0ists, Kort-eweg and cle Vries, in 'r-he form of a

11o1'1li11<:a.1' pa.1'f-ial differelltial eqlla-ti011 now known as KdV cq1m

t-ion  Znbllsky and Kruskal solved the K(1\/’ equauion 11111ne1'

ica-ll_\_' z.Lll('1 0bs01‘ved tha.t- waves with aha-rp p0a.k.~; 011101'gc from

21 slnoot-h initia-I w21vef0r1'11. Those p\1lse—wa.\'es 1110\»-'0 u.l1"110sto in

(h3])(.?I1(h?11f-1__\_’ witl1 co11st,a_nt speeds a.n<_l pass t-hrough 0a.cl1 other

u.f’r.-e1' cr0llisio11s and thus the soliton was (lisc<>ve1"c<.l.

Sr>lit.0n.1s' are stable inspite of mut-11a.1 i1"1t-e1'a.<rt.ir>11s became

the lnodcl eqlmtioll (KdV) has an infinite 1'111111b01' of (t011sc1'\-‘ed

qua.ntitics. D_x_»'11z*m1ica.l properties of the syst.e11"1 me sex-'e1'clL\-' re

st1"i<rf-ed by the existence of an infinite nllmbcr of co1"1se1'va.ti<'>11

la.ws. The czonsorved quantities gLu.u'a.11tee the t-ime ind0pe11<10110.‘

of }m1"a.1110te1"s whi<kl1 <:l"1ara,(:t01"izc the solit-o11.s._ mul t.l1o1'ef0re the

solit-ons are stable. Corresponding to an infinit.0 nu1nhe1' of (fon

servecl q11a.11tit.ies(tl1e field va.ria.ble has infilnto <_l0g"1'ees of f1'00

dom). a.1*le>it.ra,ry number of solitons Ilmy (to-exi.%t. F'1111<_lzune11t.a.l

prop01"t.i0s of solitons are investigat-ed by the illverse s(:a.tet-e1'ing

transfo1'111 m<:’r11ocl (IST)  Za.kh2u'0v and Sl'1a,ba.t  s<>l\-"ed the

110nli11ea.1" S(:l11‘oding'er equation (NLSE) l>_\,-' exteluling the IST.

NLSE is one of the universal n0nIi1'1ea.1‘ wave equa,t.i011s vvirlely

applierl to the study of problems in ;_>las111a.- pl'1}'sics._ (?(')l1(1Ol1SC(1

1na.t.t.e1' ]>l1_vsi('s, nonlinear fibre optics etc. (}1"cz-1!. s\1c<'nss has

heel: at-ta.i11<2(l on the ela,b01‘a-t-1011 of Ilovel 21.pp1'(_>z'u'rl1e.s to solifon



1.2 Optical solitons W73
theory when IST has been develope-2<1. Wlieii t-110 s<:a.t..I;~<.:1‘i11g <.l:_1.t.a.

space is rega,rded as the extension of the n1<_>u1e1'1t.u1n s1>a<.-0, the

inverse s(ra.ttering nietliod is c011si<le1'0<l as the e_=.xtie11si0n of t..h<:

Fourier tra.11sf0rma,ti011 into Il()I11iI1(_?2Ll' pr0l">lmns.

In the twentiet-1'1 cent-ury, the word .s'o1it0n he<":m‘1"u~. 0110 of the

most f1'11itf11l conrrepts 0i'11011-linear ])}'l_\"'Si('h' and a. key to 111"1<l<-.~.r

sta.n<iling how 11011li11ea.rity act-s in 11a.r.\11'0. S01it.o11:>' l1a.ve l><>.(:01n<.~

w*id€:>'p1'ea.<il i11t-erdiscipli11a.r}-’ field of T-l1(4*()l‘6!T-i(?2l.1 mid_13xp<:1'i111P11

tal studies, in b1"a11c}1es raiiging from fluid <l_\'I'1z1.1'r1i(?s, o<;ca.11<,>g

mp]1_\-'. [>13-SITIZL physics, solid State p}1_i\-'sic:s, pa.1'1i(#l<2 ])h_\-'Si(iS, (1100

t1'0d}-'11:1111ics: nonli11ca.r optics, 0t<:. Yet ov<;~.1" the past <10<.~:1.<_.l0,

the fnre[r01'1t- of solit-on rose-a.rc11 has Sl'1if11-(11 to 110n1i1'10ar ()pti(.f.S.

1 .2 Optical solitons

A geiieml pr0p0rt_\_--' of 010Ct1‘0111a.g110t-i<7 \\-'EI.-\-’C[.)i1-('k(_‘1'-S is t]'121i’r- tl1<?_\'

teiul to s;_>1‘ea-(1 out as tlicy 0v<_1l\»-'<l?. A f1lIl(i?.L1ll(_?l1T%.il (rauso for

this is tl1a.t- <_list.in(:t fr<;2(111e11(.ty c<_m1p011€?1'1ts \\-'hi<'h a-1.11: b‘11]_)(*?1‘])OS(?('1

to <r1"0u.ti<.~. the wa.\-Yepacket.-, [>1‘(>pa1.ga1.t,e with <li1°f<>1"<:11t. \-'<_1l0('it.ies

:11-11<l/or in different directioris. A11 (:xe.m1]‘)l<>. is the t.1'z111sv<_*1's€

spmarlilig of a laser b€a.1I1 (I110 to <liii"1‘z1-ct.i(_>11. Sil'I1i]2'1.-l‘]}-’, li;_,>_‘l1t_

p11l.'w<>.s s'|>1‘0a.<'1 in time as ‘r-119»-' p1‘r)pa1,§_>;a.t.<~ in 2.1. 1r1a.te1"i;1-l l"l1(?("li11Ill.

as <..l11<.? to the §;‘1'01i1]')-v(.'l<f.><_'ity (li.'H‘]J(.°I‘.*3i(')I'l (G\-TD). cal-(511 F<'>111'ie'*1‘
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COIIl})(')l'l€llt- of the pulse has a <‘lifl'01'e1‘1t velocity. These examples

pertain to lilleal‘ p1'<>pa.ga-t,i<>11 of beams or pulses. Nonlinear

effects ge1101"all_\-' z.1.¢r(":el0_1"-at-e the (lisint-cg3;1‘at-ion of a wavepaxrket.

H<>weve1', under specie-l <;:011("litio11s, Ilonlinearity Inay compen

sate the lillear elfevts. The res11lt.i11g l_1alanced and l0ca.lize<l

pulse or bealn of light, that propagates wit-llout rlecay, is gen

erally known as a solitou 01‘, more properly, a solitary wave

(sometimes the t-01111 solit-011 is 1‘ese1"ve(l for pulses in exatrtly

ilitegrable 11¢>1‘1li11ear-wave models). Thus, optical solitons are

localized (_1l0('ft-1'0l1'1a§_1;11(_>t,i(': W'tl-\-"OS that propagate stably in 11011

linear lncdia with dispersioii, (lifl'1a<":t-1011 or both. In nonlinear

optics, optical solitons are classified  temporal and spatial de

pendillg on whetlier t:-he t:o11fi11eme11t. of light occzurs in to-ime or

space (luring wa.\-‘e propa.gati011. Botll types of 0pt.i<_:al solit-011s

have l>e011 The focus of ext-e11siv<_s 1"esea1"(:l'1

1.2.1 Temporal solitons

Temporal solitons rep1'ese1"1t optical pulses that maintain their

shape during propagation. Their existence in optical fibres were

p1'edi(:tv(l by Hasogawa and Tappert [7] and first obse1've<1l exper

i1ne11t.all'y by 1\=I0llena1_1cr et al  lT’l1_vsi(%al properties of opt-i<_ra.l

fibers l'1%1-\-’(;‘- lmmi st.u(lie<l simro t-he 196(')’s, such as their wavegilicle
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characteristics, eliroinatie dispe1'si0n, loss, and n0nlinea.1'it._v

When an optical pulse is ti'a.iis111itte<l in am waveguide, va.1'i011s

Fourier (IOl'Ilp()I1(J11l..b' of tlie pulse will expe1‘ie11ee <"lifl'ere11t in

dices of ref1'a.cti0n H.I1(.l llenee rlifiei-eiit. Fourier eoiriponeiit-s t-mvel

with different. velocities eallerl group \1-'el0(:it,_v. Clirolnat"-ie (lis

persion of O])T.-l(f2tl fibers briligs about the (l€[.)€l'1(l0l‘l(If(f of group

velocity on 1"1‘e.qi1e1i(:_\-'. hi the p1'esei1(:e of diapers-i011, <liil'e1"ent

spectral eon'1p01ient.s of an opliea-l pulse ])1‘()p&i-g8.t6S at (‘lifl'er~

ent group velorrities. wlii(:l'1 lmuls to pulse br0m.le1iing. This

plienoineiion is referre<.l to as grolip-velocity ('llS])6I'SlUIl (GVD).

CllI()II1t'l-'[.-l('r (llSp(JI‘Sl()ll has two e01it1'ibuti0i1S: I'I1El,1'.-(-3I'ld-l disper

sion an<_l wax-'eg11irle r_lispe1'si0n. l.\-’lé.lT,(3I‘ltLl nlispersion o1‘igi1izil.es

from a. pll_\-'Sl(?8-l propert-xx‘ of the silica, i.e. :1 1'etai'rle<l i'esp011se

of bound ele<':t.r01'1s iii siliea. for liglit wave ele(;tri<i- fiel<_l._ whicrli

gix-'05 f1'e-que11(:_v rlepeiideiiee of the 1‘e.f1'z~i(:tive index. \-VE.L\-"L‘.(§_{1ll(l(".

(llSp(;‘l".:§l0ll zl-l'lS(-?S f1‘0In The g;e<_miel-1'_\-' of the guirjlecl str11et111'e :>'uel1

as am eore m<_li1_ls wl'1i("l1 gix-—'es' fl'eql1e11e_y' rlepemleiiee of {>1'"<1]r>e_-ig"a.~

tion <t<>i'ist-2.1-lit. of :1. 1"110('le. Fiber loss, zmof.-liei‘ liiiiiting f;i<.'I,ui'

of F-1’&l.l'lSI1llS.8‘l()ll clist.:i1i(:.e, <>1"ig;i1ia.t-e..is' from Iflkll.-01'l&1.l al>s<'11‘pt-i(>i1

in the f21.1‘~i1if1'e-.u'e(.l regioii mid Ram}-'leigl1 SCE-Lt-l.(_?I'lIlg‘ misiiig frmii

1'a-mleiii rlelisity flu(:t11a.ti011 tlmi. takes plaee cluriiig fiber fail)

l'l(.f£:1-l.=l()l1. l')111'e siliea E.ll_J..H'l_)l‘l).'\‘ liglil. zit the wan-'ele1‘1,9_;t-l'1 ~ 2;.m:_

Wllll(‘ Rz1__\'leigl1 s('ra.Iteri11g loss is <l01ni11:.i11’r.- zit. sliort wa>w<~le11gtl1s.
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Hence the fiber exhibits a Inininnnn loss at the wax-elength in

t.he vicinity of 1.55pm. Nonlinear effects in optic-a.l fibers have

two major contributions: nonlinear ref1'a-ctive index arising from

nonlinear electric polari?,at-ion of bound electrons in the silica,

and stimulated inelastic scattering); arising frorn the excitation

of vibrational mode of the silica. Since silica. fibers do not ex

hibit second order nonlinear effects due to the molecular inver

sion syrrnnetry, third order nonlinear electric polarization (Kerr

nonlinearity) contributes to the lowest order nonlinear effect in

fibers. Since the Kerr effect induces inter1sit_\-' dependence of

tl1e refractive index of silica, it l)1"irn2,‘s about. intensit__v depen

dent phase shift. The nonlinear phase shift in’r.roduced by the

optical field itself is called self phase inodulation, whereas the

cross phase inodulation is a phase shift which is induced by the

other light co-propagatiiig with different frequencies or polariza

tion components. These nonlinear pllase shifts result in spectral

broadening during‘ propagat-ion.

The theoretical prediction of optical solitons l">__v Hasegawa

and Tappert attracted profound interest as an ultirnat-e solution

to overcome the nonlinear effects. Hasegawa and Ta-ppert de

rived the nonlinear Sclrrodinger equation for the propagation of

the slowly varying envelope of an optical pulse in a fiber with

dispersion and 11o11li11ea1‘it-_\,' and denionst-1‘atcd the soliton solu
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tions to be effective in liigli-speed sigiial t.i‘a.1'1si"riis.si<;)11 in optical

fibers. Optical soliton [.)I‘(JS(%l'\-‘(TS its Slltl-])f_? <lu1'ing }>1"<>1.>a1..g2i.t.i011,

where the I1()I1llI10d.-I‘ chirp arisiiig from Kerr effe(-t- (t0111ite1'act-5

with the dispersion-in<lueerl (.’lll1‘]). Solitons t.li1i:_s do not sufl'e1'

from either the pulse l_>1'0a.<'leiii1ig in the p1'esm1<.'e of GVD 01‘

the Spectral l)1'0a(le11i1;ig due to the sell [.Jll&l-Si.‘ u10<'l11laTi01'i. This

indicates their })Oi'.€l'l'Bl2Ll appli<_-at.i011 to liigli-sp<_>e<_l opt.-iri.-al i.1'21-IlS

mission. The i1Ii]_>01"ta1'it t-liiiig is that. t-l1em‘et.i<':ill_\' b'[_)(-9&1-liillg, the

integrabilit_\-' of the 11011li1"1e21..r S('li1.‘<_>i_li11ge1‘ 0q11a._ti<_>11 guaraiitees

the stability-' of seliton p1'(>pa.ga.ti<>11 aml. at the SH-II'1(? time, indi

cates that a.1'1}-' pulse of a1'l)iTI‘ar_\' sliz.1.p<_+ lai_11i<"l1e<'l with 2-.1, proper

E1,II10l_lI1i.- of p(>we1" e\:'<_>l\-*es itself to a. solitoii (or solitoiis) (lur

ing propagation WllL‘ll(?\-"'(-Pl‘ the 11<11ili1i<._~a-.1-1'it}' is 1i'1aii1ta.i1ieLl large

eiiough h_\_-' l0s‘s <t01'1'ipe1isat.e<l l">_y Pl-lIlpllilCl'h.'.

1.2.2 Pulse propagation in Optical fibres

The st-u(l_\-' of II1OSt- 11011li1ieaI' ei“i‘e(tt.s in 0pti<.':.i.l fibers ll1\~’(">l\='(‘.S the

use of short. pulses with witltlis iaiigiiig froni ~ I1 (hm to 1.0

When such optical pulses p1"<>pagat.e iiisirle fl.l'll)(?1', both <lisper—

sive and nniiliiiea-1' €il‘P(.'iS 'illillll.‘l1{.'C tlieir sliape a..1'1<"l Sp{_‘(Il'.-l'1l11l.

The main 0q11a.ti0n gm-'ei'1"iii1g i'l'l(__‘ (..‘\’(.Jllll'-lOl] of <'>pti<:al fields in

ilolililieai" iiiediiim is kiiuwil as 1101ili1i0n.1" S<:li1'1__u_li1ig_>;e1‘ eqilatioii.
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In tliis .=:e<.~t.io11, the (l(%1'l\-’EtlZi0I1 of N LS equation for a. pulse p1"op:1—

ga.t..i1'1g in a. 11<>11li110a,1' optic fibre is outli11e§:r.l. The l\-‘Iaxwell eq11a.

t-ions can bx? 1151211 to obtain the following waw-:(l'01‘ the el<1<:t1'ic

field) eqlmt-ioii ass<>cia.to<l with an optical w'a-1-'0 ],>1‘<>1)agz.1.ti11g in

Sll(‘.ll a, 1"ne<_li111'11,

1, 1 EVE 1 0'*PVE_"2"'2':"'-5*-7» (1-1)(Z CR 50C’ dt

Wl1(.‘I'0 c is the spcocl of light in va,c1111111 £1-I1(l ;-5.0 is tho va.c1111111

pc1"111ittivit.._\j_ The i11r;luce<.l polariza-t.ion P ctoilsists of two part->1:

P(r, 1) === P1,(1', If) + P.-w,_(1'= fl (133)

wl1e'1‘u flu: li11e11.1' pa.1't P L. and PA.-[J '<11*0 r(?lz1.’r.e<_l to the el0<'t1‘i(i

liolnl by tho ge;'1101‘a.l I'(.‘l&l.-l0I1S

xi

P;_(r,t) = so/_ X(1>(z  t').E(r. t’)<1¢' (1.3)

- Ix,
P11-1(r@1)=.~:1> / ff ><“’>(1*r1,#-11.1-1111)\ “-CK)

1#E(r,t1)E(r, t2)E(r,t;;)rlt|(lt-2111;;

\\-'ll(_?I'(‘- X‘ :1-11<l  are the first and tl1ir<_l 011101" s11sc:u}>til>ility l-C11

S()l‘b'. Tlicso 1"elz1’rio11s are valid in tlie 0l0(-t1‘i(r (lipolrr a.pp1'oxi111a.~
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tion under assulnpt-ion t-l1a.t the mediurn resp01"1sc is local. T110

pulse envelope. is time <,lepende11t a-nr.l 021.11 be writ.t<=11 as

Eu; 1) = .4(z, z‘.)F(X, Y)0xp(1I_»t"3uZ)- (1.5)

where F(X,Y) is the t-rallsversc field <_list..1‘il>11ti011 a.ss<_><'-ia.t<~rl wit..l1

t-he f1111da.1"11e11tal 1"n0<.le of a sirlgle-mode fiber. The time <lepc11

dence of A(Z,t) implies that all spectral c.0111p0ne1"1ts of the pulse

may not pr0paga.t.e at the same speed inside an opti(":a.l fil.>e1' be

cause of tllc (1'l11‘<_>1na.t.ic (.'llSI)t?I‘Sl0Il. This <-rllbct. is illrrlllrled by

1n0<_lif\_-‘ing the 1'cf1'a.(rti\-‘e i1‘1('lex as

-E1: n(_w) + "ILQIEI2. (1.6)

The fI'cq11e11('_y (l(..‘[)(.‘.Il(lOIlC(7! of  })l€.L}-"'5 an in'1p01't.a.1|t- role in

tllc f<JI'1m1'ri<i>11 of t01np01'al-l solitons. It l02_1<ls to l'>1'<m.<_llc11i11g 01‘

optical pulses in t.l'10 zlbscllce of tlle I10I1linee'u' cf'l‘<><?ts. 'l‘0 ob

t-&1.i11 an <:(111a.’r.i011 sa.tisfie<.l by the pulse an1plit11<'le A(Z,t-), it is‘

llseflll to w01‘l< in tllc F01.11'ier dolnairl for illcluclillg the (.*fi'0<_:ts

of (?l"11‘m‘1"m.t.-i(.' r..lispe1"si011 and to t-1'ea.t t-l'l(;? 11011li11ea.1' tcrnl as :1

snlall pel"n11"l>:1l.i011. The l*“011rier t1'aI1Sl01‘1'I1 of .1») is f0111'1(l

to sa.tisf\' 0.4 -I ~T _"  -l-  -"  ( lC Z
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where _,£3(w) :-— /=10-r7,(-W‘) and Ag’? is the nonlillear part defined as

__ . I  fF(X._Y)|‘1r;l;1f(i-2;A.;'J’=k-,-A2" x~'   1.8
" "”*' ' 1' _;f;|F(_><. Y)|2d;1:dy ( )

Eq.(1.7) ilnplies 1'ha.t em-11 ;s‘]'>e<'-t1‘:-.11 <:0mp011e11t- within the plllse

envelope a.<‘.qui1'es :1. pllase shift. wlmse 111ag11it11(le is both fre

q11e11cy and int-e1'1s»'it_\_-' do-pe11<le11t as it p1"01>a.ga,tes down the fiber.

Taking the im-'e1"se t.1"a.11.~;f<>1*111 of E-q.(1.7)a-ml obtain the propa.ga.

tion equatiorl for Z.  Expzu1<.li11g ,3 in at Taylor series around

the carrier f1'eq11011<.-y mu as

Z _,-"')’[] +  — L4/'[‘})_i"j| “}  “' CL»'['])2__i"?2 + . . . ...,

where _;3,,,_ =  Sllhstitutilig Eq.( 1.9) in Eq.(1.7) and
t-akilag the inverse t.t1'zu1sfor111. we oht-ain the resulting equa.ti0n

for A(Z,t) as

0.4 _ OA _ (‘FA _ .2OZ dt (If
where ta  tun is re1>la-<:e<1 1f)_\-' the <Iiffere11t-ial operator 11(5)/<')t)

<h1ring the Fourier ’r..1'a,11sfo1"1n 0pe1'z.1.t-i011. The patrarneters '51 :.u'1("l

_;’3;-4 i11(:l11<_le the eifeftts of <lispe1'si011 to first a.11d second 01'(.le1's re

spectively. Pl1ysica,ll_\-', 1'11 = 1/"v,,__ where -"vy is the group vel0r:it.‘\_-'

a,ss0ciated withe pulse zmrl ,-"3-3 ta-l<0s into a.(-c-0u11t the dispersion
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of group vel0(rit._v. For this reasoii, .132 is called the group velocit-y

dispersion pa.1‘:m1ete1". Eq.(l. [(1) ca-11 be 1'e<;l1_1c0d to the (1+1)di

mensional N LS £.?(]l1fl.1'.-i()Il by iimkillg the followiiig tra.nsf0r111at,io1'1

variables,

T -: (1 -—  F; —: Z/L1,)-11.: \/i’}.lLg)/i,

where T}; is a tv111p01'a.l S('&l-iillg ].>z1.1'a.1‘I10t-<_*.1' arid L-D = /|_,!3-2| is

the nlispersion i(‘I1f_§i-il. In t=1_.~1'111s 01' t-iiesc 110w va-riables, E-q.(1.1U)

takes the f01'1n
'1. .' f)2‘. ,,+- Iu|“'u_ = 0, (1.12)

where s = .s-2'_r;n.(_.-32') -= i(l) st-zuuls for the sign of GVD pa

rzu"11et.0r. T110 G\-"[) ]_m.n.1.111et-or .52’; (121.11 be positive 01' Iiegaitive

depelidiiig 011 thrs wa\='<21<.v11gI..l1. The 1'1011li11ea1" terin is positive

for Silica. fii.>ers but 111z1._\' i_>1-;%<'t<‘":111<.> iiegzitix-'0 for wzwegllide lilade

of se1'ni<rond11(-t.01" l.IlH-i.(?I‘ii.Lib'. B(‘.(t&.l-LISP of the two <lifl'e1‘c11t. sign

of GVD ]m1'a.1110’r.<-11'. 0pti<ra1 fil'>01"s for which ‘H2 > (J, cam sup

port two <1iH'01"e1‘1’r L__\~'pes 01' sulitoiis. E-q.(1.].2) has s0l11t»i(,ms in

the forin of <1-a.1'k t0111p01"21,l s<..1lil.0ns in i-he case of nornial GVD

(s = +1) and briglit t.<:111pm'z1l solitons in the case of anoinalous

GVD  = --'1). In the <.:<;>11l-ext. of optic fibers, t(J111])()I‘tLi solitons

have p<m:1|t.ia.l &L[.)]_)ii(f21.-i'.i(Jll-5' in the field of optic fiber c01'1'11nu

I1i<?a.t-ioiis. Solitmis are l'll&liIl|\' 11s<r(.l to ilinzmasc 1,110 bit.-1'a.t<% 01"
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ll‘;-.LI1SII1iSSl(_)l'1 Ca.pa(:ity of the fiber by 1'e<"l11(:i11g the losses a.n<l

('llS})Ql"Si()I1 eiferrts.

Fibres with varying dispersion pz-irameter

S0lll..(_)l'l bansed 00111111111'1i(rat-ions also l'z1.(*e some tecliiiical dif

licultios unique to solitons. One of the most serious lSS1l(..‘S is

the plienonienon r0fer1'ed to as t-1-IR Gor<lo1'1~Hz.u.1s eii'0<.-t- [10].

Gordon-Hans eifoct. is a. timing jit-t-er which <1>1‘igi1m.t.es from nui

rlom fl11('t-u'(it-i011 of the ca.1‘rier 1°i'eqL1011<":_y of s'0li’r-oils <'n11se<.l liy

the n0nli11ea,r lI1l'.-0,I'21-(Tl-lOll with a.n1plifie<l spoiifaiicoils emission

noise. GOI‘(i()l1—H&Ll1S effect- (.-1'11cria.ll_y liiiiits the ava.ilzil"ile <;¢a.].>u,<.*it._\-'

auid transniissioii <list.a11ce in soliton l>a.s<.><l systciiis. l\'onlinea,r

int.<:ra(#tion bet-ween two 1migl1l_>o1'i11g solitons in :1. siiigle <"rl1a.11

1101 clegradcs the p(31'f0l"lI1é1I'1C€ [11, [2]. Sll1(‘(_‘. two solitoiis, when

Llioy are in-phase, a,t..tra.(:t with eacli ot.l1<.~.r (luring p1*o])a-g':1.ti<">11,

resulting in their complete ove1'la,p at soine <list.z.u"1ce. Though a.

1'1111nb01' of a-ttempt-S liavc been IIl?1.('l(t? to 0've1'c01n0 those limit-z.L~

tions, a sigiiificaiit l>1'0akT.-lirough has i'lI'121-ll_\-"' come about, in soli

ton t-mnsniissionsz the <_lisc:<i>vcry of <lispersi0n 111a.i1a.g0rl (DM)

solitons [13].

Dispersion managed solitons

In soliton systems, GVD of the fiber is assiiiiierl to r01na.in

<:onsta.1it. along the fiber link. It turns out l_llELl'- solitrm S_\_-"'SlP1I1S

l)Cll€fil'- (‘011si(lera.l.>ly if the CV D pal‘;-.1.111<*te1‘ \--'zu‘ies almlg the link
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length. DM soliton is a new stable 1ic>11li11ea.1' pulse wliicli prop

agates in a dispersion lI1t:1Il‘c'.l-gG(l fiber Wlll('ll implies t.l1a.t the 10

cal dispersion coeffieielit. ]>e1'i0<.lica.ll_\-' zilte1'1ia-t.es luel-weeli positive

arid negative values. The first <:o11mie1‘<?i;.1l fibre optic l-(-‘.l€(?()l'I1—

munica.ti0i1s link using the solitons wais :>l.('l.l1?.l-ll_\' lllél-(lti use of

Dl\-I solitons [1/1].

Dispersion decreasing fibers

The 0pt-icz1.l fibers in wl1i<_1l1 l-llf? 11'ia.gI1il11<l<* of GVI.) ])I<l-I'tL

meter decreases 2.1-long the <li1'e<:ti011 of })l'()])&“l.{?;?Ll'.l()I1 of opticral

pulses are refcrre<.l to as (lispersioii <ler*1*<-raisillg fihers(DDFs). It

<_:a.11 he Inzule by tape1"iI1p; the Core <lim'neI.e1' of tlle fiber at the

pe1'f01"m-r_lra-wing st-z1.ge. As T.~l'1(.‘ wa.\'eg11i<le C()Ill-1'll')lll'-l()Il t-0 CVD

parainet-er <_lepen<ls on the <:<.>1"0 size. its \-"d.-ll.1(*3 rle(?1"ea-ses along

the fiber length. Such <_lispersi0i1 <_le('1'ea.sii1g l'il>e1‘s wt-?1"e used for

pulse (zoiiipression in sever21.l (?X]_)C!'lII1(-‘I'll’.-h‘ [15].

1.2.3 Spatial solitons

The stu<_l_y of self? gui<Jle<l (_)]_)l-l(tfi-l l)(32.L1I1b' I-l18..’[- ].>i'epaga.te iii

sleila waive gllides or hulk Il(')llllI1(*'.i1-1‘ n1e<liz1. wit-llmlt s11]Jp(>1"t-i1'1g

vvm-'<:g11i<le st1"11(?tu1"es ll2i.\-’€! sliown ;_§ree.t. l1ll-(.‘1'L?5l- in 1'0<'reiit years.

O]>ti<":a_l bezuns llm-'e an iiiim-te t0n<len(r_v to SpI'(_‘d.(_l (<‘lifi'met) as

I-l|<_§\.' ]_)1'r>pzi1,g:Lt-e in 8, l1(>1'1'10ge1‘1e<J11s u11l>0111'i<'lrj*<"l m<?<li11m. H<‘>vmx-'01‘
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this <lilTi"a.<:ti<>11 (ran be conipensated by using 1'ef1"ztc+t-i011, if the

Illttl.-Ol‘lzl-l 1‘efm<rti\-'0 index is in<':1'e'<1ser.l in tl1e l3I‘&Ll'lS\-'(-)1'S0 iegioii oc

(tupicd h_\-' the bezun. Sucli at st-ructure liecoiiles an optical W21-\='(3

guide and c-oiilnies light to the liigli-imlex region b}-' 1>1'o\;-'i<'li11g 21.

l.);1.l&ll(.'(? hctweeii <lill‘ra.cti<;>1i and 1'efmc*ti011. In csseiice, an opti

cal beani can (.~r0a,t-0 its own w:»Lvegui('le and be t.1‘a.pp<_:<l by this

self in<lu<":e<.l \-=\-'a.\»»'<_*.;_-,‘11i<le-. The input hea-In cliffmcts at low ])(f)W(_‘.1‘

but fonns a. spa.tia.l solit-on when the interisity is laigir enougli

to ('f1'02Ll'.-Q a. self inducer] \N*é1\/'€§§'1.li(l8 by clizmgiiig the r(:f1"m:’riv0

index. This crlniiige is largest at the beani center and g1'a.<.l11a,ll_\;~'

I‘O(lL1(f(?S to Zero nezn" the bcani ctlges, resulting in -at g1"ad<><"l in

dex wave giiide. The spat-ia.l soliton can be thouglit of as the

f111n.la.1"11c-iitetl inmle of this vvavegiiide. i.0., Sp-cttial S()lll.(_)11S orig

i1iz1.t-0 froin the <""l_v1ia.1'11i(: l>a,lztn(:i1ig of two opposing t-eiiclelitries,

11a~1n0l_$-', the l-0I1(l€’.11(I_V for the beam to expztnd (lue to (lill'1'z1.(rtioi1,

and the t011<_l011(r_\_' for tlie hezun to coiitract clue to S(..‘.-ll.—f()(Y-lIb‘ll1§.§.

F01"11ia.ti<_>1i of spat-iztl solitons can be understoorl tlirougli a.

lens a.iiz~i.lr>g}='. l)il“l'1"a..(:t-ioii creates a curved \~'a,vefr01l1t similai" to

t-lmt ])1'0('lll(t(J(l l")_\f z-.u":o11ca.ve lens and spreads the l>ez.un to a. wider

1'egi011. The imlux gra.(.li0nt (treated by self- focusing oliect, in

co11tra.st, z-1.ct.s like a. convex lens that tries to focus the lieaiii

towairds the l)(‘.FLIIl center. i.e., at Kerr 1ne(liu1n acts as a. (rain-'1-.=x

lens. The l_n_=a..1"11 (72.1-1'1 l)(-2(.'(')IIlG self trapped and p1"0})ziga.te Wllll()lll'.
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any change in its shape if the two lensing effects cancel each

other [16]. Figure 1 shows the basic concept schematically.

Input Output Output
ill"!!!-'»'il}' phase front inteusily

(a) > Diflraction
(b) >  i Sélf-fOClI$.'\.'lll_g

\_

(‘fl > r____:> Spatial soliton
x

l , Y

Figure 1.1: Schematic illustration of lens analogy for spatial
solitons

The dimensionality of the N LS equation can change, depend

ing on the nature of the nonlinear medium. For example, when

a nonlinear medium is in the form of a planar waveguide, the op
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tical field is confined in one of the tra.1isvei"se directions, sa-y the

vertical axis, by tho wax-'eg1_1i<io itself. In one t1‘ansve1'se dimen

sion, the <liff1'a.<:t-ioii fornia.l1_\-' ieseiiiblos the anoinalous dispersion

in the t.en1poral do1na.in i-ilPl'(.’f('Jl'(.‘- the i11t0l'lSity-(.i(3[)€Il(i01'lt lens

CH-1'1 exzwt-l__\=' (:on"ipeI1sa.t.0 ('iii'i'l';\.(Ti-i()1l, mid the resulting boain I]1‘<L_\_='

propa.ga,t-e without S})l‘(?2'1-(.iill§2; or s0lf~coniprossion. Such a. beam

has the form of :1. stripe in -<1. ])i£1.1l21-1' \,\-'z1.\.-'<_'g.>,*11i(le.> (the wavegiiide

(:onfines the beani in the otxhei‘ H‘i.l-1'lS\-'(?l‘S(_‘. dirc.(:tion), as was first

observed by Aitcliisoii ct al (1990) [17]. Depending on its size, a

planar wave guide supports 21. number of finite IIl0(.'i€S. It is often

designe<;l to have single l']l0(i(-.‘.(i. i.e., to support the fuiidameiit-a.l

mode alone. In a.1ia.l<_>gy with fiber solitons, the Il01'II1?.LiiZ0(1 N LS

equation for (1 + 1)di1nensiom.i1 ((1 + l)D) spz1.tia,l solitons can

be w1‘it.te1'1 as , fl 2 . _-'1/u..z + —'1:_,_.,i + hi] u = 0. (1.15)
2

Froin 21. ina.tl1<:1i1atica.l point of view, (.‘()Ili'-iIll1(JllS wave be.a.n1 prop

agatiruii in pla.i1a.1' VVH\-’(-3§J,'lli(i(? is irleliticra-l to the phenomenon of

pulse p1'<>pa.;._>;z;it-i(>11 in fibres [18, 19]. i.0., the existeiice of stable

soliton solutions which 1i1a.y also be rega.1'rl0d as (l+1)D objects,

where, the firs’r. 1 refers to the 1'.-I'fl1lH\-’(_‘l'S(3. spa-t..ia,] (f(J(')I‘(iiI1?.LT.-8 x in

this case is not SLl1'pI‘iSiI'1g. This (?([l.12l.i'i(.Jl1 is exa-ctly integrzible

by means of IST [20]. G01'1<-1*r:1ll_\-' spvakiiig. il'1i-(_‘g1'?1-i)iiit}=' iiiczms
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that any localized input. l_>oa.111 will he decomposetl into stable

Solitary Waves (or solitons) anrl I'?1.('li21T.-i(')I1._ u-ml also tlrzit inter

action of solit-one is ela.sti<:. l*”1"o1n the pl"1_x-'si(ra.l point of view,

the integrable NL-S eqliatioii <les<_:1"ibe.~i; (_1+ l)D beanie i11 a Kerr

nonlinear mediuin in the fra.111e work of the so r%a.lle(l pa.r:.1.xiz1l ap

proximation. The ;>1.l>o\-=0 e<_|ua.t-ion lias simple slnape-p1'eservi1ig

solution

u.(::. 2:) = (I.S'(~T(‘}I (tar) ex[_>(=1Iu2z/2), (1.14)

which represeiitis the 1"1i11<lzn11<.*11ta.l uiode of the opt.i(:z.1.l wa,veg11i(le

induced by the pi-<">;‘>a.g:1.t-iiig lnrzun. If the i.nput- lieairi has the

correct shatpe. all of its <r11<&1‘g§' will he (f(')I1i-8.-l]'l(J('l in this mocle,

and the beam will |'>1‘r>p;1..g'ett.<~ witliout <:l1a.11g0 in its sl1a..pe. If

the input l_>0a,n1 slialiie. ("lows not". <r.xa<_-tl_\' 111a.t.('li tire isech‘ sl1a.]>e

some eiiergy will he ('o11]")le<l into liiglier or<'l<>r l>oun<;l Ill(')(l€S

or into rat-dia.t.i<_m iiiorles of the Il()IlllI]l_‘?.l-I‘ wave §_.>,'11i<le. 'l‘l10ugli

rnatheiimt-ica1.lly botli the l')021..111 and pulse p1'(>p%1ga.t.ior1 cam be

described by-' 321.1110 <_-ul_>i(: X]-JS eqimtioii. tllere €!."{iSi'-H (_t1*11(.'ia.l dif

ferenee l.)(-Bi-W£3(.‘.l1 t-11050 two ]'il'i_\'si<?;1.l pl1er1o111<_*11a.. In the (xtse of

pulse propzi_g:it-i011 in fil_>ers the a.l'isol11’r-0 \-'zetlL1e of GVD is srn2.ill

enough to be ("01'r11>e11sz.1.r0<.l l1_\' a. wez»1k r1<>11li1i0:-.i1‘it.y' pr0(lu(:er.l by

Kerr eiihet in (mt-i<?2i.l fil>e1'.~s. Tl1e1‘ef<‘>1‘o r1o11li11<*.u.1" elfects in fibres

are atlways we:,|l<. zmrl pulse ;_>1'<">|>agz'1tir'>|1 in fibres is well 1110(1
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oled h_\-' cubic NLS eq11z1t.i011. I11 a.pplic:1-t.io11 to spa.ti:1,l optical

solitoiis, t-110 cubic N LS is not an aclcqllate 1‘11<_1d0l. The optical

field is ('U1lfi110(l in two t-remsverse direct-.i011s in Y.-lit! (<1-1.s<: of the

1.11'<>pa.gz1.t-i011 of (:011t.inuo11s WAVE l)Q€<L11lS in bulk 11011li11<-111.1‘ 1110<lia.

I11 t-his case, 11111011 higher i11p1_1t- powers :1.-re 1‘eq11i1'ed to c0111pe11

sati: for sp1‘ea.di11g clue to diffra.ct.i011, whicll is 110t. 11 s111a.ll eflbrt.

i.e._ 1'<)lrz1.(:t-ixi-'1: index expericiices la.1'ge <.l0viz1t.i<'111s f1'0111 Kerr (le

pe11du1'1(:e_e. The number of transverse di1'11<_111si<_111 D in 11011li11ea.1"

opt-11:21.1 p1"0hle111 plays an i1r1po1't-21.11t role i11 <'let.<:r111i11i1l1g the stai

hility or i11st-ability of the solutions. However, (2 + l)D sp-<1.tia,l

s0lit011s (h.‘(%lf-f()I‘1Il(-Bid (:yliI1(lrica-l h<_1a.1'11s) in 111<:<'lia- with the K011‘

11011li1'1ea.1"it_y are u11sta.ble? unlike their (1 + l)D <:01111t<-11*1>a.1"rs_

l>0<::1.11s<_> two-di1ne11si011a.l fiu(:t11ati01'1s 111z1._y d0st.1'0_$-' the l‘1a.l1_1.11(:e

l1Qtwe<_111 the 11(111li11carity alid <'lifi‘1'11.(:t-i011 i11 tlmt. (fa-s13. I11 pm‘

t.ic11la1', 11.11 i11<:1‘ease of the i11t.<:11sit.y lemls to sc-1lf'-l'<1(:1,1si11§;; of t-110

<.:~\_s'li11<,l1'i('-11.1 b021.111, which furtlicr i11(':1‘ea.s<:s the i11t,-<111sit§-' 21.1111 the

L-01'1'<>sp011<,li11g lllB(3I1Slt-§’—(l€])(31l(l€ll'[- (:01'1"<1c:t-i011 to t-l'1<+1 i11<"lex of rc

f1"a.(:ri011, wl1i(?l1 leads to still str011ge1' f0<:11si11g 11.1111 i11c1'<1asc of t.l1<:

i11te11sit_\'. and so on. This se1f~a.(_:ce:lera.t.-i11g pr0(:ess <1ft.l1e 11011li11

0111' self-l‘oc11si11g; is 1'efcrre<l to as (r0lla.ps<_\. of the l>cz;1.11"1 [21]. One

wa__\f to &'iVUl('l s1,1<;h 21 beha,vi0r and st-z1.l">ili7.<.>. the (‘Z + l)D s}>11.t-ial

s0lit.<,111 is t-0 llavc sat-L11"21ti0I1 of the 1'1(111li1'1ea.1"i’r_\-'. ;—\<':(t<_>1.111ti11g for

tl1<'».s<_~ <~fik=ct.s. lead to 11011i1'1t:.(:g1‘a.ble 111o<lcls of g(‘1'1PI'1-.Lli7.P(.l 11011
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linearities. not possessing the p1‘0p€I‘fi(--?s of i111-<%g1‘21.l')ilil'-__\--' and not

allowing; elast.ic soliton collisions. The ge11c1'ali7,e<'l N1.-S cqi1a..t.io1'1

takes the form, 1 ->
7121., + §(h'z1..;m. + -'u_,,_,,) + F( -'u|')u = (1. (1.15)

where the functioilal form of F(|n.|2) is 1‘ela.t.od to iioiiliiieai" 1'0

fractive index. Though this equa.t.i<>n is n<_>t- lIll'(?f_{l‘2'l.-l)lt.? by the

IST, it can l'1zw0 s<,>lita,ry \>vz.w0 solutions.

Models of non-Kerr nonlinearities

Dif1'e1'011t. 1n0r1Qls lizu-'0. l)ee11 l1S(.‘.('l for t-110 l‘llI1(?1'.-l(')1lE.Ll f01'1:1 01' non

linea-1' ref1'a.(ftiv0 imlex. 1-119-_\~' 021.11 l.)(.‘ dix-'i<l<>.<'1 into 1-li1'c<_r <-la-ssns,

I'CfOI‘I'(;?(_l to as <t01'1'1petiI1g, sa.t111'z1l>l<r. tllltl tm._nsi’riv<: Il(_)ll1lI1Qfl.]‘l—

ties.

Competing nonlinearities

T110 Il()I11lIl(JtLI‘ 1'ef1'a.Ct-iv<-: index 01“ (:m*t-;1.i11 111zLt-mizils 1')(Tg'1Il to

(lt-?\-'i21.t0 frorii the ‘fl-2] <lep(:1'1den(:c for lmgev i1'1'r.011sit-105. $11011 (levi

aitiolis are Ol)S(-?I'\-"'0L'l 0x])eril'n0ntally for 11011lil'1(‘z~L1' 111%.!-1I.t_‘l‘l&{-11%, such

as seinic0n<'l11(tt0r wa.veg:,1i('les, (0.g., 1'\l(_}a.As, C<lS 0t,(:.), smili

<?0nLlu(:t.or dopefl glasses, £tIl('l 0rgm'1i<.' 1.)(_')l_\'1l'l(-‘l'S‘. The 111cz.1.s11r<.*_

lilcnfs for :1. poly (lia.(:0t_\,-'l011e p-t..0111m"1<é s11lpl1011a.t<-_=. (1)15) <':1'_\'sl_:.|,1

in \\"z1\'<"~l<*11g‘r-11 region 1‘1(.‘a.1' 1(i(1()-nym 1'<*.\=<'?21l tlml \'z11"ia-t.i<>ns of the
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nonli1102u' 1'ef1‘a.(:t-ivo index with i11put illtensity can he mo<,le1ed

1))-' a. (rul_>ic~-q|.1i11t.i(: form of11o1'1li110a1'ity.

~n.,,;(1) : -n.-ZI + ~n..3I2, (1.16)

wl1e1‘0 -:12 and 11;; l1a.v<_~ opposite siglls. F01‘ -n,-2 > 0 but n-3 <1 (J this

forln <_l0s(;:1‘il)us u ('0II1p(?l-ll-l()I1 l')(;El-W(..?GIl self-focusing o(:<_:11r1'i11g at.

low illtcnsitios and self-<_lel'<mzrsillg ta-king over at high i11t,e11si’(.ies.

The oppo..si’r.r_-*. o(.'(:111‘.'s' for 11.2 < U a.11<.l 12,3 > O. The above form

can he f11rtl1e1' ;.§(_:11e1'a-Ii’/.<#<l as

'11.”; : -uplp + -n.;>.,,I2p_, (1.17)
J

where p is :1. positive <.-oust-a.11t. aml the coefficients ~n...,, anrl -112,,

lmve. opposiw signs so t.l1;1.t -1z.,,~r:,.-2;, < 0. This model 1"e(lu<r0s to

(tul_)i<_t-qllillfiv 11onli1'1ea.1'it.._\' for p = l.

Saturable nonlinearities

Studios of spatial solitons lmve lnade rapid progress 5i1'1(f<)

the 111i<l-1990s, when new soliton-supporting nonlinear opt.i<':a.l

i1'1t.era(:t.io11.~s lnecalnc z;wa.ila.bl<~. to experiments. Segev et a.l., haul

p1'edi<:t-ed tha.t the pl10torof1"a(:t.iv0 effect in clectro-opt-ic 1l1mt<-?

rials could he 0xpl0ite(l to <.~1‘eat.e a. saturable nonlineau' imlex of

refra.ctio11 tllat would support s0lit.ons [22, 23].

The 1"1onli11<>a1' 1'ef1'a.<:t~iv<> inrlex nu; (lcs('ril>i1"1p; t-he 8&1-T-Ll1‘&l,l')l(_‘
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n0nliI1ea.1"it.y 1'1-<1,s the form

_ 1
.!L-771(1) :1-l.,x_(1 —

where I_,.,,_, the sat.111':1.ti<)11 i11t<.*11sit-y, 12.x-,, the 1I12LXiII1Ulll (":l1:1.11g<_\

in 1'ef1‘a.Cfix-1“. i11dex and p is 21. <:(>11sta-1115. This f01‘1'1‘1 1"(-.‘(l1u':es to

Kerr 1101*1li110z1.1‘it_\' for I <.'j<i I5. with -uh; = -1100])/1,m_1. This 111<_><1<=.1

describes the 1"1<>11li11ea.1*it-y of a. two-level a-t-olnic syst-0111 for p r 1.

Ph0t0r<rf1"a.<_:t.iv0 solituns \v<_~.1‘0 observed <rxpcri111erllt-ally soon

afte1'w-cu'<1s a.11<_l .~si11(:e then ax \-'a.1‘i<:ty of s11(:l1 solitons, of both [D

and 2D t._\'p<?s, ll&L\'R 110011 (.lis(:<')\-'€1’0(.1 and expl0rc<_l [24, 25}. This

includes la.11d1'11a.1'k z‘u'l\-':1.11<'L*-5, $11011 as sclf—t.1‘a.ppi11g of i11c0h@1'0I1t.

light ancl the 1-@¢<_-m. ;_‘;011<.~1"z.Ltiu11 of <>1"(li11afy 21-11d vortex snlit-0115

in 0pti(:_all;\-' i11<h.1c0<l pl10'r,011ic: lat.ti(':(:s, as well as robust l'l(?(fklal-('(-‘.

$l1a1_>e<,l .~'<0lit011 (.'1Llb'T(**.1'S [‘2(5. ‘Z7. 28].

Transitive nonlinearities

Hist-able s01i'ro11s 1'eq11im a spe(.-ial form of i11t.e1"1sit.y <'1<~p01"1

dent 1'cf1.‘a1:c:tivv i11d<..%x <_>.xhihit.ing t1'a.11Siti0n from one fL111(:t-i0na.l

form to 2.11101"-l1er as int<_~.11sit._v iTl(.'I'£3&Lt>'€S [29]. A simple model <10

scribing t1'e.u1siti\-'0 1'1011li11ca.1'ity has the form

u.,,__;(I) I H2] I, 1 < I,..,.

:1,-,;(_'[) -I r1.2~_;[. I > L,,.. (1.1!-J)
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Bistable soliton possess a.t.t,-1'a-ctive properties that inay be useful

for their a.pplica.tion in a.ll-optical logic and switcliing devices.

I\lo11linea.r optical n1a.t-eria.ls with such :1. ferni of iritensit-jv depen

dence are not yet known.

1.2.4 Spatiotemporal dynamics

The spatial and temporal solitons are the special case of st more

larger class of nonlinear phenoniena. in whicll spat-ial and tempo

ral effects are coupled and oeciu" sinu1ltsneousl_\'. Vl-"lien at pulsed

optical beam propagat-es tlirougli :1. hulk 1io11linea.1‘ l1lC(ll11II1, it is

aflec-ted l)_\_-’ cliffm(:tio11 sml <.lispcrsion siinultzuieolisly but at the

same time two effects l)€‘(_'()Il]P coupled tlnougli II1(_‘.(.llll1llS non

li11ea.rit.y. Such at space time ("0Upli11g lezuls to plctllora. of novel

no11linezn' effects, in<:lu<"ling the possil>ilit_\' of s]_)2.1-fl0f-L!11'1[)0I'éLl col

lapse or pulse splitting and the fornmrion of light bullet-s. The

gellera-l form of (3+l)D NLS eqzmt-ioil is g2;ive11 l')_\-'1 .. .
ilbz + ;Z(-2.1-U + 71-yy) — g(uTT + F(|"u.l‘2)-u. =1 O. (1.20)

Solit-on -like solutions of this equa,ti<i>11 are can-lle(.l spa-tiotelnporal

solitons, since their optical field is confined in both space and

time. One migllt 11a.ivel_\,~' expec'r tlmt nonlinear responses suit

able for the fornia-tion of u st-u.l>le low din1ensiona.l soliten would



1_3 Overview % fl_ _ ?_ 2-3%
also be adequate for the forn1a.tion of solit-ons in all dimensions.

That such is not the case, a.n<l, :i<:ti1all_v, t.lm.t.. <e1i1nensio1"1a.lity is

a. central issue in the format-ion of solitons first of a.ll._ because

of the problem of stal">ilit._y 21.ga.i11sti the <.'<_>ll:1.}>se in tlie 1nul'r..i(li

mensional case. T'l1cref01'0, p1'o;_;1‘<_>ss in the 2-l-1'(.‘&l- re<|11i1"0s specific:

conceptual, a.11alyt.ica.l, 11111'110ri<:z.1.1, and expvri1m:1ita,l a-<lva1‘1ces.

In suII1Ina.1‘y, the quest. for spatioto1npo1'al solitonsf or light, bul

lets, faces two main (:11:-.1.ll011ges; first, pl1_ysi(:a.ll_x' 1‘0l<_~.va.11t.. models

of nonlinear optirtal s_\_='sti.(-21115. l_mse<l on (-l\~'()ll.ll'-i0Il (—?('|ll{'1.1'.-i()I'1S that

allow stable three-(li1n011sio11a.l [.)l'()]')Fl-Q91.-l'.i()I1._ ought to be iden

tified; second, suit.a.hl0 1"1m,t,e1‘ia.ls shoulrl be found where such

models can be imple11'1ent0<1. In t.-his t.l10sis we l1z.w0 explored the

existence of st.a.ble liiglior rlinielisiolial spz1.’ria.l mid b'}_)i1-i-lOl'.(_T1'IlpO

Ia] solitons in £1Ul)l(.' and (tul>10-<;L|i11t.i<': 111(*<'li:1-.

1 .3 Overview

This thesis p1"<>vi<_les at t-l1eo1'0ti<r;1.l st-u<_ly of soliton p1'opu.gat.i(>n

in inllolliogeliooils single 111o<le ?'1.I](l <:oupl0<.l optic? fil)f3I'S a.n<_l the

st-abilizat-ion of mllltidilnolisiona-l spa.t.iz1.l solitons. Tlle (tontcnt

of the the-sis is or;f2,'21.l1'1i7.<-:<1 as follows. Cl1z1]>I-01" 1 is an intro<lu(:

tion to te1npora._l auirl spat.-ia.l solitoils. A11 inl1o1nog01"1<_>ous optic

fibre niediuni with <>lz1i1'1(_l<>ss) amcl f1'e<_1|1¢>.m"_\' (:l'1irpi11g has l.)P€l'lC1
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a.11al_vze<l within the iiitegmble limit in chapter ‘2. The two soli

ton solution for the noiilinear Schrodinger eqna.tion has been

c:o11st.1'11(<t.e<,l using Bac-klund t-ra.11sfor111a.t-ioii tecliniqlie a.n<;l :1. re

cursive 1ne’rl1o<'l. The two soliton p1'opa-gaution has been st11die<.l

znicl it fimls a.ppli(%a.’ri(>11 in soliton eflect. pulse (:o111pr<=ssio11 t.e(:h

niqne. In [.>1"a.<tt-ical a.ppli(:a,tio11s, the integrable s_\-'st.e11i a.1m.lyzerl

in cl1a.pter‘2 is not an a(lequat.e model. Cl1ept.er 3 rivals with

the st11(l__v of the noliintegmble inhomogeneous optic fibre sys

teni with \-'a-1~yir1g_; <lispersion. The NLS eqlmtioii representing

the (l_vna.1nic:s of the inl"1on10gene0us optic fibre systeni is not

i11teg1‘alil<_> and cannot be solved analytically in p;enera.l. The

\-'2r1‘iat.i(1>11axl mlalysis, a. semi al1zLl_ytica.l app1'oa(rl‘1, l')as<:d on La

g1‘a.-Iigiml fornlalisnl of trlzissical me(:ha.ni(:s has l)<\011 used to st-n<l_\_-'

tlle s_\_-’st.e111. The lI1ll()l'I10{2;(-711601.18 optic fibre systeni ll?-LS been

stn<lie<_l 1i1111101"i<-ally using split.-step Fourier 1n0tlio<-l. Tlw soli

ton 1.>1*opa.gn.tio11 in inliolnogeneons single mode optic lihors l1a..v<.~

pot.ent.ial 21-])])llCtLl.l()1l in pulse compression 11"1ecl1z1.11is1ns in which

the ol.>je<_":t-ive is to produce a train of ultra.sl10rt, pulses.

The sf.-llrly has been extended to coupled s_\_-'sten1s in (:ha.p

tor 4. The coupled nonlinear Schrodinger equal-t.io1‘1s has been

stndievl va.1'ia.t.ionally and nlinierically to a-11a.l__v7.e switcliing (ly

Il8.II1l('TS. We have <-onsidered a fibre coupler with cores using

nonlinea.1' 0]>ti(¢a.l fibres with varyilig dispersion and 1'1<>11li11<_\.ar
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iw to aiialvzcr soliton switching. The stilrly of t-110 propa.ga.tio11 of

optical solit-0115 in two mode n0nlin0a.r <li1'<r(,¢t.i<">11z1.l coiiplor \.-\-'l'f.-l'l

inhomogeneoils dispersion and 11r_>11li1"10a.1"ity liave p;1"0z.1t- i1'1t-<-rmst

due to their a.ppli(:zit.i011 for all opt-ital swit(rlii1"1g.

Spatial and spatiotcinpoml solitons l'1a.\-'0 l'>0011 s1_1ggvst.0(l to

be ideal (:;.1.11<li<"la.t.<_*.s for a. number of p<'>t.011'r..ia.l prz1.<'ti<_-al appli

cations inclurling all-optitral soliton st-ccriiig 2.lIl(l svx-'it..cl1i11g>;.

challeiigiiig i.ss11o is the scram-11 for pl1ysi(ra.ll_v 1'01c\-*a.11t iiimlels in

which st-eil')l0 l1igl'1<:1' (llI'I1OI1SlOI121l spm.ia_l S()lll-OIIS exist. In f<_>1'tl'1

coming (_rl1a.pt0rs_ W0 liave f(.JI‘II1lllfl.t(-}(.l a,n<"l Sl.1l(_llP(l <"<:rta.i11 Il10(_ll-'_lS

in which Sl'.-£1-l)lO l1igl1e1' (li1I1(—?I1Sl(')I1E1-l ;s'pa.1..ia.l s0li'r-0118 exist. Chap

ter 5 cloals with the st-L1<.l_y of of Sl-?1.l)lll’AF{-l-l(')Il of t.v\-'0- (_llI11(-‘.-l'lSi()Il2tl

spatial snlii-0115 in Kerr uicdia. with <lifi'1"a.<?ti01| lllél..l1E.Ut‘,'0IIl(‘.l1l- a..n<l

110I1liI1ea1'it__\-' 111a.11a.g<r111011t. The 11()1"1li1:<-2&1‘ S(:l1l'<"><'li11g<:r equ:-.1.ti011

which g(‘>\-'OI‘I'15 t-he <l_'_»-'11au11i(':s of two (llIIlF?I']Si(JI1zLl spelt‘.-ia.l solit-011$

in Kerr iuerlizi. with p01'i0(li(:ally va.1'_\_.-'i11g r'lili'1'au':ti01i zLI1<'l non

liI10a.1‘it-_\' lias l)(.‘C1l 21-Iléll}-’Z6(l in this C‘-l'12.1-plZQ1' nsiiig W1-l‘l2-I-ll(_)Il21.l &t].)—

})I‘O&l-(fll a.n<.l m1m01'ica.l studies. A11a.l_yti<ral exp1'(>s.si<1>i"1s for .s0lit.0n

p'cl-I'€.l-IIl(?l-U1'S ll21\-'0 l.)C€l1 <.'l01'i\-'ed usilig \-'a.1'iz:1-ti<'>1121il 2-1-11a.l_y;s'i.s'. St.a.l">il

ity of (‘2+ 1) D spa.t..ia.l soliton also has l.>0e11 st.n<'lic<l using Iiu-|_>it.s:1.

H-V01'a.gil'1{;>,‘ lI1(.‘T.-ll(')(.'l. \/"a.1'ie1t.i<)11aa.l C(]112l'[-l(.)1'1S ?.L11Ll ])?11‘l'.=l&.Ll <_lilT<:1'<.~.11tia-l

f¥qlla'(-i011 l'1:m.~ heel] si1Ii11la.t.e<_l 11111‘1"1e1"ic'all_\;'. The st11<l_y lias l)(.‘L‘]l

<.?.\'t-1.‘11<l0d to The .~sta.l'>ilizat-i<>11 of f.~l'1r<r<r r_li1n<-_'&1'1si011e.1.l light l.>11ll<*t-5
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in Kerr nioilia. in cliapt-01' 6. The ST.-H,i)i1iZ&1ti()I1 of spa,ti0t-en1p0

ral solitons with pe-1‘i0(licz1.-lly \-=a.1'_viiig <"lispe1'si011, cliffract-i011 and

11(>I1li11ea.1'it.y has been a,1'1a,l‘\"/ml using x*é1.1"ia1.t-ioiial approach and

Kapit-sa. 2LV01‘&'i.gi1lg iiiothod.

Cl1a.pt.er 7 ])I‘(3SCl'ltS ?l- .st.11<"l_\_-' of the smi>ilimt.i011 of spat-ial

and spaitiot-0111poral solit.-0115 in <rul>ic-qiiiut-i('r media. A (lifi'ra.c

tion i11a.1i-agecl model in cubic:-qi1int.i<r iiiedizi has been fonnulat-ed

and Studied for the st-a.bili7,a-t.i01i of two diniensional spatial soli

t-ons. A di.spe1'si01i 11ia,11a.g<>.d iiiodcl with (liffrzict-i011 iiia-Iiageiiient.

has been proposed for the st.z1.l;>iliza-t.ioi1 of t-liree dimensional spa

tiot-emporal soilton in bulk iiiihic:-quint.i(: inedia. T he results and

(roiiclusion of this thesis has bcuii <lis<:i1sse<1 in chapter 8.



Chapter 2

Multi Soliton propagation
in an inhomogeneous
optic fibre medium

2.1 Introduction

The (:o11(1ept.- of opti(;a.l 00111111111|i(_1a.tion htb-S grown a.11<_l a.ttzLi1"1ed

a. status 811011 tilmt, all f11t11r0 CO1IlIIllll'li(f2.lt-i011 (mi IIl2L.k€ exten

sive use of solit-oils. 'l‘her(-* are 1na.11_\' f:1.(:t;<J1':>' which aLfi'e(:t the

f1yI1a,I11i(:s of <_>;>t.i(tn1 solitons a.n<l <-o11(_liI;io11 for gellemt-i011 of op

tical solitons' in nom111ifo1'm fibers zu1<_l hence the st.11<fl_\,~' of p1_l1S€

Pl‘O1')21.g21.Ti1i>11 1-h1'ougl1 inl1<>1noge11("o11s iiicdia. d01n:~.1-Ilds .<pr_:<?i:-1,1 d-T.-—

tention as it <'he11"e.1.<_-te1'i-7:<~s l'(_‘&i1 ]>h_\'Si(fz-L-1 syst.-el'I1s [I30]. In 21, 1'1‘:-1-l

fibre, tl1c1'0 are n1zu1_\' fa.<‘~t<>1"s which 21tfi'<"r<'1" the (_1_\-"'l'lH=lI1i(.Tb' of soli
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tons such as losses in t-he mecliuni, iuhoinogeneities of the fibre

etc. The i11l1oii10g._§e.11eities in the fibre are due to vuria-t..i<>i1 in the

1na.t.c1"ia.l parainet-ers of the fibre me<_li1'u'11, so tlizit the <lista.n(.~e

bet-ween 1o1eigl1bori1"1g atoms is not (-.onsta.nt tl1ro1,1gl1o1_1t the fibre

uiirl or va-1‘i;1.t-i<>11 of the fibre g.1,"0.<1>111<i:t1'_\'. Fibre losses are detri

nieutztl l)(-_!('ffi.-L180 they reduce peak power of solitons u.l<>1‘1g._>; the

fibre length. This (:ha,pt-er is devoted to stud_\' of an inl1o1noge

neous optic fibre medium with freque11<:},-' chirping, wliieli finds

a.ppli<:a.tio11 in nonlinear coinpression of soliton pulses.

An iuiport-suit a.ppli(:ut-ion of nonlinea.r efi'e(:ts in ()pt-i(f'¢l.l fi

bres or-(furs in the field of optical pulse <:0n1p1'essio11. The non»

llI1(_?%.l-1‘ and dispersive effects ()(fCI.11'1‘l1l§__’_,' siiiilllt.-u.11eo1isl_\' inside sil

ica. fibres (721-I1 be used to produce ultra. short pulses. The lmsie

i<'leu. helrind optical pulse conipression can he iinderstood from

the p1"(.>1.>z1.ga1.tiir>11 of chirped optical pulses in at li11ea1' dispersive

medium. A linear dispersive mediuni imposes 21. dispersion

indurred chirp on t-he pulse during its propug'at.i<>1"1. If the ini

tial chirp is in the opposite direction of tl'1a.t imposed by group

\'<>lo<,#it.-y dispersion (GVD), the two tend to cancel oarvli other,

1'esult.ing in an output pulse t-l'1e,t is na.rrowe1' tliun the input.

pulse [31]. The pulse (:01npressors lvased on the 1'1onli1‘1ear efiecrts

in optical fibres can be classified into two broad 0z1.tegories. re

ferred to as fibre~gratti11g or prism eornpressors and soliton efiiec-t
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compressors [32, 33]. In a fibre grating (rOl'I'1])1'£-3ss<.JI‘. the pulse

is propagated in the normal dispersion regiiiie of the fibre and

then compressed ext-ernall__v using a grating pair. The rule oi

fibre is to impose a linear, positive chirp on the pulse tln"0ugh

a combined effect of self pliase 1no<_h1lat.ir>1‘1 (SPM) anrl GVI).

The grating pair prox-'ides a-1101na..lm1s G D req11i1"<~.<"l for ee1npres

sion Of positively chirped pulses. The s0lit.<_)11-ell'eCt- (':01111>ress01"s

make use of higher order solitons fo1'1'ni11g when SPR-I arid anoin

alous GVD occur simultaneously. Optieal pulses at. \-\-'ave1e1'1gtl‘1s

exceeding 1.3;:-rm, generally e:~;perien(:e both SP.\-"I and GVD (lur

ing their propagation in silica. fibres. Such 21, fibre (.'&Lll act as

a Colnpressor without the need of an extmlial giatillg pair and

has been used for this plirpose [34]. The (_:01r1p1'essi011 1ne(rl1a

nism in solit-<_>n-efieet. (r()l1'1pr0ss0l's' is 1-elaterl to a fin1<_la111e1"1t.n.l

pr0pert~\_-' of higher orrler solitoiis. l§__\-' an app1‘0p1"i:1l-e ('l10i('f9 01‘

the fibre length, input pulse <.-arr be c0rr11_>1~esserl lay er f:1.et<_>r that

depe11<,.ls on the soliton order N. The pulse q11a.lir_\-' using this

te(:l1ni(|11<: is poor since the (:0111pr<*sse<1 pulse (j"a1‘1"ies 1"n1l_\-' er i'1":.1.<.'

tion of the input e11e1'g‘\\,-', while the reiiiaiiiiiig <_*.I1e.1'g_\' a.ppea.r"s in

the form of a b1'021.("l pedestal. This ]'><><"lest:.1_l not only learls to

a. dete:'iu1'at-ion in the q1.1a-lity of the pulse an<l the e1u..~1'g\\' <rl1ar~

acterisl1i(.-s of the coiiipressioli. but also makes the ('()1ll[)1'l..‘S.*>'L‘{.i

Dulse in the fibre unstable (luv to the 11<.>11li1i0u-1' int e1'a.r:tim1 of 1 he

\

u
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p<_~.<lest+1l with the <"r<o>1np1'ess0<l pulse. For this 1"eas<'>1'1 the <':01n~

prc-.>ssi011 of f111'1<_la.111011t-al solit-011s with no pe(lest»a.l (?OlI1}')('_)l1£?l11I. is

of g;reat.. i11t.e1'est. Ano’rl10r pulse compression t-ertlniiqllc. 1"11a.l<es

use of ("J]Jl'-l('f£Ll fibnrs in Wl'liCl1 the n1a.gnit11<.le of GVD pz.u‘a.u10t.e1'

<li.spe1‘sion profile -<ulia.l.m.t.i(: pulse compression [3-5, 36].

In tllis ('.‘ll%l-plC1', 2-1.11 inliomogeiieous optic fibre medium with

\-'z1.1'_\-'i11g2; (llS])t!l'Si()I'1, g-(1i11(loss) a.n<;l fiequeiicy chirping has lmen

zi11a.ly%e<l witliin the i11t.0g1'a.l">le limit-. The two solit-on solution

for the 11011linea.r S<:l"1ro<li11g0.r equation has been c01"1st.r1.1rrt.erl us

ing; Ba.cklun(l tfél-Il5f()1'II1?Il-l()l'l technique and a recursive niet-ho<"l.

As tlie two-Soliton p1'(>paiigz1.t".es through the irlliornogeiicolls fi

hre, t-he ti1':1.\-'e.li1"1g_;' plllse gets <?o1npressed and a.1nplifie<.l whieli

su1.>po1'ts multi soliton pul..s'0 compression te(:l11"1iq1ie.

2.2 Soliton solution

Tlie ])l‘(..)pH.gé.l.T.-i011 of pulse in an i11l'1o1"11oge11eous opt-i(:a.l fibre with

vz'u'_\'i11g dispersion is g_§o\='(~.r11e(l by the N LS equa.t-ion

2'1]; + p(z)<]u. + 2[q|2q == F(Z, ilq, (2.1)

Wl1@I'<.‘ r'1(Z.i} 1'(?])1'(.‘.SPlll'.-I8‘ t-lie mliiplex envelope a.n1plit.11<,l0, sub

s<f1"ipts 1‘ a.-ml .2 1't_.‘b‘])L‘(fl’l\-'(‘.l_\' (lenote t-lie pan.-ia.l <le.1‘i\-11-tix»-'<~ witli
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respect; to normalized time z1.11(l dista-nce a.nr"l p(z) is the GVD

pararneter which \-*a.1"ies along the fibre h.+11gt.l1. F is tlm

iI1h0n10ge11<;>it._\,-' f1111cti011 1‘(?l;1.t-ml to gain for u~"2(_ <1 (1, loss for

a2(z) > O m1<_l ])l1:1.s0 1110<l11la.ti<>n whicla in ge1101'-<1-I is a. f\m<tti<>11

of z and t.- [37] and is gix-'<-~.11 by

17'(,:. F) _— 0-1(z)t-2 -— -irr-2(2). (2.2)

Eq.(2.1) now l){_.‘(.'t..>Tll(*‘S

'11]; +- p(:.:")q,, --+ Zlqlgq — 0-1 (2)1931; + in-;;(,:')q = U. (2.3)

This eq11z»1.t.i01‘1 1‘<>}>1‘<?s1_%11t-ilxg an i11l101'110gen<20us opt-it: fil>1'r*. .%‘\_-'81’-(‘I11

with \-'a1'_\'i11p_; <li.sp<'*1‘.\fi<>11 p( 2') and phase l'I1(')(1l11?1I,i(_)l1 te1'111 is not in

gelleml illl.-P§_§l‘?l.1)1P. The i1n<->g1'a.l_>ilit._v (1OI1(.liT.-i()1l:$ for Flq.(§2.I§i) 01.11

be idont-ifi0<"l thr011gh the 1i11<_~.a..1‘eige11 vallle p1'0b101u for ('f<f11l5f.éL11t

GVD ])a.1"a.111et.Pr. \-\-'l"1011p(r;)r1, 0| = —-(vi, auld putting (r-_, — :1’,

Eq.(‘2.3) b0<:<_>n|cs

H]; F <1” + '2\q|2q -~l ,-"'32t2(_J + fife] = U.

The TPI‘lll ,-_)’2f2r; 1'e|>1'(‘.s<.‘11ts f1'cq1_1011cy (:l1i1']'>il'1g. T110 (.1<>111pl<_*t-e

illt-(.‘§£;I'El-|.)iIiI.‘\' of E-<,|.(_"2.-1) is (.'011fi1'1I1cd by the (#xi:%t<_*11('<? of Lew;

I>%I»il' 1'01"’ ;1.1‘l"">irm.1‘_\' \':1lu<_~5 of _-73 [38, 39]. Ushlg e1. 1'L‘L'Lll'Si\'(-T 11wf|10<l.
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and Bzu.-kl1.11‘1¢l t-m11st'<>1'i1ia.ti<>11 technique. vve liave constructed

the two soliton solution of E-q.(2.-=1). A \-'21-1"ia.l)l(* t1‘a.11sf0r1'11ati011

given by Q. . _ xi."
i1<~:'.1+>r%<z</:_¢><>><p<’~i_-,’~>. <2-5)i

is i1'1t-r0rlu<':ed to <-01ist1'\1<":t. I.-ax pziirs. tlivli Eq.(2.-*1) be(:0111P.s

?:QZ + Q” + 2;Q|’Q + 21i_,a(g + 2imQ, = 0 (2.6)

The ZS / AKN S i1‘1ve.1"sc s('a.He1"i1'ig p1'ohl<:111 is <_iefi11ed by [40, /11,

42]

:::  _ U’/!':_ :::  Ur’! Q
whe1'<—?+ '1}? is :1 two ('f-Ol1'lI)U1'1(‘.‘11'f- w:1.vcf111iction and U am] V are Lax

pairs given by

7 —-"T/\ (iU = ;* ' 3 (2.8)
*_~Q* 1:/\

V § -211/\2 + 2x/mf + -zi|Q|2 ‘ZAQ + -27¢), - 2_;'3tQ (2 9)1:: V . . - . ' - , . . .
L —2)\Q* + IQ, + 2_dtQ* '2-M2 -- 2)\1._n’f ~- ~1,|Q|2

and /\ is the non iS(‘>.spP,(ff.1'aL1 pn.m1"1i0t.-e1" <'l<_>fi110<‘l by

A =: /\Q e;?x1)(--‘Z-_;i1’;.)_ (2.10)
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A One Soliton solution is g£)1l(%1'&1I-F?('l using Ba.-(:kl111'1(l

transformat.ion[43,  Following  we (lcfiru-1 :1 ps0L1<_l<_>

potent-ia.l, w —U {
and diffe1‘e1'1t-ia,ti11p; H-q.(‘_)-.11) with 1'es}'>z'?<*t. to ‘r, we find

120* U@U0—@mvW—1) §‘
PK”-" 1) ""‘ H ” ,Y_.-".|(,L j |)2 ’ “"'"" (2-13)

Substituting; for "1?-"'11, zuld Q1-2, f1'<_>n1 Eq.(_‘2.Ti)._ W0 gut.

l_‘t('n—'1) = -2?/\I‘("r'2. —§l)+Q(-n 1)+Q("n.—1)*I‘(~n—l)2. (2.13)

and

1“:'<~  1)  2@"M"<1» — 1) ~ Qv»>w= — 1)”  <.2(~»>*. (2-1¢1>

Taking ('f0I11])](.?X <1-011j11ga.t.-1: of Eq.(2.l#l)

Ifln—lfi:—%NP@ l)@Q@fiF@ 1V-mxm (am)

Using Eq.(‘2.1»-'1) z.u1<.l I*_lq.(‘2.l5), \-ve <'>bra.i11

Uu—lfH@» U rm" lyrmmn-1)
(u/\|l“('u Ill]: i-  i" Q(n)(l [Um  (2.16)
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and

I‘(n. — 1)2P,*(n — 1) —— F,(~n — 1) :1 22'/\I“(_-n.. ~— 1)

()\*|1‘(-n -1))? + /\) ~  - 1)(1 —~ |F(n1))'1) (2.17)

Defining /\,, I ll-1». + 111/,1, 21-nd after st-1"a2igl‘1t'. i'<>1"wa.1'<.l 1uz1.nipula.

tiolls, the 11 solitml solution Q(-n) (tall 1):.» ex]>1"u.ss<_*<l in T-t‘1'1l1S of

the (-12. -~- 1) solitou solution.

Q('Il-) = —-Q(-rz ~— 1) -  (2.18)

For t-110 t.1'ivi:1.l case 12 =: 1, Q(0) -= (J am! from E-qs. (2.7), (2.8)

zmrl (2.9). we got t-he eigen fu11ct.i01'1s L-",'1([.]) &.LI'1(.1 g-’l*2(()) as

1).-’,*,({)) = u"((J)exp (—'1I(2/\:‘ + [2)\2(Z::)] ._ (2.19)O

n

1%)) = »)(0) exp (422: + / 222212)) . (2.20)

S11bst-itlltillg E-q.<;.(2.19) and ( 2.20) in Eq.(2.1l) auul putting

A 1* /11 + iv], we obtaill P(U) as

l.“(()) : exp (—'1¥'1;1.1t - 7',/1[(;1f —-1/?)1l;; + 25, + 11/]; 1. 3 //11 1/Id; + 2,.’-"_\l]
2 (2.21)



2 3 Two soliton propagation _
where we have used  = exp[-----2-i(51 +-ITA-1)]. Sul>.~.4t.i’r-1.1Yi11é%

Eq.(2.21) in Eq.(‘2.18), we obtain one soliton sollltion of E<.1.(2.6).

Q(]_) = -21/1(rxp[—"i/l;L|f+-"1 /(pf-1/i5')d,3+2rY1]s0(tl1é‘lz./I1+8‘f 11.1:/1d;'+2A|

(2.22)

and q(1) is given as

q('l) :  (2.23)

2.3 Two soliton propagation

To (_:o11.st1'11(-t.- -:2. s'olit-on s<')l1.1t.i<_)11.s._ we (-onsi<l¢.?1" a. tnu1sfo1‘111at-io1'1

to -'1,-"'1' am]  to Q’ wl'101‘o 1111p1'i1110<.l <|11a.ntifi0s 1'<?fc1' to 11 — 1) a,11<'l

p1‘lI1lt°.(l q11a.nt.it.ieS dorlote n soliton .'§Ollll'.-l()llS. The Ba1';;‘111a.1111

roslllt. tlmt» the 1:, soliton solution of the 1'|o1'1li11<*a.1' S<_']11'¢,><li11g2;01‘

equalioll (21.11 be looked upon as a. p<_>t-elltial gix-'i1'1g 1'2, l>o1.1n<_l St-ti-l-PS

[45, 46] and the relatioll bot“-'(2011 solitons a.n<'l hollml st-z.\.t.cs sug

gosts t-llat '¢_.-i'.'(-n.) and '4,-"2(-'12,. — 1) will <.lil‘l01.' by :1. li11om' f1111<:Iio11 of

A [47]. Thus we writ-0

_ :"l"g-""91 + 1}’   12.2--1)

1,.-:1; 1  | In (2.25)
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with A = a],\ + 0.0, B I I11/\ +110, C = c1)\ + (:0 a.1u‘1

D = 0'1/\ + do wl1<r1'e 0,1. bl , 0| a.n<.l (11 are functiolls of Q(z, t) a.-ncl

Q*(:;. t) anrl thmugll t-110111 f1111r-ti<_>11s of z a.1'1d t. Diffm‘-;~.1"e:1'1t.iz.\.’r.-i11g"

Eq.(2.2=1) and Eq.(2.25) with l‘Pb‘})0(:t- to t and using Eq.(2.7) we

0ht+.\i11 t-11¢-=. i'<>lluwi11g 1'el:1.t-iolls,

.4, = Q’('.‘ + BQ*._ B, = -2-1lB/\ ~ AQ + Q’D,

C, = 2~1i/\(J*- Q’.+1 + Q*D,

D, = -Q*'B -QC. (2.20)
Usirlg Eqs. (2.24), (2.25) a.1*1<.l (2.26) we obtain a. set of diffe1'

ent-ial eqnmt-i<_>11s for <1, I"), (.‘ and (1 which 21.111: easy to solve. The

s0Iut.ions are u-1 = n"(;/2). I1, =—- U, (:1 : 0, d1 = <$(z) with

t\2 v-—*l.\L r—-*

41

‘(La
On" Q:

I)“ 1-‘ -_-‘I~(l('_(2

(1; I  """ T],
-5

do = ""-‘(I-0+”I(/3),
0.. . , 1 ‘ , 1 ‘ ‘__

0.0 = 1_r1"[-I/J. — §(="1z/,2-— |Q+Q]2)'-1], (2.2-I)

where (Y, 7, 6 are i1'1t.(_tg1‘:>1ti()11 c011st.a11ts and we have used  = --1

and  == 2a;1.’. Slxbstit-11t-111g t..he vallles of A, B, C and D in

t..01"1us of u,.b| _ r.-I , (11 zuld rm. bu. (1,. do fronl Eq.(2.27) in E-q.(‘2.24)
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and Eq.(2.‘25) we 0hta.in 2.1- 1'e(:111*1'<-mce relation c01111e(~ting r1. a.n<,l

(n _ 1) vvavoflmr.-t-ions;.

1 ; - 1 .
1 wL+i#»1' M 5611/2 ~ ace + <a’|2)§11»11 . , . _ .

+§(Q + Q M. (128)

. . /  - ')' ~ ._ .
1,-i'.-Q = [1/\  1.11 §(41/“ ~— IQ + C)/|2j'-1*]-1,-'.»';; +i ... *1 .- ‘ .

We know Tlmt. for the t1'ivi21l (‘éLS(-3, 111 = 1, Q -—' (J z1.11<.l Q’ is gix-'£‘-1'1

by Eq.(2.‘22). Sllbstitlltixlg tl'1vs<r in Eq.(2.'28) z»11.1'1<l Eq.(2.‘Z9) we

0l)'[-ELiI'1 'L_-' ‘|(l) zuld ~¢'.'-2(1) wl1i<'r|'1 2110 givml by

1(1) =  1'/\ + 1'11; I/1 M11111 .41];-"L*1((])

I/1 0xp[—— i.-"U,]s<c(311A1z;'1>2 (U),  230)

2!.-'2( I) : 1./| <':x1>['/Q-’\I1]sL>(:l1/41';-"'l1 |(())

+["i/\ — £11] --- 1/1 tn-11h .41]'¢_.-"l-*2(())? (2.31)
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where

M1 I 4,1): +1 /(,{;’ -2 1/f)(1..: +222, (2.32)

/4| I "1/1.-11‘   / /I-|I/[(12 + 261.

Now for -n. : 2, s11b5t.it.uting E-q.(2.3()i) aml F.-q.(‘2.l5l) in Eq.(‘.2.1 1)

vve obtain t-he pseurlo pot-cm-ia.l 1"(1) as

.1) " l'."?\"'r ‘

whore

P -: exp[A2] cos .M-2(1/3--1./| ’r.an11A,) -A/1ex1)[.~"'i2]si11 512-»-1/,se<1tl1A1 cos Ma

(2.35)

.-\-"T = 0x})[A;;]si1'1 {U-2(1/-2--1/I T-211111 A|)+L\/1-L*x1'>[.4-2] cos _-112-1/1 Se(:hA1 sin .-7)-I1

(2.36)

R == 1/1 exp[A2]sec}1A1 (+<.>s(£\-I, -- .-‘)1-2) - (1./2-1-1/1 iitllil .1-4)  (2.37)

S = 1/1 ex}.>[A2]sc<:l1:'11 sin(.-U) — .-H2) + Ap. (2.38)

Substit-uting Eq.(2.3<'l) and Eq.(2/22) in Elq. (2.18) we obtain

Q(‘2) as
XQ(2) =1  (2.39)
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Substituting Eq.(2.39) in E-q.(2.5)tl10 two soliton .s0lut.i0n is ob

tainedas Y ’ _!._:_fl2_
q<2> = -_"‘ (%%kl§/Pi?’ ~ <2-40>

where

X : 2;/15Q(:_1]/11 Q_)(I_){—)._-"\[lH]/Zl-2 +  —- I/5 —|— 2/A/l.I./2 118.1111 Ag]

_2;/2SeC}1_./12 (.-_\_Xp[—-'i_.-"\_{2][—-- ($;1)2 1/1? -} I/If + ‘Z"1'Q;u/I in-11h.-#11],

Y = 1/‘,2 + 1/Q3 + (./l,u)2 21/1:/2 t»a11l1.v~’11 te1.111'1_--1;»

—2:/, I/3SP(f-1'1  1 .s'<..*(.'l1-»'1-3 <.'<>s(,-"U | — _-"112 ),

(2,11)

where Ap, = fl.-3 — ;.1.|. /.12 a.11<'1 2/Q3 1111,: tho ]>a.1':1.1111rt01's of the two

s0lit.011 solution. By <r0nti1n1i11p; this p1'ou_*ss, l1igh<*1' order Solit-011

solut-ions 02x11 he <‘l<.2t<*.1"1nin<;*.<_l. l4'ig111'<.~. (2.1) ill\|st.m.t..¢:s t-he int.0r

act-ion of two .$0lit01‘1 1>\1l.s0.s' wl1<>1"<> the ]>uls<_~s (iollirlc at z = O and

1n1<_1c1'g0 crolnpression. Aft 01‘ <.-ollision. t.hu_\-' t%1"a\'e1‘s0 tlle length

of the fibre and f0r(:e<'1 to .s'0pz.1_1'at-0 l“111"r-l'1(*r. Fi;_;'1l1‘es 2.2-2.-=1 show

the pr0pa.gz1.ti0n of p11lse.<, aft<.~1* i11t.<_~.m.<"~tion. Al't.ur intemction,

as the two .'s'0lit-011 1>1'o]_>z‘1.g?|.T<>s througll the fil'11"'0, its $]_>e0tr11111

begins to }_>1‘<;1a.<le1"1 as :1. IPSIIIT <1i'.s<>li' ;.>l1a.s@ 11u"><'111]a,tio11 e[Te(:t.

Duo to t.l1<.~._]uiI1l' :1.<':t-ion of 5<*lf';>l1@1.s1r 1110<1l1ln-Iiu11 <>l'l'<'~(:r.'\t and 1mg‘
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at-t.i\--'e group \=el0(~it-y dispersion efikxrts the pulse l">eg;i1is to be

("()II1})l‘0S.'H‘(_‘.(l furiniiig an iiiteiise pulse oven after (701l'1[)(?1lSél-l-lllg

loss as sliown in Fig.{111'e 2.‘-1. The eulditioiial c-l1i1"pi1"1g potent-ia.l

l1(‘-l})S to suppress the peclestnl. V5/hen two soliton pulses with it

plmse (liflk\i'e_~.1i(r<_~ p1'0pa..g21.t-cs, t-he slopes of ti'ailiiig.>," mlgv of first

pulse and le:1.("li1ig; e<'lge of second pulse are lllCI‘(‘.£LS(?(l in n1a.-g"i"1i

tude and the li"eq11e11<:_x_=' cliirpiiig is enha-neecl. Sinctc (-?‘Ill'l2l.Il(‘f(t‘.(l

<-hirping is 1nr.,>re tlian suffic:ient- to ba.lzn"i(fe tlic l">1'0a.<l011i1ig due to

<'lispe1'si0n. tlie two pulses are e.1Cfe(ttix-'el_Lv f01'(.'<:<l to s0pzn'a.te fur

tlier. Expe1"in1e11ts by Tai ct-.al [48], Dziiiiov 0t.a.l [=19] and SW/iiki

eta.-l [50] sliowed flint. inulti-soliton pulses (‘an l')t_‘. (:01‘np1'esse(l.

Solit.0ii-efifect. (:0111pr<2ssi011 can 21-(rliieve liigh (:01np1'0ssi0n I'éLT.-(-'P us

ing Sl1()l'l-(‘F (.‘()IIl[)l'£‘.SHlO11 lengtlis. Almiiic-:<'l ct.a,l [51] (_‘X]')(_‘.['lIll(‘l1

tally (T(JI[1]')l'(.3SSO(l 11. 3.6p.s' pulse down to 185f.s by ])1'()])'¢lg'i'it-l(')11

slung 30m.of T.»l1(3 fibre.

2.4 Conclusion

An inl1o1n0ge1‘i0011s optic fibre systeni with f1'€qlI€’.Il(?_\-' (?l1lI'])ll1§{

within the iiit-0gr:1.l.>le limit has been a.11aly2e<l in this (filial-})l01‘.

The exact two soliton solution for the l'1OI1llIl(.‘?1-1' S('li1'0<li1ige1'

Pqllfl-l-l()Il has been <'0nstr1_1<_:ted using a. l'0(fll1'Sl'\=’C 1'm.>tli<_><l mid

l3z.1.(tl<l1111<l T1'a.11sl'01‘i11z1.tion tectlinique. As the pulse ]_)1'()])?l.§_{i.Ll76_‘S
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Figure 2.1: Two soliton solution of (2.40) for 1/1(0) = 0.9,
1/2(0) = 0.9 , p1(0) = 0.5, pg(0) = 0.08, [3 = .02.

through the fibre, the pulse gets amplified and compressed which

supports multi soliton pulse compression technique. The draw

back of this technique is that the required input powers are high

and cannot be obtained directly from semiconductor lasers and

pulse quality is poor. For this reason, the compression of fun

damental soliton using fibres with varying dispersion is of great

interest. The inhomogeneous optic fibre system with varying

dispersion is not in general integrable. The nonintegrable inho

mogeneous optic fibre with varying dispersion has been studied

in the next chapter.
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-5 -4 » 1;2 ‘ 2 4 6
Figure 2.2: Two soliton solution at z = 2.5 for the same para
meters as in figure(1).

/ to \J°, _t
Figure 2.3: Two soliton propagation at 2 = 3.5 for the same

)parameters as in figure(1

;\/ \. _r/ ‘ A t2 1 1 2
Figure 2.4: compressed soliton pulse at z = 20 for the same
parameters as in figure(1



Chapter 3

Soliton compression in
inhomogeneous fibres with
varying dispersion

3.1 Introduction

In an ilihoniogeneous ieil>1'<_~.? wliell ’rh01'<r is :1, \=a1‘ia.ti(>I1 in the (tore

dianleter, the group \=clocit.._\-' rlispoisioil ((}Vl')) <"roo1‘Iicient cam

not be co11si<.1c1'o<l as n. (r(>11stu.11t.. but as an f'1111(1tion of <.lista11(:e.

For opt.i<'ra1.l soht-ons, :1 s1'1ml1 \-'a.1'ia.ti(>1'1 in (1ib'p(-.fI'SiOl'l has 21- pe1'~

turba-t-i\»'<r 0{'f0<:t similar to u,111[.>lifi<_ra,t‘.i(>11 01' loss. By exploitilig

the prop01‘t_y of va.1'ial>]e (il\-FT) in ;;o<j><l use, it, will be possible

130 (ioiitrol solit.<_'>ns in sohton <_ion11en1111i<'z.\.ti<_>11 s\\-'st01r11s. The i11ho

lllogerleous opI.i<': fihn: s_\'st<_rn1 wit I1 m.1'_\-'i11g G\-"D [)?l_I'2i.Il1(_?i-GI‘ lms
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been studied in this (:l1apte1'. The st.11d_\' of plllse 1‘>1'o[.>z1.ga1t.i<)11

in an optic fibre system with \='I%Ll'_\='lI1}2,' (_}VD ].m..1'211111<_*t_.e1' finds 21])

pli<¢a.tio11 in time a-<,lialmtic (:o111p1'essio11 of solittons. In 11<>11li1"1ea1"

fibre opt.-iris: no11li11ea-1' c011'1pressio11 of p11ls1.?s is found to lla-ve

wide z1.ppli(:at.io11s in optical l-Clt-!(f()1'11Il1Lll1i('21.fi(')ll z_111d switeliillg

purposes.

A nox-'01 technique of high q11a.lit_\' fundu..111e11ta.l soliton vom

pression can be 21-cllieved using fibres wit.l1 a. slowl_\' de<_'1'(::-1s

ing value of second order <lispersi011 along the fibre length

[52, 53, 54]. An optical fibre in whi("l1 ’r.h<? 111:1g11itu<l<-1 of the GVD

])a.1'z1.11'1Ote1' de(:rea.ses along; the direetioli of ])1'(_>[_r<.1-g-_1;z1.t-i(111 of opti

cal pulses is referred to as a1. dispersion <le(~1'ea.si11g fibre (DDF)

and (“@111 be IIIZI-(l6? by ta,pe1‘i11g tl'1e (-ore <li21.11'11etc1" of the fibre at

tho 111211111fact:.1_11‘i11g stage. The dispersion va.1*iat.io11 in t-he DDF‘ is

sufli(tie11tl__v gra<l11al, soliton cornpression is an z1.<lia1ba.t-i<- p1‘o<-ess

such l’-l'lELlI- inpllt pulse can be idea.ll_\-' ('.OIIl])1‘€SS(_’-(l as it propaga.t.es

by 1'et.ai11i11g its soliton cl1ara.(:te1'. The a,1"1a.I<_>gy bet-wemi a fibre

E1-I11])llfi(-31‘ and at DDF can be 8St-2Ll)liSll€¥('l 11121-Fl'l(‘PlIlil-tl(TFLll)' using

11onlinea,1‘ Schrodinger equation (N The efiect of <_le<-roas

ing dispersion is 111athe111a.ti(:all_y Qqllix-'a.l(*.11t. {.0 ;1.(1(1i1;g A gain

ternl to NLSE. The eifective ga.i11 (toefiieient. is 1‘ela_t-e<_l to 1'a.t.0

at which GVD decreases along the fibre. This ])I'U[.)(-3I'l'_\' is used

to st11('l_\-' pulse coniprcssion in (.lis])(.'1'sio11 <l<\<?1‘easi11g fibres. The
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DDF pulse-compression 1‘ne(:.l1a.nis1"n has been 1_1se<"l to gr-v11<_\ra.t<~.

3 train of ultra short pulses 56. 57]. Using the l'll_)['€?S with

'T—‘
\_}1
Q1

a slowly decreasing \-11.1110 of <”lisp<_>1"si<>11 along the filmf leilgt-l1

enables to realize effo('.'t-i\_-'0 z.1.1nplifi(:zitio11 [58, 59]. lt has l_)oP11

found that there exists 21. qiiasi st.z1.tiona1'_\_' ].)l1lSP known as (lis

persion inanaged soliton in pn1""io<_li(-a.ll_v <.lispo1"sio11 (f()I'l1[.)L‘IISHI-(3(.l

systems with feat1.i1'os such as the 1'€’.('lll('.'0(l tin"1i11;_; jll-T01" (.'a.11s0('l

by amplifier noise (Go1"(l<i>11 - Hans effect.) or the iiiiprovorl signal

to noise ratio which is not presoiiti in a. <rlu.ssi<":a-l soliton S_\-'SllL‘-111

[60]. A pcrioclically St-kt-l'-l()l'l?.LI“\_-’ pair of a<,lja.<#<:11t» plllsus }.>r<u|m.ga..t.

ing in a. dispersion i11a1.11a.g<.:<l line lms l.)(-‘.t€?I'1 1"<.:<:o11til_y found h_\_-' the

I111meric:a.l aweragiiig Inet.ho<.l aiirl llétlllt-‘(l a. hisolitoii [61, 62].

This (fllkl-])l'.-81' (lea-ls with the st11<.ly of soliton propaga.t-ioii in

an irihoiiiogellcolis optic fibre syst-0111 with \-'a.1‘_\='i11g clispc-r1"sio11.

i.e, propza,ga,t-ion in 21.11 optic fibre with ga.i11 (loss), plmsu 111o<"lul¢

tion and vmyiiig clispersion. The N LSE 1"ep1*<2s<;11t-iiig the c_l,v1'1a.1n

ics of this inliomogeneous optic fihro s_\~'st-<>.1n is not i1"1’r<~gml>lr-1 ai.11<.l

(i~a1111ot.- be solved :1.1ia.l_\-'t.ica-ll_\_' in geiioml. T110 vz~1.1"ia.t'iona.l a.11al}='

sis, ax semi aJ1'1a,l_§-'t-ical zi.ppr<Ja.(rl'1, l__>ase<'1 on Lag1'm1gia.11 l\0T1I1'<l.llSl'Il

of iirlaissiml iiioclizuiics llé-lb‘ been lisml to st.u<_l_\_' the systoiii. The

iiilioniogclleolls opt;i(t fibre syst-rriii has l)(‘(?1l b'T.ll(ll(‘(l 11uI11m'i(1a.ll_v

using split--st-0]) Foiirici" 1'11<?tho<l. T110 stiu<l_\' lms shown tlmt. as

the pulse p1'"<>}>z1.g'z1t.-os throligh the i11l1()11io;__>;e11o<>11s optic: lil_m'».. its
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width (le(rr0ases and aniplitiule increases, which is siinilur to the

(rase of 21.-(lltLl)21-il(T <"romp1‘essio1‘1 of solit.ons.

3.2 Lagrangian formulation

Pr0pa.gz1.lio11 of optical pulses in inhomogeneous fibres wit-h X-'2'-1.-1'_\"'—

ing dispcrsioii (mi he <lcs<*ril_>e<l l,>_\-' nonlinear Sclirodinger equa

tion of the form.

~z'.(]3 + p(z)q,, + ‘.2|q|2q — o~|(z)t2r1+"i-ci-2(z)<; =1 U. (3.1)

This (lqlltl-i.l0Il l'(?])l'CH(?1'1l'-lI1f2,' an iiihornogeneous opt.i(*. fibre s_vst<\n1

with varviiig dispersion p(/2) arid phase 1no<;lula.t.io11 te1"11"1 is not

integm.hle l')9(_f-':LllS(*! of the iiiliomogeiieity due to the vai‘yi11g dis

persion. Thus we solve the problem approxiinately l>_\_-—' ineans oi

the varia.tio11a.l 1n<_~.r.l"1od based on the observation that the systein

des<:riho<l by-' E-q.(3.1g) supports a well-defined solution of chirped

pulse whose shape is close to Gaussian. Inorder to int-ro<_l11<?e the

va1'ia.t-iolial met-l10<.l, we start from the L€LgI‘fi.I1g'l&l'l fo1'1I1ulaT-ion

of the prol'>lem [(53]. Suppose we have a fiinctional C (railed La.

g_>,"1'a.ngia.n ('l€IlSll'.-_‘_\-"' which is a fliilctioii of t-he field q11antit.__v q. 2.1-l1(l

q*. mid their <le1'ivat-ives with respe(:t- to 2 and f. \-Ve z.ulo1_>t.- for

mulation of the infinite (liinensional E11le1'-L:;1.gra.1"1ge pmblvin .
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F01‘ infinite diIne11si011a.1 problems, LagraI1ge’s' pri1'1('ipl<_: of l0a.s’r

action is given by

5] = 5/.  £(q,q*._qz,q:.q,,q;‘,z, f)('1’f(iz : (1. (_J§.2)x \‘ _- _ ‘ 1-__.

For the V?1l'ié1-T-1011 of field qt the va.1'ia1.t.i0n of C is cx]_>1"ess0<l as

QC U1: . f)£ - 3C _ ()1: . _ UL ..
6L aq r q+ 0%: (L 1 (,)(h<q¢ off q 8q;(q4 (Mir q, =1< ( )

Then Eq.(3.‘2) b0c<_m1es

.  X’ “)1: .- 0° '°° f')C 
()1 : / / (;_—()(;r1i(12 + f / ;—(5qz(lf(.1z- —-:x.-- —-rx; (if - —0c.-. —O(t dqzI

"X" '°‘* UL: _ °°  '91: .
/ ,+r_)q,u'T.(i.2’+ [ j ‘(—()(;*r.l£(l‘:. —-.’XL-- X: dq, . ....x. _@¢. ()q*‘)1: _   OC I—

+ / I f—()(1f(lt(‘Z2 + / / 7--—(5q, >|< (11%!/3. (3:1)-  - .1; (M: " . -00- --1» Oqf

I11tegm’ri11g by pz1.1't..s.

"X" '“‘-' 71: .- O“ ‘Y (9 ()1:
Y1:/ /  .If.l::—f [ —- — “ "I512( - --m. .  Oq Om ( —r>c .  Oz (3% mm if' K‘“C  ‘J 01: ._   )£ 

—[ f __(—(+)r)qdtriz +[ / ;—_<)z_1*zlf.(l,z.  --1. ()1? ()q,' . _.'><. . -.~><; ()q*
"X*  E) UL °°  E‘) 85*-- _~~_  .1/Z’—[ / %_-~  :1(-;_:((1)q_:)r§1{rIfr .  fix‘ (.)t(_(-Mt )0‘! (fr! (‘I 1)
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1.0,

-x- 91: 0 05% 0 oz: s
<$1=/ / i--» _s_-_-i_"11.-—OC.-—C)C.‘{(9(1 <'")z(<‘)q3) z1r(<i>q,)]""‘f“so was 001: 0a1:-,, .

+‘[_m_ -- 5-Z(5(E) — 5?;(~0-7]?)]<>(,(1uzZ = 0 (3.6)

where the varizmt-io1"1s 5!] and 011* \-'z.\.1'1is'11 at. the h0u11<la.r__v of the

int-0g1'a.tion. Since t-he vzu'ia.tio11s 5q and ($q* are t.a.kcn to be

a1'bit-ra.1'__v and i11depe1'1<l011t in E-q.(3.(i) we obtaiii

UL 6) UK E) OZ
Gq 0z(‘<')qZ) 0f(t)q,) ( )

tLIl(i

~    : 0. cw)
These are Euler La.gm11ge uqlmtioiis in iiifinit-e <;li1uensio11. The

nonliliear S(:hr0dinge1' Eq.(2.3) is for1nu1z1.t.-ed as Euler -Lag1'a,1'1g'e

equa-tion of the form,

MI é)£ <9 OL 1?) (“HI
".-.":"-—-—'T'—"“-'“'—',r-'7r—'~ 1').()q* 311* ().':(@q§) ()t(c')qf) ( ( 9)

with the La.gm11gizi1'1 deiisit-y g'(311(J1‘FLi-il1§._’,' Eq.(3.1)is

C =  ~— (fqz) +p(z)Ir1,]2 —- |r.1|'l -— mfzfqlz — "li('.l’-2i(]'2. (3.10)
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3,3 Variational analysis

This approxinlate a.nal_\-‘sis 01"igi11a.ll}' proposorl by A11(l(21's0I1 [64]

is a Ritz optilnizat-ion p1"0c<_~r'l111'<~.. I11o1'<_lm" to a11a1_\_-'20 the prop

agation of pulses witll va.1'__\-'i11g‘ ("ilS])(?I'Sl()Il in all inllolnogelieolls

Optic fibre using w1..1‘ia’r.-i<>11al a.pp1'<i>a.(rh, we l'm..\-'0 to assL11n0 at trial

function.

The s0lut..i011 of Eq.(_l5.il is <.'l'10s011 as Ga..us$ia.11:

- .  -) , . \
Q(’3'~t) : —’1(-3)‘-ix!->(fi—j?; + "ib(;')f‘ + z(,-73(2)), (3.11)n 2,

where  0(2), b(z), q-;‘)(:.') r<_\s[)<_>('ti\-'el_\' <les(:1‘ib<2 (tmnplex d-IIl

(‘Q\_/

plitude, pulse wirltll. f1'0q1u_:11(:_\_' chirp anrl pllasn of the soliton.

lI1se1‘ti11g‘ this trial f11n<.'ti0n 1111.0 the l_.a1-;_;'1"a.11;_§ia-11 rlmlsity and into

grating L over ti with this a.1"1sa1t-z we obtain r<.><lu(:e(l Lagra.ngia.11.

1.e, 
<1,-> = / Cdf, (3.12)

and it is g'iv0n In-'

(L) :=   A*A;)u.-\/FJ l [.»"1|2r,v___.,a-\/¥ - 'i(.E'2 Jii12(£'fi

I §.-~’l|'rz'i(b;. - (1.1);-j \/1".‘ —]A\'1rr-£5

+|.-l|"(.z'i\_,—;)(~Z)(—1 + =‘lb2)(_3.l3).2 0
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The o1'ip;i11a.l infinite <]i111e11sional probleln Eq.(3.1) is now re

(.l11(.'<?(_l to at Lagra-I1gizm form in finite <oIimc1"1sion wllosc La.

9;1fa.11g,'ia1.11 is give1'1 by Eq.(3.l3) whkth ilwolx-*(>.s only ax finite set of

v:1.1"iz1.l_>l<.‘s.

T I10 Enl<:1'-Lagra1"1ge eqlmtioll for 21, finite <li111<.-1"1sir.>ua.l prob

lem (11.11 also be obtained in a way sixnilar to the <l<:ri\-'a_t-ion for

the finite dim<_-..nsi0nal case. i.e,

OO

5I = f (L(-"r,rZ,z))(l2 1- 0. (3.14)~ "-OO

vx-'l1m'0 r is one of the pa1‘au11ete1's in 1‘<*.<l11(<url La.g1‘a.11gia-11 given by

Eq.(_.‘5.13). The E11ler-La.g1‘amge equation ol>t.a.ined from 1'0<"l11('c<i

L-a.gm11giu.11 is p;iv<?11 b_\,-'

<')(L-) 0 <“)(L-) __ , K-5?  -—  (3.11))' , 0
AJ

S11bst-it-\.nI-ilxg rra-(2), b(z), <j>(z) in Eq.(3.1-5)the following set. oi

equa.tions call he derived.

a-Z == 4a.bp(z), (3.16)1 . N .
111 == P(Z)(}F W 452) + m ""  (3-17)- or '/T

N == |.4|=*~fi, (3.18)
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where N is the conserved qua.11t.ity a.ss<_><:iate<1 with the n11ml_><_~1'

of pa1't.i(:lcs [65]. Eq.(3.16) a..n(_l I%Iq_(3.1T) am the {_‘X[.)1't.‘SSi()llS

for pulse width a,n<.'l chirp 1‘0sp0(.-t.iv0ly. A <'lo.s<:<1 fornl vv0111ti011

equation for pulse witlth is

,:1p(z )2 .-\.-"p( 2 11,1» _an — 4a a.p(/3) + . — , ' + ‘ ". (_3.l.¢))’ \/_ ma

Q

~‘l\¢

l\J
:1

That. is,

d[ 1 (la _ OU T20.)dz p(/3') dz‘ — ('90 '  "
w'}1er0 2"  - ."'\"-v .

U(a., 2) =  — ‘Z0-"Ir:-2 --  (3.21)
The Ha.n1ilt011iau1 of T.-1'10 .s‘_ys<1‘:+f2111 is

2

H(f1,G-3. 2’) = . at i I.--"(u.  (I_§.'2-2‘)‘31>(Z) a
The ..s'olit1011 widti-11 ox-'0l11t-i011 (rem he ('fO11Si(1PlP(l as the 111<>li(>11

of a. 1):-.1.1"r~i<?l<~.". of mass  in an 21.1'111a.1'111m1i<h ]_><_>t<:11tiz.1l T...-’(u. ,2)

[66]. The ()1'(_liIl£L1‘_\-' tliffmmlt-ia.l eqllat-ions gi\'011 by E-q.(W3.l('i\) m'1<*l

Eq.(_J3.]7) are (-1q1_1z1,’[i(1n.% of 1110ti0n of flu? pz11"ti<rl<'? (l<>s(r1'"il>e-(1 h_\_'

110w <':¢'>0r<_li11af.<\.s 0. mld I».
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3.4 Numerical studies

X-Vt-> liave solveil Eq.(3.1b) and F.-q.(3.17) 11111i"ieri(ra.lly to stu<l‘\_-'

the <ly11a.1iii('s of soliton pulse for <"lih°erent (lispersion <le(*.1'e'¢1s

iiig GV D ])‘<l.I'21.-l'I1€_‘l'(‘1'H. l*“ip,'111'0 3.1 shows the vu.1'ia.ti<_>1i of pulse

wirlt-li with <lista.Ii<.~e for expoiient-ia.l profile. The plizise portrait

of \='2L1'l?t-Y.-l()llE*1-l (_‘.(.11lFl-i_l0l1S for expoiierit-is-l GVD profile is as shown

in F igure 3.2. Vl-‘"1101; (IVD profile is Gaussian, the \.\-'ltll’.l'1 va.1"i—

atioii is as shown in Figure 3.3 and Figure 3./1 illiistmt-es the

[)l'l?LS€ po1't.ra.it. The \'m'iz;|.t-i<'>11 of pulse width aml phase portrz1.it

using li_vpe1'holi<j: (_]\-"l) profile is as shown in Figures 3.5-3.6.

As the pulse p1‘op:i.gat-es through the fibre, its width (le(:1'ea..ses

and the fi"eqne.1i<_:_y chirp i1"1(:1'e-a.s<_>s and tliere is pulse compression

auirl H.IIl}')lll'l('2.L-T.-l(_)Il. The pulse (ronipression and :u11pliiica.tio1"1 is

Iiiaiiily due to the ll'll‘-(_‘.l'])l21_\_~' between the inherent gain of the <lis~

persion <le<ri'ea.siiig profile and the efi'ective phase ii1o<ilula.tio1i. It

is evident from the plots that pulse compression is more in the

case of Gaussian aiid l1yperl>olie profile than expone1itia.l profile.

Dispersion <lecressi1"1g fibres were used for pulse ctoinpressioii in

seve1'a.l experimeiits to gerierate an t-rain of ultra short pulses at

high repetitioii rates [67, (38, 69]. Such sources of ultra. short

optical pulses are useful for fibi"e~op'r.-ie eonniiunirrat-ioii s_\-"stems.
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Figure 3.1: Variation of width of the pulse with propagation
distance for exponential GVD profile. a1 = 1, a(0) = 1, b(0) = 0.
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Figure 3.2: Phase portrait of variational equations for exponen
tial GVD profile.

3.5 Split-step Fourier method

The nonlinear Schrodinger equation is a nonlinear partial differ

ential equation which does not lend itself to analytic solutions

and hence numerical approach is used to verify the results of

variational analysis. The numerical methods generally used for

this purpose can be classified into two broad categories known

as the finite -difference methods and the pseudo spectral meth
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wldth

1
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\

l/ll/\.»
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Figure 3.3: Variation of width of the pulse with propagation
distance for Gaussian GVD profile. a1 = 1. a(0) = 1, b(O) = 0.

chirp
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Figure 3.4: Phase portrait of variational equations for Gaussian
GVD profile.

ods [70, 71, 72]. In general pseudo spectral methods are faster

than the finite difference method. The one method that has

been used extensively to solve the pulse-propagation problem in

nonlinear dispersive media is the split-step Fourier method.

We have solved Eq.(3.1) numerically for different GVD pro

files using split-step Fourier method (SSFM) [73]. The nonlinear
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Figure 3.5: Variation of width of the pulse with propagation
distance for

Figure 3.6:
GVD profile
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hyperbolic GVD profile a1 = 1. a(0) = 1, b(O) = 0.
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Phase portrait of variational equations for hyperbolic

equation can be represented in the form

where

<1. = N (<1). (323

N (<1) = /1(q) + B(q)~ (3-24

55
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T110 S(_)1I11.1()Il of Eq.(3.23) (71111 be writtell as

=- ex].>(Nz)(1U. (3.25)

1.0,

q(;z) = 0xp[(.-"'1 + B)z]q(,.

The <_1ifl'01"-01'1t.ia.I operato1' that accoullt-s for (1ispc1‘si<>11 term is

111,»-\-' 1"<*pr0se11t0<1 11y the op01*a.t0r A 11.1111 B is a.11<_>111i11m"1.1‘ 0p01"11t-or

tllat go\<'e1"11:>' the effect of fibre 110l11i11e21-rities 011 pulse p1‘0pz1ga.

t-1011. 111 g<3111:1'z.11 (_1ispe1'si011 51.1111 11o11li11ea.1"it-y 111:1. toget-1101' zt1011g___>,'

the 1(>1‘1gt.-11 of the fibre. The split-step F0u1'i01" 1‘11et11o1.1 o1>t.a.111s

21.11 :1.pp1‘uxi111z.1-to solution 1)y assu111i1'1g t11z1.t 111 p1'o]>z1-gs-1-t-i1'1g‘ the

opt.i<'ra.1 field <11-101' :1. 511121.11 dist-11.11ce 6, t11e tlispmsix--'e 11.1111 110111111

0111" efler.-ts z1<?t- i11<1epe11<101'1t1y. 1.0, propagat-1011 110111 2 to 2 + <5 is

1.~a.1'1‘1e<_1 out in two steps. In the first step, t110 11011li11en..1'it.y acts

21.10116, 111111  = O. I11 the second step, dispe1"sio11 zurlis 21.10110 111111

B I U. Henrte vve can write solution in the f01‘111

q(z + 6,1) = exp(6/1) exp(5B)q(z, 1), (3.27)

The 0xpo11e11tiz11 operator exp(5A) (11.11 be e.va.111z1.t0.<'11 in F0111‘ie1‘
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domain using

exp(5A)q1(z, t) = Ff] <>>;1>[<SA(-m)]1-“,(;1(;, X), (3.28)

where F, <le1'1otes the Fourier tra.11sf01‘1n ope1'z\.tiu11, .-1(1'.u() is oh

tained l)__v rep1a(-irlg t-he difife1'011t-ia-l 0].>e1'aWt.<_>1" O/5! by /Lu 2.1-ml

’w’is the f1'eq11eI1<"y in the Fourier (.l(')I'l'li.LiIl. The a.<'<:L1m.<.-_\~' 1_>l‘:~fplit

step Follricr 1'11ct110d can be iI11p1‘0v0<i by a.<'l<>pt-ilxg s<_*<"<'>11<_l <_>1'('l01"

split--step 1netl1r_><l.

The a.c'-r:111"a.('__v of the the split:-stop F<>111'i01‘ metlwnl @111 be

improved by mlopting second order split.-st-ep 1n<_~.t.]10d.

exp[(__"~’1 + B)5] I <@x])(.-46)‘/2) 0xp(B(5/'2) e":xp(B(‘i,/2) 0>q.>(.—16,/'2).

(15.29)

1.e.,

e>;p[('.-4 + BM] R: cx1.'>(Ac5/2)exp(B5)exp(A5/2). (3.30)

where tl‘1<2 iibre le1"1gt»l1 5 has been split int-0 two s<.~<:t-i01"1s of lmgt-11

5/2 and the opemt-01‘s applied in a. <.lifi'er<*.11t 01‘('h:1' in <.‘a.<'l1 sec

tion. T110 pa.1"m11et-01's used are (Y1 = 1._ 0;-2 = ().(')‘.2. T\h1n10ri(:a.l

plots for the .<;<.>lut..ion of partial <.liffe1'011t.ia.l E-q.(I5. I) for difl'@1‘011t.

GVD [)%L1'&LlIl(_‘t-EEYS 2.1.11? as slxown in F igl11‘0s 3.7-I51). ’l'|'1(-1 1111111v1‘i<'tal

I>10t-s a.ls0 1'"<:\=<_'al ‘r..ha,t. there is p111.s'0 (‘-<f>1'1'1p1'c.ss'i<>11 a.n<1 z1111plili(_ta.
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tion when the pulse propagates through an inhomogeneous optic

fibre medium with varying GVD parameter.

2.5V v 1 1 r 0 1-Q 1'”
fl

2-20

’ I=1O
Zl» x
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1

Pg

7/

o +—'-4 -3 -2 -1 o 1 z a 4
1

Figure 3.7: Numerical solution for partial differential equation
(2.3) for Gaussian GVD profile for 011 = 1, 012 = 0.02.

3.6 Conclusion

The inhomogeneous optic fibre system has been studied for dif

ferent dispersion decreasing GVD parameters using variational

analysis and numerical methods. The different GVD parameters

chosen are exponential, Gaussian and hyperbolic. As the pulse

propagates through the fibre, the pulse gets compressed and am

plified, which is similar to the adiabatic compression of solitons.

Numerical and variational studies reveal that pulse compression

is more in the case of Gaussian and hyperbolic GVD profiles
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Figure 3.8: Numerical solution for partial differential equation
(2.3) for exponential GVD profile for a1 = 1, 012 = 0.02.

than exponential profile. The pulse compression and amplifica

tion is mainly due to the interplay between the inherent gain of

the dispersion decreasing profile and the effective phase modula

tion. The pulse compression for Gaussian and hyperbolic profile

is very promising and can be used for the generation of ultra

short pulses while DDFs with exponential dispersion profile can

be used for transmission of ultrashort pulses over relatively long

lengths [74]. In a constant dispersion fibre, solitons broaden

as they loose energy because of weakening of nonlinear effects.

The width of a fundamental soliton can be maintained inspite

of fibre losses, if GVD decreases exponentially.

Soliton propagation in nonuniform single mode fibres has

been studied in these chapters finds application in soliton pulse
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Figure 3.9: Numerical solution for partial differential equation
(2.3) for hyperbolic GVD profile for 011 = 1, 02 = 0.02.

compression . The inhomogeneous optic fibre system with vary

ing GVD parameter is nonintergrable and it finds application

in the adiabatic compression of solitons while inhomogeneous

optic fibre system within the integrable limit can be used in the

multisoliton pulse compression technique. The study has been

extended to coupled systems in the next chapter.



Chapter 4

Soliton switching in
nonlinear directional
coupler

4.1 Introduction

The nonli1'1e21.r Schrodiliger 0q11a.t.i01"1 (NLSE) g<n>v01"1is the (ly

namics of propa,gaot-ion of soliton pulses in a. siliglri mode. fi~

bro in anonialous dispersion 1'CgiII1€?. Tl"1<>1.1gl1 l\ILSE El(i(3(1l.l&l-i.€i_Y

des(:1'ibes the prop'<Lga,t-i011 in b'i1i§§i(_‘.—Ill()('i(? vmx-'0 g1_1i(i(_-TS, 1‘out.iI1g

and SWit(?ilil'l_Q,' operatioiis wl"1i(_:h ill\='('Ji\-’(? solilon {_)ll]S(~‘S 1"'0q1.1i1'c

the i11t.e1'a(:t.io1'1 bctweell two or 111<__11"u lnodes. \-o\="l1<.~o11 to-wo pawl

lel w-'a.\/'e'2g11i<il(-ls <:o1_1ple(o1 th1'ougl'1 0\--'2L1l(.‘S('(.‘.I1i'- h'<-.*1<l.'\' (>\*'<~1'"lz-nap or t-he

rfouplirlg of two })(_)1?Ll‘i7,?Li.iL)!l 1o11<><1<>s in uziifomi §{lli('i(‘.S 2.111) the
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Slillktl.-l()I'lS of pl1_\'si<"¢sl int-crest t-list can be described by <'r0upled

NLSE. A <sl11a.l-(:0r<e fibre. designed to liave two cores close to

eat-l1 otl"101' tlireugliollt its leiigt-l1, can act as at fibre <~0upl<_~.1'.

Tlicir fllnction is 10 split (*0l1e1'eI1t.l__v an optical field, incident

011 one of tlle input ports. a'u1<_l direct the two part-s to the out.

put ports. Sillce output is directed in two (lilferellt. <li1‘0ct.i<'>11s.

such devices arc also 1'cfc1"1'0(l to as directional couplers. An im

p0rta.ut z.1ppli('f&ti011 of fihrc couplers consists of using them for

all opt.ica.l swit;(-hing. This chapter analyzes the propztgat.-i01"1 oi

optical solitons in two Iuodc lionlinea-1' direcztional (:0uple1' with

inholuogciieous dispersion and 1"1c>11li11eu1'it.y.

All optical switcllilig‘ <.l<_>vices have been studied ext.(.%11sivel}'

since tl1c_\_-" ca-11 [.)()'f.(?I'1flR-ll__\' operate at speeds much liighcr than

tliosc possible with cle(-troiiic or optoelectronic switches. One

of the most f1'cqucntl_y studied systenl is a. nonlinear directienu.l

(‘()l1[)l(?1‘ (NLDC), which is a. special device whose t1'a.ns1uissi<m

cl1a.rz1.cte1'istics depend sensitively on the light inte11sit_v [75, 76].

C‘.011ple<l-1110de t.l1c01*_v is used for the mathe1na,t-ical description

of (lirect.i<.>na1 couplers. V\/hen the pulses are sufficientl_v wide.

the grmip velocity dispersion may be neglected, and all fre

quency colnponents of the pulse have a. common group vclot-it\-'.

This is referred to as the quasi-continuous wave case. ".[‘l1<_~1'v is

an ohvimis problem with the use of optical pulses in the quasi

u
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continuous wave regime. ()nly the ceiitral int-ense pa-rt of an

input pulse is SV\-'ll'.-(fl'l{_‘.(_l since pulse wings exhibit the low power

behavior. Thus a. noiiuniform i11t..e11:~".it._\_= profile of 0pTl(.‘Eil pulses

leads to distort-ioii even when the eileets of G\-"D are iiegligilile

and this pulse <list01"tion is Zi.(1(1()I'Ilpd-Ill€('l by <legra.<_lat.io1"1 in the

switching bel'mvio1'  Due to the 1'e1r1a1'ka.l.>le shape ])1'E?S(‘-I‘\-"'—

ing property of solitons, using solitons for switeliirig in nonlinear

direet_iona,l (:01lple1's has Pit-T-fé.L(It-Ctl iriueli :.1.tte.11t-ion anrl l1&L\~’L? been

studied [T8, T9, 80. 81, 82, 83].

Fibre. eouplers are ea-lled sy1nmet1'ie when their cores are

i(l(-Elli.-l(‘%l-l in all respect-s. Howevel‘ this is mrel_\--' the ease in p1'a.e

tiCe_ The eou]>le1's wit-l1 <'lissimilz.u' cores are (f2Lll(_?(_l F1S_\-'IYlI'I1(.‘l'-I'l(_f

(:011ple1'S. Tlie <l<:lil_><_~mte Fl.-S_\_-'IIlII1(_‘.l'.-I‘l(' couplers lli'i,\-'9 &'l.TT1‘2-L(.'l-C-(.l

:»1tt-ention in recent ‘\-'ea.rs [8--"1, 85]. The H-S}-’IIlIIlCl-I‘_V lI'l("lll(l(-.‘.S mis

1na,tel‘1 in ph;1.se-veleeit-3' 2.1-11<l group-\-'el<_><f:it._y, rli1‘l'e1'e11t:e.'\' in <"llS]){.’1'

sion (tOF?l:l'l(?lf‘_l'lYS and effect-ix-'e (tore El-1‘CtIS. I11te1.'est.i11g 1‘(}Sllll.-S l'm\-*e

been ()l')l'-H-ll'l(?('l for u.s_\'1111i1et-1'i(t couplers with 21. pl1z1se-velo(:it_v (lif

fereiiee l>et\-veeri the eores [86, 87]. Diife1'e.n<':es in the groiip ve

locity dispersion (G\=’D) })21-1"¢LIIl(¥’.lPI'S result from the Wm-'(:;_;'L1i<_le.

eorit-1'il.>ul.io11 to (_.l\-”l) t.l1z.tt depeiitls on the core size. Snutll

<'l1a.nge.~; in the core Sl121..]7€_? and size ea.1'1 induce lame <‘:l1zi1rge..s

in <lispe1'..\'ie11 (reetfivielit of the l'll)1'(3 ope1'a.ti11g 1'1e:.u' the zero (lis

])el‘..\'l011 wa..\'<'+le1|gTl1. \-\"l1{-"PII the two cores iii RS3-'I'llI11(‘l-l'lL' <_-o|1|>l<'~r
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are so wiclely (liH'ere1'1t that their <‘lispe1'si01‘1 eoeffieients have op

posite signs especially the ease in wl"1ic:l‘1 the GVD is normal in

the second core has been stiidierl and  l*‘il>res with inho

mogeneous dispersion have att.-1'a-eted a.ttent"-ion re<+e11tly due to

their potential a.ppli<lra.’ti<'>11s. Tliey llave been used for pulse coin

pressioii [89], for1na.ti0n of solitmi out of a non-soliton pulse [90],

and improveinent of soliton a.n1plil1'ea.t..io1"1 in long (:onnnunication

lines [91].

In this chapter, we liave <:e11si(le1'e<"l a fibre coupler with cores

using nonlinear optical fibres with inl1o1r1<>,_<2;e1"1eo11s dispersion

and nonlinearity to a11a.l~\_-"2-e solit.-011 sw-'it<:¢l"1i1"1g. The soliton (ly

nainics in N LDC are goverired lay coupled nonlinear Schrodinger

equation. The e01_1ple(l rlifferent-ial equations for the parameters

which describe swit-(tl1i11 g tl_yna.1rnic:.s liave been derived using vari

ational azlalysis. The varia.ti0na.l equations and the partial dif

ferential equations have been solved nulnerirrally for periotlieally

varying dispersion pa1'arr1<:te1‘s in two cores.

4.2 Mathematical model

consider a nonlinear <_lire<:ti0nal coupler lnade of optical fibre

with inhon10gene01.1s dispersion. The s__vst-e111 of colipled nonlin

ear partial tlil'l'erentia.l equations. governing the pulse (l_v11a11'1i(rs
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,__'

is given by, .1’. 2: .
1'-'u;_ + (1%)--'11,, + |u|2u. +- kw = U (-1.1)I‘ 1) .

if-1.»; -}- Lg-—-11” l (},,|i']“":' --i lcu : U (1.2)

(‘Q£1

where u and v 1'epr<~se11t- l.l1(T slow-'l\\-' \-'a.1‘_\'i11g light. field nnvelops

and the s11bs<:1‘i})t.s 2- mid t. <:0rrcsp01i<_l to pa.rtia.l <le>ri\-'at-ives with

respect to p1'<i>p-agatiioii <li.s't.a.n(~e ?1.I1('l 1"0t.a1"(_led time respect.-ively.

The para-lnctei" d1(z) and d2(z) 1"ep1‘0s011t. va,1‘_\-'i11g dispersioii in

the first and second (tore 1"<.‘.s?p0('t.iv0l_\-' H-1l(.l (in = 72/71 a-cc0L111t

for difl'ere11(':<--as in 0{*l'ec:t.i\=<? <.'01"<_* a11'<=as'. "Flier <':011::;ta.11t k stazids for

linear coupling.

In gciioml the r~0upl0<_l 11<>1ili1i0aI" S('l11.'<_><_li1ig0r 0q1.1a.t.-ioiis (tan

not be solved an21.1}-'t.i<:e;Llly. Pa.1‘ti(tl0 like .~svvit-(tl'1ing of snlitons

suggests the 1188 of V?LI‘l2.ll'-lL)11i_il l,e(':l111i<111n_r wl1i<':l1 0if01'.s' c<_)r1si<ler

able pl'1ysica.l i11sigl'1t.. The \-'&1.I'lii-l-l(')I'lH.l 111<.~.t.l10<_l was r1evel0pe<,l by

Arldersoli and 1,1$<=.<l for .~;0lvi11g t.lu>.s@~ <':<>11].>l1.*<.l 0q11:>1.t.i01*1.~s [92].

In La-g1‘a.11gia.1'1 f0i"'Ii'111lz.1.tion, Eqs.(-1.1’) zl1..u<,l  are g011e1‘at.e(l

from the LzLg1'a11gia.1‘1 (l(?11Hll-_\_'.

. I _ 1 ., .l
L —~ i,é(u::_: u"'r.:_:') — ;2—|u.,|* +- §|u|'l (4.3)1 ., . /[-1 - [H

~+-;2—("m»"'3 — 2" 2.*;._)~ (-;T'[-r',|2 -l (?[1'|l + km 2' + 2*" u).
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The H-])].)1'O})l'i?Li.-8 funct-i0na,I form of solution is (-1105011 as

u_(2, t) I A,(z)sec1h-(t/r1.(z)) 0Xp(i()1)

'i.’(Z. t) I A2(z).se(rh(f/0(2))exp(-2192).

wllere 511(2), A-_;(z), 01(/2), and ()2( are z].ll'l})lii-11Li(.‘. zu1r;l plia-so of

(‘Q€/

soliton p1‘(>pagat.i1"1g i11 corel and <1ro1'e2 1'0s]>ectiiv0l_\~'. The wirlth

ofso1i’r.-<_>1e1's compoiients which are iiI10&LI‘i_\_-' coupled to (_‘&J,(Til other

do not SigI1iii(fEl-l'lt-if differ £l.I1(i is 1't3p1'(3S€3l1i.-C-Li as a.('/.) [93]. S11l_>st-i~

t-uf.-i1'1g E-q.(-'1.='1) int-0 the expression for LaLg1'z1.1'1gia.11 <1e1'1sit.y, ami

ir1teg1"ati11g ox-'01" t, the effe(:t-ive L:1.g1'a.11gim1 is <')l_>tai11(:('l as\ . . l G) \ .
L<-ff : 33-”e~(_3)(A1( 2'91: + -42(/1’)292z) — *—"'(-4| U1)” + <1(-3)-42(l’)2i1-5)

(‘Q\_/

3a(z)

+2i_.g—/—_Jl(.*'1|(,:')'1+ (inA2(z)4) + =1a(z)kA1(z)A2(_z) <:<_>s((J,  —i (J-2(2))

The E-11101‘-La.g1'a.11ge equation given by

8L? d 5L9 _+41 - -(--ii) = 0, (iii)Op dz 31);,

with p : A1(z), A2(z)_, 61(2), 62(z) yields a. set. of i'0u1' coupler]

l1()l1iiIlC?I1' or<ii11m*y differential equations.

. A Z. ,:'
= -1<».42<z>s111<@1<z)~ Hm) +  (in
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-42; I A‘-A1(Z) ->‘iI1(91(Z) _ 92(3)) ")' "_2—("1iL(‘*"'= ('13)

I ,3 ; nu,1 2 . 1.1 (44) _) .. 1
912 =  — ‘E:/41(Z)z   ‘-’<>bl91(Z) _ Oizl J) (1-9)

(‘Q

Q./-w
N

1\_~,»-/

bl)
I‘\91¢
3

Ja
/-\

Q
\...-1

hi

9?‘

. ,_- 1(2) . _.. 1
9% =    2 ~ — AA/Z) <.'1.1s(91(z)_.()3(,;)) (.l.1(])

These four rroupled eqllatioms are 1‘(>rl11c<_1<_l to two coilplerl <~.<111a.

tions bv (*hsu1gi11g va.ria.l>les. I11t.1‘0rl11<#i11g new vn.1'i11l>los.  =

A1(z,/)2 — Ag(z)2, 9(z) = 91(3)  62(2), znul using FIqs.(-1.7) and

(4.8) we obtain

A3 = -2/1‘/(1132 - A(z)2)s111(()(::) 1 1i1(,¢)g(.@1(1, (1.11)

wl1e1'e E  +  Usillg Eqs.('-"l.$)) 11-11<l (1.10). z111<'l .~t0t.t.111;_;'

(Zn = 1 the aqua-tioil for 1"ela_tive ['>l'1z1.s0 \-'a..1‘ie'1hl<_? is ol_1tz1i110<'l :15

'1 ‘ZLX ,3“ kfi .3) ' ._.'(>’ 2; _
9, .-..  2(1 1-(1(,:)) - ,1) )1 _- l_ ‘"5 (_) (4.12)

{>11-(.2) .5 x/(E2 _ A(;,)z)

4.3 Power controlled soliton switch

ing

A11 i111p<.11‘ta_.11t1 a.ppli(1=at-i011 of lil)1'0 <,:<'111pl<~rs ('011.\1i.s‘f-S (>f'11si11g the111

for all opTi(':1.l swit.(:l"1i11g. I11 the (.'&.l-b.'(_% of p0we'=rt‘ ("(111)-1"1_>lle<l swit<'l1~

ing. 11.11 op’r.i('11l pulse (#2111 l)E‘. switc-l1<~1l H0111 0110 011l[._>11t |1<'11't to
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the otlier tlepeiidiiig on its input. power. To zii‘ia-ly'/,0 switchiiig

d_\_-'iiaiiii<:s, the <roi1ple<_l <_.lifi'0i‘eiitiiil Eqs.(/1.11) and (/1.112) arid <?0u~

pied pa-1'ii&l~l <liffei'0iitia.l Eqs.(-1. 1) aiitl (-1.2) have been siiiiiilat-0<l

I'111l'l1(*.‘-l‘i(.'&:1-ll_\-' for vz-i.i'_viiig (_iiSp(‘-I‘Si(_)11 pzi.i‘a-iiieter. The ])?LI‘i-i8-l dili'ei'

811i-ltti eq11a.t.i0iis l'ia.\-'u bevii stiitlierl using finite <lifi'ereiice beaiii

prcipega-t.i0ii l'I1€i.l1()(i (FDBP1\=I)  In this iiiethod an El-[)])1'0X

iinate solution is soiiglit at the points of a finite grid of points

mid &LI)])1‘OXiIIl%1-i.i()l1 of (.lii‘i"(.?1‘(l‘.Ili-ikl-l 0(]1l&1-i,i()I1 is accoinplished by

i"epla,eiiig dei'ivatives by .'>1-]')[.)l'0})1‘i21-i’.-6? difference quotients. This

rediices <,lifi’0i'0i"it-ial equzitioii probleni to a. finite lill€&I.l‘ system

of alg'el")i'a.ic eqiizitioiis. The first step is to iinposc a. grid on the

probleiii mid to <1ei'i\-'0 the kl-})})1‘(J]')1'itl-i-(3 finite tlii"l'e1'eii<;:c equatioii.

ASSl1I'I1iI1g mi illiiid-l S()llIi-i(_)11 eit :1 = O the field at the siirtceecliiig

poiiits are d<:(lii<.:cd. Let ii-T*f“,'+ ' deiiotc the field at i’.-1‘&IlS\"'f.?1'S€ grid

point "It aiirl lO1lgli.1l(lillH,l plziiie A1,, &i.Il(l assuiiie that grid poiiits

arid plzuies are e<.1i1zi.1l_\-' S})&LLf(-3(.l ivy At and A2 respect.ive1_\,-'. Vi-"v

iiiipose it i"e(:t.a.iigiil:i-1‘ giicl in l0iigiti1<liiia,1 and ratclizil (_iiIIl0I1Sl()11

su(-h tliat

z;,- = k1Az,t,,| = "n,At. (/1,13)

Fi1'll'[-(-‘._ <liffer0iice equal-tioiis are represeiit-ed in the II1‘cLi'.I‘lX f()1‘1'l1

A¢=M min



4.3 Power controlled soliton switching % % 69

where the 11"1a.t1"ix A is t-1'i<lia.g<>11:.i1 aiid is solved using 'l"l1<1>11m.s

a.lgoritl‘1111. W'l"1<-11 only one <~o1‘e, sa._v core 1 is excit-ed, power is

tra.I1sfe1‘1‘0<.l t-0 t-lie se<-onrl (tore as ]_)l_liS€ p1‘<_>p:-iga-tcs tl11‘ou;2;l*1 tlie

core for low input pow<_.*1". Evohrr-ion of pulse in core 1 a.<:r.'<f>1"(l

ing to m11'1e1eri(:a.l siimilafrioii ofpa.1'ti21.l <1iife1‘e1'1t.ia-1 eq11z1.ti<>ns (-1.1)

and (=12) 21.1"<.> shown in Figu1"<_> =1.1. Power tr:-iuisfcl‘ to the secolid

core 0(:(_:11rs in :1 p0ri0<1i(- f21.sl"1io11 and it is plotted as a f11Il('T.i(11'l

of coupliml ('ro11st,ant. for tzwo \'21.111<-rs, as shown in Firlglire =1.2. The

shortest <lista.1"1<:e st. \-\-’ili(‘.il msximiim power is t.ra11sf'0rre<1 to the

Se(.:0I|(i core for the first time is <’:n.lle<:l coupling lengt-h LC. \\-"l1c11

coupling (.-o11s’r-;.u1t iIl(.fI'Ctlb't_*S ("('ll1])]i1'lg lengt-1"1 (le(:1'eases. Fraction

of soliton [>rs>\-vor 1'01nz;1~ii1i11g,‘ in 1-he a.1‘1'n into which ii \-\-"as lz1.1.i11(:l1c<.l

is <_lefi11e<i as tm.11sn1issi011 i.e.. T I  The e11<_r1‘gy I-1'a.11s—

iiiission (:l1a..1‘s.(‘:tvris'ti(:s of an 11onli1‘1en.1‘ di1"e(:ti011a.l (j:0u]i>l01‘ for pc

1'i()(li(rz'1.ll_y \-'a1‘_\'i1'1g (iispersioll auul for c011s’r.-amt (iiS])€l‘Si()1l 112-.L\-'0

been ("2'i.i(fl1i&1-I-€(‘i El.-I'l(i p1o1.t,c(.l as am f11n(:ti0n of input peak p()\\-'01‘ is

as shown in Figure 11.3. (_I1"itica.l swit..c.l1i11g power is that p0we1*

for whicli '1' I ().5. C1‘iTi(?2Li switdiiiig power for a. nonlinea-1‘

di1‘0ct-ions-1.1 (:0u]_>le1" witll p<?1‘i<)<ii<.'z1.lly \-'m'_yi11g Clispersioli is 5.2,

while tl'm..t for a, (f('lll])iF.?1‘ with (:(>11st.-z31.I1t. dis]_>e1'si011 is (5.5. i.<_'.

(:1'iti<‘.al swit<rl1i1"1g pox-\'e1' for 11<'>111i1'1ea_.r <1irectio11a1l ('011pl<_.*r with

pe1'iodicu.ll_\' \-'z1.1"__\"i11;; <_lisp<_-1‘si<_m is lesser than I-ildt for <'ro11st_z1.1"1T

<iis[.>1_>1"si011.
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Figure 4.1: Evolution of pulse in corel in a NLDC with varying
dispersion d(z) = c0sQz when an input pulse is launched in one
core with A1(0) = 1.6

4.4 Conclusion

Soliton switching in an asymmetric coupler with varying dis

persion has been analyzed in this work. The coupled nonlin

ear Schrodinger equations which describe the pulse coupling in

nonlinear directional coupler has been studied analytically and

numerically. Variational analysis has been used to derive a set

of coupled differential equations which describe switching dy

namics. The coupled differential equations have been studied

numerically for periodically varying dispersion. Finite difference

beam propagation method has been used for direct partial dif

ferential equation simulation. The study has shown that for low

input powers, pulse switches from one core to other and when
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Figure 4.2: Power transferred to the second core with distance
plotted as a function of coupling constant for two values. a: k=1.6,
b: k=1.

input power increases pulse remains in the first core. The energy

transmission characteristics of a ‘nonlinear directional coupler for

periodically varying dispersion and for constant dispersion have

been calculated and plotted as a function of input peak power.

The critical switching power for nonlinear directional coupler

with periodically varying dispersion is lesser than that for con

stant dispersion. The idea of all-optical switching by taking

advantages of nonlinear optical effects has fascinated the non

linear optics community. Spatial and spatiotemporal solitons

have been suggested to be ideal candidates for a number of po

tential practical applications including all-optical soliton steer

ing and switching. A challenging issue is the search for physi

cally relevant models in which stable higher diinensional spatial
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Figure 4.3: Transmission characteristics of a N LDC. a:For peri
odically varying dispersion d(z) = cosfiz, b:For constant disper
sion.

solitons exist. Forthcoming chapters are devoted to the study

of stabilization of two- dimensional spatial solitons and three

dimensional spatiotemporal solitons which exhibits a wealth of

opportunities for all-optical control of light.



Chapter 5

Stabilization of two
dimensional spatial
solitons

5.1 Introduction

Spa.tiu.l S(')lli-()1lb' in nonlinear I110-Cllfi, have attI'a.(.'t<_><l ('o11.s'i<,l(>.1‘21.l)l<_*

attention in 1"c<_-e11t years. The idea of all-op1ii<_~a.l switclliiig by

ta.l<ing £1-Ll\--'i'1.I'll'21.g‘(3S of nonlinear opti(".a.l ofi'e('t.s is a topic of in

‘r.01‘0st éLI1(l it is in this sc:e11a-rio, the self gllirlwil lJ(PH,I'I1S carallrérl

spatial solitons finrl ilnportalico. The (roiitrol of(>11<: light l_>e>a.n1

l>_\-' a.11<'1r-l‘u>1' <_-o11l<l be l1SOfL1l for opti<i'a..l (%01n1m111i<'->1tion anrl opti

(ral i11l“o1"11m.1lion [)1‘(_)('PS‘SlI'l{~_{. In 21. K<-".1‘1* n1<_\.<li111n. wl1i<'-I1 ]><_>.s:%(1ss1_-s

a posit-i\-‘e lllf-€?I1Sll_\=' <'l0p01'1(l<?11I- (zlla-Ilger of r<-*1"1‘a.<.'ti\-P imlux. 1-l1P
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index increases with the light iiitmisity. A heain of liglit can

form a dielect-1'i<r wa.veg11i<le for itselll in which the 1‘ef1'act-ive

index is grea-t.e1' at the <%e1'1t.e1' of ‘the hea-in than at its wings.

The light beam in this self-fo1‘1ne('l tll(..‘l(’(."f-l‘l(f wave §._*,'11ide propa

gates without sp1'ea<ling. Tliis phenomenon can be (:o11sid<,2red

as a dyna1ni<": l">ala11ei11g of two opposing t-endelicies, naniely the

t-eiicleiiev for the heaiii to sprea<l tlue to diffraction, and the

t-eildelicy for the beani to (-ont1'act due to self-focilssing [95].

This kind of dy11a1'nic balancing in (1 l- 1) dimensional spatial

solitons are well studied, their two dimensional counterparts are

less explored. C-o11t-rar_v to (1 + 1) diliiensional spatial solitons, a

(2 + 1) dimensional solit-on that is self gui<_lc<l in both tralisversc

dimension is linst-able aga.i11st collapse. (2 + 1) dinielisional spa

tial solitons in media with the Kerr nonliliearity are 111"1st-able,

because two-<limcnsional fluctuations iiiay destroy the balance

between the 11<_>11li1iea1'it._y and diifractioii. In particular, an in

crease of the intensity leads to self-focusing of the cylindrical

beam, which further increases the intensity and the correspond

ing intensit},-'-dependent correction to the index of refraction,

which leads to still stronger focusing and increase of the inten

sity, and so on. This self-accelerating process of the nonlinear

self-focusing is 1'efe1"1'e(l to as collapse of the beam [96].

The p€1‘i()(li(f reve1'sal of the sign of local group-velocit-y dis
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persion (GVD) known as <.lispersi0n n1a.1"mg'e111ent- is a COIIIIIIUII

setting in fibre optics. Dis])e1'si011 11m11a.g<-ml solitons are robust

to the Gordon-Ha.11s t-i111in;_g jitt.01‘ which 11'mk<-as t-ll€‘.II1 fax-'01‘a.l)le

aga,inst. tl1e01'<.li11a.1'__v sulitons [97]. Tl'1<~. strong n10<.lula.t-ion of (lis

persi0nn1a.kes it possihkr to a(?l"1i<'>\--'0 a. l1igl"1 bit rate in long 0pt.i<tz.1l

c01111m1nicat.i011 lines h0(::.u.1s<'= it &'Lll(JV‘\.='.“5 us to a,ppr0a.cl'1 the zero

dispersion limit wl101"e opt.-ica..l pulses do not int-c1'a(_:t. strongly

with one £LI1(')t-.l'l(.?I' [98]. A 111<.,>de_>l g<_>\-'01'11iI1g the prupaga.ti0n of

Opt-ical beam in :1. <lii“l'ra.(-t-i011 111¢11m.g(*rl nonlinea-1‘ \ww0g11i<'le ar

ray simila-1' to r'lisp<?1'si011 11121..11z-1.g0I11e1lt- was developed [99]. Even

though opt-i("al <lifl'mcti<"11"1 and cln'0111ati<: dispersion 01‘igi11a.te

from (lifl'01‘e111.. pl"1_\-'si<_:s, <lis('r0t{: <s.lilf1'a.(tf-i(>11 spa.t..ia.l solitons and

(lispersion I118-Il2Lg(?(l solitmls slm-1'<_* 111al11_\s' ])I‘Op(i1‘l-105‘ which l1igl'1

ligl1t l-he 1_111i\-'e1‘sa.lit._\' a.n<l <"livc*1"sil~\\' of solit-mls. r'\1'ml_yticul a.1'1<'l

IlllII1(%1'i('.'2:l-l t.1"eat:'11011t for t-110 0xist<_~.11<"re of <.lispe1'si0n 111as.11a.g<:('l

suliton in two <li11'1011si011a.l (:11hi<: 1mmlia. lms been explomcil [IOU].

It has l">0<~.11 (.10111011st1‘21.11<..‘cl tlmt The 11<..11:liI1ea.1‘it._\' 111a-11a,g01'r1<1r11t. (_f2'iI1

prevent the (.'ulla.ps(* 0l's0lit011s in Tw0—<,li1'nm*1si0na:l (QD) Kerr

type <)pt.i<".a.l m0<_lia., as well as in 2D Bose-Einstein c<jm(le1"1sa.t0s

llill, 102, 103]. Tlw st.a.l>iliT‘\' of H10 spinnillg solitons also l‘12.1.\-'0

been pn_\<-li(:t.<\<"l as :1. 1'<-?s11lT of <'<>11'1pcti1'i(>1'l h<:t.we<>,11 the s(2lff0(f11s

ing a.1‘1('l self{lo-lo<_'l1si11g 11011li11m1.1"itics 3-Zllll, 1(l5, 106].

T110 11<.>11li11:_:a1" S<":l11'<')<’li11g<\1‘ <~q11utio11 \-\'l'll(.'ll g<_>\--'e1'1‘1s tlur (ly
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na-inics of two din1eI1si0nal spa-tial solitons in lierr Inedia. with

])(‘.1‘i(I)(ll(f2_1.ll_Y va.1'yi11g (iliffractioii mid 11o111i11ea.1"ity has lmeii ana

1__\'z<.><l in this cl1apt-er using varia,t.io1'1al a.ppma.(:l1 2.LI1('l 11111n01'i(1al

stuclies. A1"1a.l_vt.i<'ra.l expressions for soliton pa,1'a.1"110te1's lmve been

(le1'iv<><l nsiiig varia,ti0nal alialysis. Sta.hilit_v of (2 + 1) <_li1n<r11

sional spat..ia..l soliton also has been st-11<oli<-vrl using l{a.pit_.sa. av

<">1";\?gi11g; iiiotliocl. Vaxiatiorial eqiiatioiis a.n<l partial dilfc1'e11t.ial

vquation have been siinulated m11ncri(:a.ll_v. A1"1al_\-'t.ica.l and nu

1neri<:a.l stnclies liave shown that 11011li1l1ea,1‘it._\' l'I1&'i-I1&g'(.?l'I1(*¥l1l- zmrl

<"lil‘l'1'a.<o":t-i011 1r1a.11age111e11t stabilize the pulse agaiiist <lec:a.y or ('01

lapse providing ulldisturbed p1'0]_>a.ga.t-i011 ex-'e1"1 for larger 011e1';;>;ies

of the incideiit bcain.

5.2 Wave equation with varying dif

fraction and nonlinearity

The fieltl <_l_v11a111ics in bulk Kerr niediuin with varying (lifi'1'z1.(:

lion mid nonlinearity is governed by (+ul,>ic noiilinear Schr0<_li11ger

eqlm-‘[1011,

+ d(z)A1;»' + /\(Z)|"1;1|2"iq-’/’ = U, (5.1)(",2

(‘Q
‘\-n/

wl1r\re /\(z):/\<,+ /\1(z) and <i(z)=dU+dl( represent va.1'y

ing 11o11li1‘1ea.ritey amt] va1'yi11g diffra(+t.-ion 1'espe(:t.i\-'01); a.u<'l
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A:()2/E)-7"2+(1/(9-'1'), for zlxially--' s‘\_-’1111110t..1'ic rtaso. The a.l>0\_-'0

Eq.(5.1.) 1‘0p1‘0se11ts beaun p1‘(>pa.ga.f.i<>11 in 11011lin<~n.1' bulk m<*(li11111

with la._\_-'e1‘0d st-rl1(:t1l1'e [1U(_)]. The \-'m‘i21-I-i<)I1a.l a.pp1"'0z1_('l1 applivd

to Eq.(5.1) VV%iS devclopccl in 1s1(>11li11<=.a.1' 0pt..i<_.-s for 0110 r.li1n<;~11—

si011a.l (11)) [107] p1‘<f>hlc1ns a..n<l thou for 11n1lti<1i111<_>11si<'nml prob

lems [H18]. The Lag1‘a.11gia.11 <.l0nsity g'(‘?11(_‘.1'&Lf.i11}'{ F,q.(*5.l) is

I) ~-1  5)»-'.: s m» .L  I L _. ___ _.__.-___4.-;_ _  2 __{)—l  2Q) 2 "0; * 0, ‘U’ '0,‘\' .-I  _.I _ 1 _. _ \1 s
-F§'I"D_])\(/Z’)|"'L-"'_*|:1. (5.2)

The a-1st-erisk st..a.11ds for colnplex <':01"1j11gz.1tim1 and D is the spa.

tia-l <_li11u>.nsi0n and D = 2 for ‘r-W0 (|i111011si011s. 'l"l'1<.~. \'e.:.1'iz1l.i01'm-1

kl.-11b'tLt.’/. for ‘(.110 wax-'e f11n<‘:t-ion is (:l1<'>s(*11 as Ga_11ssi21.11:

1'2 b(z)~r3

wl'1<~.r<~.  is the aII1])1it,u<‘l0,  is the hm1.111 wiclth, b(_.':) is

(‘Q

t-1'10 spa.-ti;-Ll Chirp, zmd c,-"J( ) is thv ]')l1z;1.s0 of the \-V1.1-\-'(.‘ 1’<.*s]1e.r'~’ri\-'<*l__\-'.

F<'>1l<')w'i1'1g the standa1'r.l p1‘0(:e<l\1r(2, we i11se1'f. H10 l.I'iLl.] l'u11<'-’r.i0n

in to t-110 <rxp1'e:=;si0n for La..g1‘a-11gia.I'1 d<-*11sit_\' and <'z1.l('11la.‘r<'+ I.-110

<?li'0<:ti\-'0 L21gm11gia.1'1 as

IW = cf»,  ms-)</s,~. (5.1)



78 J _ Stabilization Qf t_wQ dimensional spatial solitons

wliere (f'D=*2rr in two di1n011:.»'io1"1a.l case.

__ 2 '.>‘r)‘-"" ,7 .2 -11 1 2
L(_-ff —— -' 7T.-*1 (I  — (K/.)/'1 (.l-  ‘l“ E) )7l'_/ .

L1
‘U1

1 . 1 _.
—--2-rr.-42u,‘4b;,+-i)\(z)A‘1n.‘21r. ( )I ,

¢

Va1'yi11g; E-q.(-5.5) with 1‘esp(:(ft- to qb:

(SL-(fff  (If 0Lcf_f F, ..
" 0 :> T‘>¢ " £1: 5%) " 0’ W’)

yields

m%f* = N, (5.7)
wlivre N is the <?o11s<.~1'x'e<l quz1.11t-it_v associatecl wit.-l1 the e1u.:1'g_y of

the hca-111. The ez1<_"1'g_>;}-' of i-.1-10 l_)Q;;,1-11 is

~>< . v
E:/0 I-z,--i*]‘-rd-1':-3}-. (5.8)

N ow,

1.-,3” 095 1 l 2 1 2 1 N F _
N :  — 5025),, — (1-(z)ai  + b ) +  (0.9)

\/'a.-113-—'i11g (5.9) with re.<:pect. to a(z) and b(z) yields the following

0qua.t.i0n.s',
(Ira

= ‘la-bd(Z), (5.10)
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and

(1 b \ 1 1) N A ( 2)— I ' . Z — — ” —- ———-. ;'.11(ii: Zr“  b ) 21m‘! (J
The 0-ql_1a.t.i011s (5.10) mid (5.11) are <+x])1‘0ssi011.s' for l'>0;u11 widtli

211141 <:l1i1"]> 1'0."~;p0(:t.-i\-'el_\-'.

A (flOSP(]-f()1‘I1l cvollltioli <rqL1a.ti01'1 for width is

d2u. l(Z(z)2 zl('/3 ‘IN/\(:;) (in, d(d(z)) 1 F/‘=_  "~ *.(L32 aw‘ rm-5 + dz dz: d( z) (J )
R.e‘:aI‘I'a11p_;i11g Eq.(-5.12) xx-'0 got

r1' 1 (la. DU_ __- = __, ".1:(/2 ((1  (icy (O 5)
wl1<?1‘0 (.7 is gix-'m'1 by

/"\\
(‘J

‘~§./
'%-.|N

' 1 N| i_| _ 1 -i _--i-qi . .~ . ‘ .(1-2 Zfru? '
(U ,_

H21-II1i|T()I1i&l-I1 H(u.   is gix-'<=.11 as

in l 1 ([0... .H311-.3 i—_~__-* r.,».~. sir
Lu" dz." ) d(z)‘2((lz) +L(U' ) Uh)

The (\\'<>luti01'1 of bcanl <.1a1.n be (101'1sid<:1‘cd as t-he 11'10t.i1_>11 of 21.

.-tr]-.. f  ~\}1» --- _1 ' . -' .--  _
p<.1.1 -1( e. 0 m1m>L 11145.5 d(_,_ 111 <1. 11011 .st¢1l;1011¢_11_g <, <.< r1\<_. an

lm.1'111<_>11i<" p0f.P.1]'(i21-1 T.’-"((1. ,2 [l{)$). 110]. \-\-"l1m1 <:<_>r_:ffi(1ie11t of (lif

f1'a.("rir_>11 and ll(')1lliIlL‘Ll.l'ii__\' 21.1"v (':(>11sT.a11t..s'._ t-(>t_.a.l m101'g_\-' is <r('>11sm*\'<~<.l
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and is given by
1 (In 2 ~'(. IH=—-— ---——. ."."'2(r/2:) i (23 (J16)

where C = 2d“  i\-"M/‘2Tr. ()l>viousl_\-' total ei1ci'gy goes to

oo as beaiii wi<ltl"1 l'.P1l(_lS to 7.011") \~\-'l1l('l'1 riiealis tliat 2D solit-on

is expect-e<.l to (-ollapse for ('T(I)llb'l.-Ptlll. <'lil"h'a-ct-i<>11 and nonlinear

ity. The coiidition, C’ = (J gives the llppt‘-I‘ l)OUI1(l of energy,

known as critical 01'1ei"g;y E-,..,. = 2, (when (ll, = 1 H.-Ilfl /\[-, = 1)

above which rzollapse o<:n:nrs. S111-all l'lll(?l-I_l&l.l-l()l1S in the inten

sity of the in(ti(leiit beaiii, (-allsos the irltciisity of the boani

in the 1nediu1'n iiifiiiit.-oly la.i"ge, and this will fiiially result in

tho size of the l>ea.ni fullv <liniiiiisl"1.0rl [H1]. W hen <.lilfraction

and Iioliliriearity are p01'i0<li(_1all_\-' va.i'_\-'i11g,' l'l11'1<'rt.-ioiis of tho form

d(z):/\(z)=rl@+d1 sin 52(2), E-q.(5.l‘Z) can be troa-t.e<,1 kl-1121-l}-'l'-l('t£l-ll__\_/'

by means of Kapit-sa ax-'ei"agiiig 1ll(!l'.-l'1O(l ['l12]. We (f()I'lSl(l€1' the

rlyiiaiiiicrs of solit-on beain by sepa.r"ati11g into two parts: a rapidly

oscillating part with small ainplitnde arid a slow, smooth vary

ing part [I03]. The wi('ltl'1 of the soliton is then 1'eprese11t..ed as

0(2) = a0(/2) + /1(2), where aU(z) is the slowly varyiiig part and

p(z) is the rapidly vaiyiiig part with a zero mean value. Substi

tuting a(z) in Eq.(5.1‘2) and separating the resulting equation
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into rapidly varyillg and sl0wl_\-' va.1'yi1'1g-_>,' part-s:

(lap _ __ __ .~. ‘ __   M __-5 K
T5  2(1| »111SZ(~)(2 — .-\-/2/. )/nu? (0.17)(,2

(.i2(z{, 2(i0(21’\-’/'2/Ti) of/1(%2 ;\-’/21r)§i“i1s2(:),,(,:) FT: L  1 -   (->-18>(L2 (1.0 u.“
where T-110 ox-'e1'li1'1c! iIl(1i('?)-T08 the a.\'r*I‘z1g<_~ \'al110. II1tcgI'at-ing

Eq.(5. 1.7) twice _3-'"i0l<1s

2d si11S2(.2)('2  N/27?)/)(Z)--—=— ‘ _%  { . (5.19)) .
S2 no

S11bst-it1_11.ing Eq.(5.l9_) in Eq.(5.18) we ol_>t.a.i11 the cqllat-i011 of

motion for the .s'10wl_\-' v:-1.1'_\-'i11g pz_1.1‘t as

(120.0 T    I. . Jr . ,(122 1'18 $3‘-)0“
0

1.0, .. I (__._._ Z - _ I j  j . - _ 7 _ _,_31(1122  .-U H-3 -2d%,.(, 0 (z(,(‘2-A-’/21.-) Jf(2 ;»\='/21:)? FQt H2 + O > ( )
I-Ie11c0 the effect.-ix-'<_~. pntentml U fox‘ the s'_\'s»-’r.<~111 is gix-'0-1'1 by

(II-(_}(2 '"'  ([2(2  ‘ ‘
U I 1 ==._.%~{(,,2 + ‘ % W  . (5.22)- 11 "0-~

\-V11011 .='\.-"/27." = 11],. Zr» '2. the 1m\<:l1u.11is111 of ("(')H21.1)bI(.‘. .s'l1['J])1‘(?85iL>11
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()1'igi11a.t.0s from the repulsive pot-ent.ia.l llC'cl-I‘ the sinall V211-lll(‘S of

widtli ~ 1/(16, Wl1l('l1 (t01111t€I‘a.(rt-:5 the zLT’£1‘a-("T-ive Y-Orin ~ 1 / (.12.

The exact l_mla.11<"r<_»_*. hetwecli t.l1e:sc foirres giwrs rise to :1, stu.l>l<2

st.z.1.t<:. T110 plot of pot-mitizl-l f\111(:t.i011 for N/27? f> 2, is as slmxa-'11

in Figlire 5.1. \-Vlmil N/2'rr > 2, a. pot.011t-ial well has 110011 gell

emt.<¢><_1 into u. siligle point. The 1'ep1.11sivc p(1f(.‘l1Ti%1-l is exa.<1t.1y

(:0111].>011sa.f.-Orl l>_\_~' the :<Ltt1'a-(it-ive potent-ia.l mid st-a»l>le solit-011$ 21.116.

foriiiorl. The 111inim111'n of the effective pot-e11t.ia.l U is olut-a.i11e(l

at
—l3([f(2 — N/2%) H-1

(I.-U ._-: {  -d0£.22  ' f ,
i.c. tliore exist-s one: solutioli, with am st.ati()1'1a-1‘_\' width for 011e1'g1;_\;'

N/‘ZTF > 2 with do > U. Thus, ])e1'i0di<%n.ll_\_-—' x-'z1.1“_\»'i11g <lifi'1‘2L(tt.i011

Potent ial E>Ecr
15

10}

5@

:  M   -:1 5 Ram-5

-10‘:
1

I.
Figure 5.1: Plot of potential function U for duzl, d1:3..1'>, (2:50.
E=N/27r=-'l.5. (Solid lino is the plot of E-q.(5.22) and rlotted line
.~sl10'ws pot-e11’rial for c011.s't-ant <lifFre'1r"t.i011 a'1.11r'1 1'10I1linea.rif-3'. i.P.(i1=('l)

aild 11(>1'1li11cr:1.1fit_y can t.0get]1er st.a_l;>ilize two <li1nen.s'i0na.l spatial
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solitons ziga-i11st.- collapse even for liiglicr ilurideiit <~1101"gi@s.

5.3 Numerical results

Qfl

|_i
l\:/%/

T110 <"'lifl'(r1‘e11tia1 0q11a.ti011s (5.10) — ( e.u1r'l pz1.1'tia.l r_'lii“i'r.:i'<_*11t-ia]

E-q.( 5(1) have bcreil studiecl 1'i111"11ei'i<_:a.lly for \1-'a.ri011s <-asrés of pa

rz1.111<_>.1-ers of difFra,ct~i011 and 11<mli110a.1"it_v. In the (f?L.S(J of <'lir<:<"t.

siliiillatioii of partial <_liff<:re1itia.l cqlm-t-i<'>1'1 (5.1). tlio initial stat-0

was 'ra.k01"1 as per the a1.11s21.’r..z (5.3), with Zero chirp aiid the ro

sults aw riisplaiyefl in Figllrcs 5.2-5.1 1. \~\-"9 (r<111si<.l<-)1‘ t.i'1<,2 {'r.i>ll<>wi1‘1g

(‘iLS(_‘S.

(:‘as<*.(1): VVl'1(111 c0efli(?ie11t- of (ii1‘f1'z1cti011 a.1i<_1 n01'1|i11<:u1'it._\' are

culistmit-s. i.<:., dl : O a,n<‘l A1 : I), the \-'<>lo(*i1._\' dep011<1011t I(?I‘1I1

in Flq. \-'a.11is}1cs. The pulse (¢<‘)llz1.p.s:@.s' w'l‘1011 011e['g}' i11(_:1'ea.s<>s

/-5
'\,,,"l

f-_L

I:Q\-/'

ab<_1\'<'+ the c1'it.i(ra.l va.lue. Va.ria.’r.i01‘1 of ])l1iS(‘. width 0(2) is as

1~Si1(.)\-\-‘ll in Figu1'e 5.2. After 2-1. finite ])r<'>[.‘>a1.ga.t.i()11 <li..w'tz1-1100, <1 g<'>P.s‘

to z-cm and chirp goes to 00 i.0. the 2D s<">lit.on is exp(r<'I.-ml I0

<r<>llz1.[._>.se. Collapse (blow-up, or ..s'0.lf-fr_>rr11s.s'i11g1; si1"1g11la1"it;_\,*) of t-lie

l‘)<,*zn11 is the pilt-‘.1'1()1IlL‘-I1()1l wlicre the field a..111plit.11<_ic i11(r1‘<>:1.s<_~5

I0 i1'1fi11it_\-' and the width of I‘-110 i)t3i:L1I1 <"l(r<r1"{¢rz-.1505 to 4/,e.'.1"0 a.ft01" 2.1

filiite ])1'L)})'<1§-_{;21-1'.-iOI'1 (.iiSt-21.1100 a.1i(_l this bcaun ("()1ii.l-p56‘ is 0\~'i1l<.=.11t in

Pi§.;u1'P

(__.‘a..s0('Z): \-W101: both (r<.><.*fii1:i<_+11t- of <liil'm.('-’r.i<__>11 tlllfi 110nli11
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a
1u__

0.8a

0.6~

0.4a

0.2’

" oL2ioL4i0Q6*oI8”*i 1L2 Z

Figure 5.2: Variation of a(z) for constant diffraction and non
linearity with parameters do = 1, d1 = 0, A0 = 1, A1 = 0, a(0)=l,
b(0)=0, E = N/21r = 2.303

b

. 0.4 ole ole I a
-100»

-150
-200

—250'

-300

Figure 5.3: Phase portrait of variational equations for constant
diffraction and nonlinearity for the same parameters as in figure5.2

earity are varying periodically, i.e. d(z)=d0+d1 sin Q(z), and

/\(z)=)\0+)\1 sin Q(z), variation of beam width a(z) with prop

agation distance is as shown in F igure5.4. When diffraction

and nonlinearity parameters are periodically varying functions,

beam width does not decrease below a critical value. This state

is oscillatory. The phase portrait of variational equations (5.10)

and (5.11) are as shown in Figure 5.5. Due to the periodic term
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in the diH'1'a.(:ti011 éllld no11li11(*z11'it}-'. 1-he probloin is silnilar to t.ha,t

of an i11\-'01'te<'l p<vn(lulu1n witll 21-11 os(_1i}la.ting pivot. point [1 12]. In

the i1i1v0rt.cd ]>e11(l11]11111. i11t.<=.r])lz1.y lxrtweeii lnicro motion of tl1<2

bob and the fo1'(re. gmrliolit (st.-1"o11g<.*.1‘ t-he oscillatiiig for<:0._ the

lzirgcr the <l0via.ti<,n1 from the equilibriurn position) p1'o('111(?0s

21 pseudo ]><>t.o11t-ia.l. Since psolido pot.ent.ial is proportiomil to

tl‘1<r sqilme of &1II1I)lit-Ll(]@ of oS(?illa’r-ing force, a potr_tI1tia,l ba1.1'1'i01'

is fo1'me<_1 a1"<;m11<"l 0qui1ib1'iu1n position there by prevcntiiig t-he

poiidlllutii fronl swiiiging down {1(]3]. Such ax I11€(!i'lELl1iSI'l1 also

stal>ilizc.s an <'>pt.i<'-z.\..l b<r:~1.111 }_>1'o]_m.g1;a.ti1ig in 21 I1onli11ez11' lnodilliii

with an a.l’r.e1"11a.I.i1'1g 11o11li111_~a.1'it_\' [I13]. I11 the preseilt (raso the

<>s(ti1la.Lt-iilg fo1‘<':<= (1110 to tho diH'ra.(,1t-i<'>1'1 l'1"1a.11a,ge111ont <'-o11nt.<t1‘zurts

tlie self f<_><";11.s'i11;_z; mlrl <l0—fo('l.l.si11g fomes indllced by alt.@1‘1'1z1.t.i11g

no1'1lim:z;u'ity. The‘? 0x21-(rt i)é.l1tl-1160 l)ef.\x-'(>01‘1 tliesc fo1'(:es prowriii

the 83-*st.1_r111 f'1'o1n <‘-r'>ll21.psi11g. The 111_1111e1‘i0al si11i1.1la.t-iolis of pm‘

tia.-l <iifl'<>1"cl1t.ia.l E(|.(5.l) 21-['0 p<r1'for111e<l Ilsirlg 2D fast F('JlI1‘i0l‘

t1‘a11'1.s'for111 [1'l~'l, 94]. W'0 hen-‘<2 (.’()I1b'i(l£?l'E?(l the p1'ob1n-rm in (1z11't0

sia-11 (?oo1"<1i11a.t.<¢:s AT€)"3/'i);1r2+<")2/6')-g2 and 12 3:2 +~g;2._ to perform

m1111<=.ri(%a.1 si11u1la.t"io11. Two <‘li111m'1sio11z-1-1 spai-ia.l solit-on p1"opa.gaL

tion a1<':(:o1‘<li11g to the Ill1Ill€?1‘i(f2'i-i solution of Eq.(5.1) is shown in

Figu1'<_* 5.6. The <liIY1'a.(11".i<_>11 |11a.1m.gP111e:1'1T. :.u1<.I Iiollliliemit}-' 11121.11

agviiicilt. smbilize the l><:a111 e.L-;_;,'z.1.i11:st_ <_le.(:a-__\-' or <?<>1la.[.>.~.>'0 [)I‘<1>\-'i<1i1'1,2;

l11u'list.111'be'~(1 1.J1'<_>]>aga.ti<_>11 <?\'<*11 for 1¢1.1'gc1' ¢;1|1e1'gi(=\s of the illCi(lf.‘lli
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Figure 5.4: Variation of a.(:) for pr*1'i0<.li(-a.l]_\-' \-'a1'_\'i1ig dii“Fra.<'Ti0I1
and 11011li1wa1'ity with pr01_>ag;z1ti011 dlSf.HIl(_'t' for t-hv pz1.1"a.rn<~t.m‘.s

do =1, (11 = 3.5, A0 =- 1, /\1 = ----I.§.:3. Q = 51'>(l._ N/21? = -1.5. a.(U)==l_
h(U)=0.

b

@@;
Figure 5.5: Phase portrait of va.1'iati01m.l eqimtiuns for p<*ri01'li
cally varying diffraction and iloiiliiiearity for the smne para1n<=ters
as in Figura 5.-‘I

Case(3): When diffract-i011 parameter is varyiiig pe

riodically and nonlinearity coefficient is a <:011st-amt-, i.e,

(l(z):(l0+d1 sinQ(z), and )\(z)=/\(-,, stable s0lit.01"1s are forinecl

for cert-ai1"1 range of eiiergies of t-he incident beain -<1l"1<>\-'(? the
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Figure 5.6: Evolution of two dimensional spatial soliton for peri
odically varying diffraction and nonlinearity according to numer
ical solution of equation (5.1) with parameters do = 1. d1 = 3.5,
/\0 =1, /\1 = -3.5, Q = 50 a(0)=1,b(0)= O. E = N/2'/r = 4.5.

critical value. The evolution of beam width is same as above

when the energy is below 4.5. But when energy of the incident

beam is increased further, the beam decays. Width evolution

for an energy value 4.5 is as shown in Figure 5.7. After a finite

propagation distance, beam width increases, which results in the

spreading of the beam. Figure 5.8 shows the result of numerical

simulation of partial differential Eq.(5.1) for periodically vary

ing diffraction and constant nonlinearity for higher energies of

the incident beam. When the beam propagates, the amplitude

decreases and the beam decays. Case(4): When nonlinearity
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Figure 5.7: Variation of width a(z) for periodically \-'ar_\-'ing (lif
f1'act.io1'1 mid <.'0nstant nonlinearity with para.Inet.ers 11(0) = l.
11(0) = U, cl-0 = 1. (Z1 '-= 3.5, -Q = 50, A0 =1, /\1 =0, N/‘Z11’ = -11.5

is va.1‘_\'i11g p<_r1'io<li(_*ally and diffractioli coeffictierit is a (tonstaiit,

(‘J

i.0, rI(;/):<1O, /\(-)=/\U+)\1sinS2(z), the solit-on is stable for (rer

tain 1'21i11ge of nriiergies of the incident beam above <.-riti('al value.

The phase portrait. of variational equat-ions for e11erg_v=2.3(}3 is

shown in Figure 5.9. On further increase of Cl'1E?1‘g‘_\-’, the l>oam

collapses after a. finite propagation distance. Variation of beam

width a(z) for (:<_>11st-aiit, rliffraction and periodically vaijviiig non

liiiearity is as shown in Figure 5.10. The beam width dentreases

and temls to zero after a finite pr0pagatiO11 dist-aiice i.e, ampli

tude i11<;:1'eas0s and this self-focusing leads to the collapse of the

beani. F ig1n'e 5.11 is the mimerical solution of E-q.(5.1) wl1i(:l1

sl1ow:~; l-he self-l'<'>('11sii1g of the beam.
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Figure 5.8: Decay of pulse amplitude of two dimensional dif
fraction managed soliton with a(0)=1, b(O)=O, dg = 1, d1 = 3.5,
/\0 =1. /\1= 0, Q =  E =

5.4 Conclusion

We have explored the existence of two dimensional spatial soli

ton in Kerr-media with periodically varying diffraction and non

linearity. Variational approach has been used to derive a set of

ordinary differential equations which describe the optical beam

evolution. Analytical and numerical studies have shown that

the periodic force arising due to the periodically varying dif

fraction and nonlinearity stabilize the two dimensional spatial

solitons in Kerr media. Kapitsa averaging method has been used

to analyze the form of potential function. For greater incident



Q0 _ W Stabilization of two dimensional spatial solitons

b

l.5l
ll

0.5!

.8 '0'9"' ' “ii al o.si
_1‘

1.5\

Figure 5.9: Pllase p0rt1‘ai’t- of \-':n'ia.t_i01ml equations with c011St-ant
rlifl'1'z1-Ctioli arlrl ])eri0<lica.ll_v \'a1'_x_-'i11g 110nliI1earit_v for the par211ne
ters do =1, dl = U. /\(; = l, /\1 = 3.5, Q = 50, E = N/2% == 2.303

energies, when the <r0efli(.-ient- of <lifl'm..ct.i011 and n011li11ea.rity are

perio<li<%a.ll_\;' va.1"_\_'ing fnn<:ti011s. a poteiitial well has been gener

ated int-0 a. single point wl1i<_:h 1nea.ns tllat the stable solit-one are

forined. T'l1us, ].>01'i0<liczllly va.1‘yi11g <lilfra.<tt-i(>11 and n0nlinearit__v

can together stabilize. two <lin1e11si011a.l spa.t.ia.l solit-one against.

collapse even for liiglier i11r'ident energies. VV hen the coefficient

of <lilTract.io11 a.n<_l 11011li1l1ea.rit_\,-' mfe <#0nst,a.11ts, the beam collapses

after propaga-ting tlirough a. finite (list.a11(te. When diffra,<.rti0n

is managed keeping n011lir1ea,1‘it._y c:o11sta.11t. stable solitons are

formed for lower energy of the ir1ci<l0nt be-ain, but for larger en

ergies, the l>ea11'1<leca._vs. Wlien ilonlineaxity is managed, keeping

(liffractioli eolist-ant-, tllen the l>ea.1n collapses for higher incident

energies. A11a.l_vtii<":al aml nun1eri(:a.l Sl.lI(ll9S lizive shown that the

(lifi'1':1et.i(>1'1 111a.11z~.\.ge1m.>11t and 11<.>11li11em‘it.-}-' ma.na.ge1nent can eta-~
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Figure 5.10: Variation of a(z) for constant diffraction and peri
odically varying nonlinearity with propagation distance for the
parameters do = 1, d1 = 0, A0 = 1, /\1 = 3.5, Q = 50,
E = N / 211' = 4.5

bilize the beam against decay or collapse providing undisturbed

propagation even for larger energies of the incident beam. The

forthcoming chapter deals with study of a confined wave packet

in (2+1+1) dimension which represents the extension of a self

trapped optical beam into the temporal domain and is known

as Spatioternporal soliton.
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15

E

Figure 5.11: Self-focusing of two dimensional spatial soliton for
constant diffraction and periodically varying nonlinearity with pa
rameters do = 1, d1 = 0, /\0 = 1, /\1 = 3.5, Q = 50, a(0) = 1,
b(0) = 0, E = N/21r=4.5



Chapter 6

Stable Light bullets in
Kerr media

6.1 Introduction

0110 of the I'I'l&Lj()1‘ goals in the ficlcl of solit-011 p11_\’si(f.s' is the

1'1omti(')11 of pulses tl1a.t em-2 lo(:ali7.<_*<l in all T110 tm11s\--'01'se (li

3?
T‘)

111m"1sio11s of spa.(_te, as W011 as in t-inle. Tl‘1(*.s0 21,11.‘ (2 + 1+1) (li

Ill6?I1SiO1'léLl objects 1'cfe1'1"e<tl to as spz-LT-iofcl11]>o1'al soli'r011.s

whore 2 refers to the t-1‘z1.11sve~.1'se (li1n011sio11.~s, the first 1 st-mlds for

the Y-(*‘II1[)()I'2Ll K-'2'-1-1‘i‘(I1-}.)10, amd the I2-mt. 1 p<-1'ta.i11s to tlu". p1'<>]>z1_gz.1.

‘r-ion c:<_>01‘<li1t1a.t6r [I15]. SptLI-i()-TPIIl]')('>I‘H-1 solit-on 1'<_*:>'11lt-5 fronl the

si1m1lt.:'.1.11<_><_>11s l.>a.1a11(.'e of (lififz-u¢to.io11 zmrl gmllp "\o'<>l<><'it-_\' clis]_>e1‘

sion (GVD) by the t_1"e'1.11.'s'\-t'(r1‘s<? s<~ll'-f¢_><-11:%i11;2; mu! 11m1li11<~.:1.1" [_>l1a1.s'0
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1110<_h1lz1.t.i011 in the l011git11rli11a.l (1i1'e(:'r.-ion 1'espectively. The pos

sibility of su<1'l1 pulses in Kerr media. were collsidered hv Silher

h01'g [llfi]. who (:0ine(_l the tern1 light 1_)L1110'f.-S (LB) for tllcln,

which St-1'0sse.$ their ].J21-I"T-1(?1L.‘. like 11zLt-ure. In 21 Kerr mediuln the

ligllt bullet-s in higher r.li111011siuns are unstable étgH.111St- spa.T.i0

t..01np0rz1l col1:1]>.s0 11l(1L1(.'(‘.('1 by the cornbined effect.s of rliff1'z1.<*

ti<.m, mmllm.-10115 <_lis]_>n:1"sir>11 zmd 11(>I1li11ea.rity. Th0ugl1 ’(l1ey are

1.111.s"m.1>lc in the u11if0rn'1 self-focusing Kerr lnediuln [117] st.-a.1>iI

it-5' CH.-I1 he :.1.cl1i0v<_-.<_l in sa.t.11rable ]118, 119, 120] q11a(l1'ati(.-z111_\_'

n011li11<.~a.1“ ]1‘21, 122, 123] 5-.1,'1'a<led-i11<_l0x Kerr media, [I24]. Tllreu

din1e11si011a.I spa.ti0- temporal solitons in a bulk 1110diu1n have not

._\'0t- bum <.>bse1w-‘ed in an experiment. The scielltific i111p0rt-a-n<'<1

of STS ha..s 11"10t-iva.ted a number of studies 011 STS d.n<Jl were

p1‘e<_li<:fe<l in 1'I'l2\-ll}-' w01‘ks ]1‘25, 126, 127]. The stlldy of stabi

lization of t-hree-<.1i1ne11sio11a.l spatiot-e111p0ml solitons is a. field

of growing int-ereet-. The (rhallenge in t-he quest for spat.i0t-e1‘11

poral s0lit011s, 01' light bllllets, is to identify physically 1'eleva_11t

models of 11<>11li110a1' 0pt.i<.:a.l s_]\_-'st.e.11"1s, based on evo1utio11 equa

tions t;l‘1a,t. allow stable three-(1imensional propagatioll. Ac-t.ua11_v,

the climensiol1u1ity is 21- cc11’r1"a.l issue in the formation of solit.-ens

hec-¢u1.s'e of the probleln of stealuilitkv agairlst the collapse in the

111ultir"li111011si011a.l <":a.s;<r. By using the diifmct-ion properties 01

we-.1.\'<>g11ide a.1‘1*:.1._\is, n s<-llerlur to prodllce st1"11c’r.-u1'es with de.sig11ed
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(lifl'1'a,(rti01i xvas dist-1_1.<s0(l [I28]. Tlie exist-eilcc of st-a.l_)]e <iisp<->.1'

51011 11"iz1..11a.gcr'l two (_iiII1(?llSl()Il£1-l solitons in cubic l'I1c(lia has beeii

p.I’(')p(_)s£3(l [I29]. R{.‘(.'L‘]ll'.-l_\"'._ it was siiggest.-erl tl'1a.t a. ra.1.>i<1 \-’El.I‘l21-T'l()Il

()fIl()IlllIl(‘?.l-1' l\'e1'r (":0vfli<'ic11t.. (tail a.ls0s1.a.bilize (24-1) <li1i1011si<'>1ial

S()llt-(.)Il8 [.1 30. 13].].

In this worlc. the exiSt01'i(:<e of st-able tl"1r<->0 di1neiisi01'1a.l spa.

f-i0t0111po1"a1 .<0lit.011s in bulk Kerr incdia with pei'i0di(:all_\_-' \-'a.ry

ing (iiSpL?l'Sl(_)I1. (li1°i'm<'t-i011 2.u1<'l l'l()11liI1(32c“1-I'lT._Y has been 0._\'plr‘>1"(-_?<'"].

by II'l(?2l-IIS of va1'ia.t.i01'mi :11.)pr0>;iII1a.’r.i01i arid Kapit-sa ax-'01‘a.gi1ig

inetlmrl.

6.2 Mathematical model

T110 '[-ilIIt?—(lP]3(?Il(l(!l1I n0nIinea.1‘ Scrlirodiiiger Oqluii-ioii (.\lLS,‘H)

1‘<&1)1'ers1r1_1tii11g wax-'0 motion in a. (“.11l>i(: iiicdiiiiii with \-'2¢l.l'\\-'lll§_>,' relis

porsioii. <_lifl1‘a.<t’r.i011 £1-llti 110nli11ea1‘it_\-' is given by

'9  _ . 02-’  _ .
+ (-1(,~»;v?<¢» + 0(7) 8 ‘j 1:,» -*1,-~,~ .1-. 0. ((1.1)

+
>'

/E-\
N‘-1

‘J 1 _, __,- T2
Wil{__‘1'(.? t-1'10 <.li{“i'1*z1r.%fi<>11 0p<?1'at01‘  acts on t.1‘a-1'1sv01's<> (.'0u1'<,li1iates

J? a.zi<.l ",1/. T is the 1'<.~(:l11(?<:d te1I1p01‘a-1 Vé1.1'i‘¢l~l.)lf_’- aiid the 1.>i"<>pa.;;'a

tion of the plllS{‘(i l><~m11 is along the "7f <'li1‘<-.~.<:t.i<.m. T110 1);-1111-—

11|<_*l.e1‘s d(;'i)-. 0(2) aiid /\(2) a.1'0 tlu-3 <'1(>effi<"i01'1l'.>' of <_lii'l‘m_<"-rioii.
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dispersion arncl 11<>111i11<+ab1'it_\.*' 1"e..sp0(:t-ix-b'0,l_\_-'. The above functions

can be simple l'1a.r1n01"1ic f1111<.~ti011.s' of the fur1"11, D(z) =d(z)=

r.ZU+d1 sin(Qz) and )\(z)=/\U+ /\1 si1'1(<I>z). If we int.1"0d11ce mdial_ . . 1 .1 , _
v211'1a,ble 1' = (172 + "5/2)2, bq.(b.l) ca-1'1 be wr1'rt.e1'1 as

4' - I a _' 1" ,,<)-1,-’»' l 0 c)¢1.\ \r)21,-*1 ___ .2
"““"1'>(,"-;~7b,"-"E-"’ J’ '““’@_,2 + /\<¢>1¢»|  1 0, <0-2)

where V-'§~-= 02/612 + (1 /1'(O/0/')) for a.xia.ll__\-' s_vm1"net»1'ic case.

VVe follow a W1-1‘iéLT.-i(f)I1tl-1 t-e(_:h1"1iqLu.> to describe t-11¢: beam evo

lution based on La.g1"a.11gie.1.11 fur1"11a..lis1"11 of <‘.lzL.s'si(ta.l rllecllamics,

proposed and dex-'elop0d in n0n1inea.1" optics for one di111ensi0nal

(ID) problems zmd then for nu1lt.idi1ne11si0na.l problems.

The La.g1‘a.I1gia.I1 riellsity of EIq.((i.2) is

, 1' T2 U1,-"'2 _* __U=4,=".>* . ("")’¢-"’,* .

L('g-'2) —_=   —  — (1(

(‘J
\\._-/

__ ,,‘__‘Z  2  ., ,_,-'_, 4 ¢
D(~)! IOTI + 2! /\(/.)|1_,,\ (6.3)

Following the Ritz opf.imiza.t.io11 p1"0c'0dure let us assume the

irlitial profile as Ga-llssia-11

1.-"»'("r', T, Z) == AW) QXP  + *b—T ‘ @153 + ""3- + 1<.-'>( 1'2 _b(z')r'2 T2 .,3(z)"r2 , ))

(6.4)

w1~1e1~@ Z)__ (_;',(Z)? (,(Z)_ T(;')? b(,;/) n.11rl _:'3(z) are the :.>unplit-ude
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phase, spati-<1-1 width. t.<_~.mp0r21.l width. spa,t.ia.l chirp 2'LIl(I1 t-clnporal

chirp 1"<-2..%1><_-.<_:t.i\-'1=2l}-'. Following {.110 stm1<1a.1'<'l p1'<_><_:e<l111'e, we insert,

the trial fllllct-i011 into the <.~.xp1'05si<‘>11 for L21.g1'z1.1'1giz1-11 d<;*.nsit_\_-' anrl

ca.lcula.t-e the <~2if<_~ct-ix-'9 La.g1'n11giu.11 as

L,._,-_,- = Q, [X L(¢f')1"i-rdr, (6.5)- U

where C-‘D:-'11r in three <1i11'101'1si011:1-1 <.'z.1..s'0. The eifccttivo La.

g1'a-llgiall ]_U8]is <>}>I.a-i1n:<_l as

-‘ -1 -> 1 1 *>  ~,
L1’ ff = —~'7r5_/l“<1"'Y q,.~'>3 5(":..“f)3 -— 51%;)’,\ 1 r ., 1 1  1  ,,_

—d(z)(”j +1/rr._“)  -Jr I _d2)—1'~ F/\(/2*]./12). (0.0)

The vmiat-i011a_l 0<.|l.m-t.in11,

O <1,-"2 (")(___.-") 0' /2 E) “_‘-° "(>‘L_,;rr I U j (~a;1i,q1 __ _£'_ ( z)E,fifj). ) Z (L (6.7)dz

yields the (:011.s'<_%1'va.1i<'>11 1‘e]a.ti01'1.

1r5.42u.2'I‘   ((5.8)

w'}10r0 N is the c011sc1"v0<1 (']ll?Ll']'[i'[~_\~' ELSh'()('i&.l-TC-Ll with the 01"1c1'gy of
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the l")<>.a.111. The energy of the bcalrl is2 2 E =]  r dr'r'l"r (6.9)0

Now.

. . 1 r 1  1 .->
L,.,-,-/A-' =  ~- ;~(z-‘Zbz - —,—('l(/Z)  r.l(,z)n."b2 %»% -%7-;1' ' 2 (:2 --11 . . )\(z);'\~’ .-~--0 Z ~ D 2 T",<"'i‘  (‘.102T2 ( ) ( ) - + 4(I2T7T:§\/5 () )

A set. of 0v0l11t.i0n equatiolls can be derived fronl Ln;-f/.-’\-""' taking

into a.<.~<.-011nt- that. the variation with rcsp<:<tt- to the unknowns

in the i11i’ria.l profile is equal to Zero. Va-1'_\-'i1'1g E<.1.(6.1()) with

1‘es[)0ct To u.(/3) , b(z"), T(/3), __£3(/L‘) yielcl U10 following (lqllil-Y-iOI1S.(la, 1 __-— r 2a-bd(z), ((3.11)dz

ll ‘Zd ,3 ‘ N/\(z) _ _ ‘
(IE1 Z  W 2d(z)(,2 _  (6.12)(,4 (l- 2\/Z7,"2fl. T

(IT

dz

(Z13 2d(z) .2 N/\(/'3) _ _' = —— — 2d 3 — i~—-3-———, 0. 4dz T4 (Z)! 2\/‘2_7r§u.2T3 ( 1 )

(FT : Ild 2 2 _ d(z)N)\(z) + 2T__i(d(d(z)2 (6.15)( ) .
:3 T3 1r%T2 \/‘Q02 I’ '1/3 )?

= 2T_z2(1(,¢/), ((1.13)
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~:'\-, \\\‘;- \ JPu ;_/Q“I
QC

I-Im11i1l.1_>11i:_1.11 H ((1.,  z‘) is giv<~'11 11->5- (I2 / 

(la, 1 1 .110. 1 . ._
H(0_., —-._ 2) = —‘—(—)2 -l- C-"'((1.z). ((1.19)dz 11(2) 2 (1,:

TIN.‘ e\\'0l11ti<__111 of t-110 l'>ez'.1.111 011.11 he <t011si<_l<_~.1"e<l as 111011011 of 2'1. 1111.1

I-i<_-le of \=;1.1"i1.11ble 11121.88  in 11011 St-ELY.-i()I1£l-I‘_\' <=f'f<*<-t.i\'1.r 21.11ha.1'1'n011i<'

]>ot.<_~.11t.i21.l C-"((1, .3).

. v (IO. 1 (hf, .3 2(l(} .-"\i'r)\[') __ s .l'[((!_.? *3 Z) T    -"(13 2d(] ([2 (1 ,3(['i\/2.71311

\-\rl1m‘0 11(2) T (lg, /\(z)=/\0. It is r>}.>\='i<_>11s H1111. tho s]>af-i<)t<*111

p<_>1'a.l s0lit011 <;%11ergy goes to i11fi11iT._\-' as t-I10 l>e>a.11"1 wi1.l't-11 g<'><-'~s To

'/.<.‘1'n. I11 0t-l'1er words, the iIlt("_‘.IlSil-_\-' h<'?(*01110.s' i11l"111it<*l_\' 1z.1.1';_;'<,~ 1'1-I1 21.

" * “ ,1 0 Size of the lJ0a_111 r'li111i11i.%l|<:s aml 1‘<.~11<l:.< tofi11it-1*. (list.-r1.11(re 11:.» T 1
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zero both in spatial and temporal domains. The potential well

description for the variation of beam width conveys a physical

picture of the competition between between the repulsive and

attractive effects.

The plot of potential function for constant parameters is

as shown in Figure 6.1. The attractive potential increases with

decreasing width and the beam collapses for constant coefficients

of diffraction, dispersion and nonlinearity.

Potential E>Ecr
3:
2.
1,'  "-    Radius

Q'\n>L~|l\Jl—‘

Figure 6.1: Variation of U with for constant dispersion, diffrac
tion and nonlinearity

6.3 Averaged Variational equations

When coefficients of diffraction, dispersion and nonlinearity are

periodically varying functions, the dynamics of soliton can be

treated analytically on two scales rapid oscillations over one

period and accumulation of small deviations from periodic os



6.3 Averaged Variational equations 101

(-:il1at'.iOI1S over Ina.n__\-' pcri0d.% by I110-£LIlS of Kz1.pitsaL ax-'P1‘a..gi11g

1'1'10t]10rl. \-Vt: lien-'P. (?011si<l<.>1'0d Kapit-S21. averagiiig 1‘n(>th0<.l for (lif

f01"011t casvs.

(._Ta.s<_>.1: \-'\-"l'1011 d(z:) is a. periodi('_rz-1.11}! \-'a-1‘yi11g fu11(:t.i0n of tho

(‘J

form (l('  ({U+(/| si11§Z(z) a.11<_i )\(z)=)\@, A (<0I1st.a,I1t, \-V0 (ru11si<_1e1'

the <'i}'11a111ic's of s01it('>11 l>0z1.111 by Sep21.rati11g into two parts: zl

1.'api<'ily 0s<:il1:.1.t..i11g part with small ti.-Itlpiit-l1(i(i and at slow. s1'n00t_h

\-*a.1‘_vi11g pz1.1‘t [H13]. The width of the soliton  then 1'<;%]_)1'es01'1t.0<1

as u.(.:<) .—- rr.{»,(\ + /2(3). where 00(3) is the Slowly va.r_vi11g [)H.I.'1'. and

/1(3) is tile r21.-pi<ll_\_-' va.1'_vi11;_,>‘ part with a zero rnean valilc. S11\">st.i

I‘-J

tut-i11;_§ u~( J) in Eq.(6.'l6) anti s(:pz.1.1'at.iI1g the 1'0s11lti11g (_?(.[l1?li'-iOl'l

int-0 1'api<1ly va1‘yi11g ‘<1-ll(_i slowly va1'_yi11g paitsz

(Pp =lr.l| sin(S"2z)
(L32 J (1.8 i ( (5 . 2 In )

a.1'1r"l _Qi
ii@:;1:&_._ _1‘M1-*iI#<‘*Z>*’<*i) (6.22)(1.33  Tf3"!2('!,.i-1} (1.-ii

wh<:1"c thv 0v01'iine imlicatcs the a-vm'z.tg'e value. I]'1i-(‘-g'I'éLl-illg

Eq.(6.21) vvc-2 obtaiil

1({|si11(S'Z::)_ _ I _r)( _) fzgua (u A
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Subst-it,-11’r.i11g E-q.((i.23) in Eq.(6.‘22) We 0bt.ain the eq11a.ti011 of

motion for the slowly varyilng part as

"I21. =1 .1 '\/Y) ‘Z-"1 12 .
([2 (lb \[-‘Z-.’]'f"5/2(].'U  (I-0

i.0., (5-_-35)
(ZZZ ()(T.U (I.-0  22 3‘/Q-1T3/2(I.E-5)

Helm; tlm m°fe<_-ti\'e put-e11t.i:1,l U for the syst.e111 is gix--'011 by

_, 2d» -lid? NA  _
0- 2 2" 6  2 _ 11  3‘; 5. (<>..2r_>)(1-0 I-T-UQ 3\/§1r'/ 0.0

Tho <lot.te><.l lint» in Fig1_11‘e 6.2 shows the form of p0f(?11t.iz1.1 F01‘

puri0<li<'a.ll_\_-' \--'m'_\_L'i1*1,<1§ 11(2) and (:0nst.zu1t  T110 1"0p11l.~siv<2 po

tu11tia.l i11c:1"0a.ses for s111a,l10r widths and hence the l_><:zm1 ¢1<:(ra.ys

for .s‘n1a.11<>1" widths. Case‘2: \Vhen )\(z) is a pe1'io('li(:a.ll_\_' \=m'yi11g

fumtt-i011 of the form  = )\0+ )\lsi11(§Zz) and (i(z)-I (I0, \-\-'9

get t-I'1e following; aqua-tions.

(I2/1 N/\1 sin(S2z) ‘I  W7)
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and

d2 4d NA N2/\2
dc? _ 30 3t; 4 + 3 219* (628)z a0 \/in / an 1r Q an

where
NA sin Q )

p(z) — Q2\1/§fl_3(/2;‘). (6.29)
Hence the effective potential U for the system is given by

_ 2dO NAG NU?
U 0,3 3‘/ans/2ag““w;,gW~ <63“)

The dashed line in Figure 6.2 shows the form of potential for pe

riodically varying nonlinearity and constant d(z). When width

decreases repulsive potential increases and beam decays.

Potential
10- -|7.5’ :\
5~ 2‘

\l B) IQpa 0 0
Q W m W w

@

N»
I-3

I-'

U1

K)

K)

U1

U)

, - _-3-1* — i i/
Figure 6.2: Plot of potential function for three cases. Solid line
shows the plot for d(z)= do and /\(z)=)\0, dashed line shows the
potential for /\(z) = /\0+ )\1sin(Qz) and d(z)= do, dotted line
shows the potential for d(z)= d0+d1sinQ(z) and /\(z)=/\(z)0.

Case3: When d(z) and )\(z) are periodically varying function
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of tile f<_>1'1n d(z)= (lU+(l1.'s'inQ(/3) and /\(z) =/\0-+)\_1si1'1-Q(z),w0

get. the f(">ll<_>wi11p,‘ €?(.{L1%.l-l'..i()11S.

(I2/1 2 4d1sin(-Qz) _ N/\| ‘ (681).,‘Z 3 /; -' ‘(I1. (1-0 2'/“f5//2(_1E%

(1200 __ -"lrlo f\/")\0 12d1SiI1(§Zz)p(z) -L-'\")\|si1‘1(Qz);)(z)~—,_=.—  — » % L+
(122 H-1} \/Qfr‘/'2(z'L1) (Z3 \/51?"/Zrq}

(6.32)

wl'1<*1'(+ tho ()\-'(.‘l‘1iI1(.? illdicates the 21.ve1'age va.l110. I1'1t<:;_;'1'21’r.-i11;_>;

F1-q.( 6.31) twice _\-‘it->l<1s

£2 . , , _, ‘I:  "" ]V)\|!\/-§7T3/2(.l-(y).0.- (£

SLl}.)S1'.-it-I_11'-il1}_.3,' Eq.(6.33) in Eq.(6.32) we obt-:~1.in the eq11a.t-ion of

mot-ion for the sIuwl_\»' \':_u‘yiI1g part as

rf")uU _ =’lr'ZU NAG ‘24(l‘f
— '- *" -."""-2" + —"-?(12 2 11?, flq53/ (1,?) Q2 an

12.2¢'121rVd1/\[ iV2)\%¢~/wag " *%  W‘)
t.l1m*e for the efilmtive pot-ent-ial U for the syst-0111 is givml by

2:"! /1:12 12 24‘2Nd,)\11' '  '  '(,-:-,-+»+
(11% (1892 71r5/ ZS 220,5V T 2A0 1?\'2/\1--A  , +* .  7- (6.35)

3‘/727p-1/2()8 87T‘3§2-Z(l€5-I
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The plot of potential function Figure 6.3 shows the form of po

tential for periodically varying dispersion, diffraction and non

linearity. When d(z) and )\(z) are periodically varying functions,

a potential well has been generated into a single point due to

the competition between the repulsive and attractive forces for

smaller widths. i.e, the repulsive potential is exactly compen

sated by the attractive potential and stable solitons are formed.

Thus, periodically varying diffraction, dispersion and nonlinear

ity can stabilize three dimensional light bullets against collapse

or decay of the beam.

Potential
10:

7.5%
5 E

2.5%

§<l§ ii i1il5“i2i“2lS”=§ Radlus

\1 to
97979“.

-10h»

Figure 6.3: Plot of potential function for )\(z) = )\0+ /\1 sin(§2z)
and d(z)= d0+d1 sin 9(2)
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6.4 Conclusion

The st-al>ilizut-i<>11 of .~;pa.t.iote1upora] solitons with perio(lica.ll_y

\-*21.1‘_|_\-'i11g," <lis1.>01‘sio11. <lifl'1~a(":tio11 and 11r>11li11<.1a,1‘it.y has been a-11a.

lyz-0<l llsing \-=m‘iz1.t-i<">1ml a.pp1'<>a.(-ll and Kzxpit-sa. a.ve1'agi1'1g 1net11o(1.

T he a-vera-ge<_l <,rq1,1a.ti011s for the potential flmct.-ion has been dc

rived. W'hcn the pu.1'a.111vto<o>.1"s of <1isp<?rsio11_. difi'1‘a.ct,io11 zm<_l non

li11ea1'it__v are (ro11.~;T.a.11ts, mo-t-1‘z.1.<:’r.»ivc pot.eI1t.-iz1.1 increases for S1'I12Lll€I‘

widtl1s i11<1i(ra.t.i11g the <"l<'+(:z'.1._\-' of the b0euo11. \Vhe11 1"1o11Ii110a§1'it_v

or dispersion and <_liff1‘a.<'¢t.ion are pe1'i<.><1i<"a.ll__v varying fun(':t-ions,

rep11lsive pr.>t.u11t-ia.l dolnilmt-es for 3111:-11101‘ widtlls and l1e1'1(:e the

bea.m doca-vs. \-\-’l1<_*11 rl( ) zuul /\(,:) are pe1'i<><lica.lly va1‘yi11gf111"1<r

(‘Q

t-ions, a, pot-0-11t..ia.1 well has 1‘)ee11 g<;r11<_~.1'ut-ml into a. single point due

to the exact ba.la.11<-0 l>e_~t.w0e11 1'<:p1,1lsi\'0 and at-t-1'act.ive pot.e11t.ia1

and stalvle solitons an: i'<>1'111c<l. i.0., light. bullets get stabilizoml

in Kerr lnedia. (1110 to the (<m11bi11e<_l <:ff(..><-t of periodically va.ryi11g

coeffi(:i011t.s of rlisp01"sio11, <lifi'1'a.<-t.i<_>1o1 21.1141 nonli11ea1'it_v.



Chapter 7

Spatial and
spatiotemporal solitons in
cubic-quintic media

7.1 Introduction

Studios on s'0litar_\* bcalns lmve 1'@c011tl_y been ext.-elided to near

Kerr Illedia with colllpetillg 1mnli1"1<?a.1"it-ics [I32]. The nonlin

ear 1‘0f1‘a.<:tive inrlvx of (:01"ta.i11 1r1a.t:@1"ia-ls bcrgills to (leviat.<% froln

the 1121 for 1a.1‘g(> i11t.01'1siIai0s. A 1110:5101 which has att1'a.rrt0<l

(%(>11si<ic1'a.bl@ 21.’r..t<-r11ln-i011 is the 0110 wit.l'1 a. mlbic-q11i11t.i(1 (CQ]

110I1li1'1<?a-1'it_v. In this <-asn. Thv 1"<>f1'a.ct-ive index 112:1-5 t-h(—r fo1‘n1_.

n —= 12:0 + 1121 12.412, \-vl1<=.1"e I is ‘rho b<.~z-x111 i11l".<>.11Sit_\-'. A uni

fyilig f(‘.>1.i.L1I'€ of 'rl10s<> l119<ii2i- is ('f{'m1])(‘Iil-i()I1 la>et\-\-'001‘1 s(-.~ii' fu
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cusing cubic £LI1(l self do-focusing quintic 11o11linca.rit.»ies. C-Q

1u_>11li11eu-1‘it._v is iinport-exit 111a.i11l_y in lllllll-l(.lllI1(:!I1Sl()Ilé1-l ca-sc. as

the (t(_)lI'1l')lllti-t-l()I1 of the self focusing cubic and self (ole-f'ocusi11g

quintic t.c1'u1s prevent collapse and iiiukc ii. possible to a.nt-ic

l]).‘-I-TR the exist-ence of st-alalc solit-one [M3, 13-1]. It lias been

sliowu tliat (IQ 11(>11li11ea.rity (l(?S(‘I‘ll.)(’h' l'-l1(_‘. diclect-ric response of

poly ('ll21(_1L‘-t._\-'l011(°. p-toluene siilplioimte (PTS) c-1}-"st.z1.l éfi.-I1(.l <":e1"t.e-iii

sciuic011<_luct0r doped glasses [135] St.a.l.>lc spiniiing solit-one also

lmvc. been found in cubic-quint..ic media [I36]. The i1npo1't.z.u1ce

of cubic-q11i11ti(: noiilinezu‘ Scl11'o<"li11gc1" cq1.u1.l-io1l1 (NLSE), wliicli

governs the evolution of the beaiu i1"1te11sit_\_=' in a. c:ubi<'--quiritic

111e<liu1n_. &paLrt- from n0I1li11ez.u‘ optics elrlnrigcs in 21. \-'a1'i<.*.T__\-' of

m‘ea.s', like biopliysics, plaslua. tl1e.ory, 11uclca.1' l1_\-'dro<ly11a.1Ie1i<'1s,

etc. ]137, 138]. The cxistence and sta,l_>ilit._\j of solitous in an

()pfl(‘tl-l wave guide equipped with an B1‘z1-gg gra.t.i1ig in Wlll(.'ll nou

li11ezi1'it,y (f0I1C?LlI1S bot-l1 cubic and quintic tciins lms been in

vest.igut-crl [I39]. St-a.ble liigli-e11e1"gy Splllllillg solit-one can ex

ist. in me<_lia. with competing Il0I1ll1'l(*?&L1'lt-l£?S, S1l(Ill as self focus

ing cubic encl self-de focusing quiutic no11li11ca1'it-ies [1--"10, 1/11].

N111'1ie1'i(:zil and a-11a.lytica.l i11ve_rst,iga,t-i<)11s of beam p1‘<;>pa.ga-t].io11

in <"ubi<:-quiiitic media, have deiuolistmtcd the feasibilit»_y of self

fra.ppi11g ]'l-"12, 143]. R€.‘.L‘(.‘-Ill.-l)-', t.l1crc liars l.J(.‘(.‘Il n g1'cu.t. i11t.c1'c.=;t.- in

m1<lc1"sta.1iding the 1311},-'si<r21.l (fO1lLllI-l()l1b' 1"cqui1"e<l for the c1"ca.tio11

v

v
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of stable multidi111e11si<,>1"1al soiit<i>ns. It is ol>:>'0.1f\-'e<l tlmt ow-:11

in L'11l)i(".-q11i11t-it‘: 111011111111 tl‘1(_* b0z.1.111 coll.-+1.] ):'s0.s fol‘ 1"1ig'l1<__:1' in(1i<1P11t

<?11<*1"gi0s. This‘ (:}'1z.Lpi.<:1' £1-Il&1.1_\-‘Z98 t-1'10 stWu.l,>ili"'./.a.ti<i>11 of Wm <1i111(:11—

sinlml s].m.t.ia.l solitorl mlrl three (li111<>.11.%i<>m1..] ;~;pz-.1_l.i<.Jt<_*1npoml soli

’m11s in ('r11bi(:-qui11ti<i: 111e('li:1.. A (.lifi'1'a.<_'Ti<'>11 111+1.1mg0<l 111u<.l<_-?l in

(tul_)i<j--qllilltic rllcdia has beell f<>1*11111l;-m.~d am] st-u<li{*.<"1 for t.-110 sta

bili-za.ti011 of S[)21T.iéL1 sulit-0115. A <'lisp0rsi011 111a11a.gP(1 1110<'l<_?] with

<‘1ifi'1'z-mt-iL>I1 lIli%LIl?l-}_2',(;?I]'1(?I1'f- 11:15 bc<_>.11 p1"0p0s<*.<l for the :>'tal>iliZz1t-i(>11

0f‘r-111'"00 (1iI1l(_‘.IlSi()I1Fl-1 spa.ti<>t0111p<_>ml S(li1t-(")I'l in bulk cubi<,:_q11i11r-irr

11'1<'1die1. The (illl_)i(If—(]llil'l1T-i(T n011li11czu‘ S<‘tl11'<)(li1'1g<?1" 0ql1a.ti<>11 wit-1‘!

]')€‘I'i(')(1i(Z&l-11)-’ v2u‘__ving (1iSp(‘-1"Si()Il z.u1d <_lii'f1'z1(rt.i01'1 11215 bccll .sT1_1<li<>.(l

using e1.11z.1,1__\-'t.i(1a,lly a.n(l ml1"r1<!1'i<rz.lll\\~'. A11a.l_\'tir?:.1.l zuul 11111r1c1'i<'ra.l

st1u"li<*s hit-\-"'0 b'h()\-V11 tl'1a_t diffrzlmioll IIIH-I18-}{€‘I]]("1lT .=;t,.z1.bili7,(_*.s' the

lwn <'1i111<r11.~si0I1a.l spa-tia-l soliton z.1.ga.1.i11sf- ("r'>11z*1_pS(‘ while ])<_n'i0<li

<"a.1l_\' '\--'a,1‘}-’i11g (1<)efli(ti€1'1ts of difi'1'z;1.<.'t-i011 a.11<l rlispr*r.~;i011 stz.1.biIize$

the spatiute1n]J01'al solit-0118 in (tubi<.:_qui11t-i<: 1n@<'liz1..
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7.2 Diffraction managed cubic quin

tic model

The field <l__v1"m.11ii('s in EL <rul">ic quint.-i(: medium is g0v<_:1‘11e<l lJ__\-’

NLSE [1-1-"1, 145]

, m 0*  ‘)2;-;, I , q I
2l1A+é-)5; +  +  + 2]~{.?AI0'll-2I’§!,1‘2"lf) - 21¢/W1|wyi"¢ = 0. (7.1)

wlici-Q the p1'01_>a.gat".i<>1"1 of the })l1lS(-?('l beam is aloiig the '/. <cli1"<e<r

t.i0n and Lt  -.0/0. Lt‘-, = m,/1', no is the linear 1"efra.(rt-ive lIl(.l(-EX,

and the positive. coilstalits n.-2 a.I1('1 11.; (:l1a-raL(:'r.c1‘iZe the (101)011

(.l(_?Il(I£.‘ of the I'(‘.fl‘%.l-(.'il\'(‘ i11<lex 011 the iiit-elisity of the l><;*a.111 E1-Ilfl 1,-"_'

is a.111plit.u<‘1<_? oft-I10 l.><--z1.1‘11. N01'1na.li7,i11g Eq. (7.1) as 2' = 0; 2:0,

.-Ir’ _—_ \/RI:/I1), 3;’ : \/Ky/-1'0, 'z__./)’2 : '1,-"T.-'2/(_1~'<;':3 with zn = 11.4 / '2l1":l»":Un.§§.

.. _ . ~'-...-'2.’,'-3_. .
IU — \/11,4/211../mzz.-¢_,, z_,--U - 11.-.1/n.-2.

I -'.0.-9 1 , , - . _. , ,_ .
+  + |‘c,-*'.,*|‘2-;-i.~* — (r|'q')|4"c;': = O, (1.2)

wlicrc t.l"10 [)8-1'21-ll'l(‘l-Pl" (.1-', is (%0efl‘i(:ie|1t of quintic I'l0Illl1'l(3‘c1-l‘ll1-_‘_\_-"' and

0p01"a.’r01‘  a..(rt.s 011 tm1‘1svers0 C()()I‘(.llIlELlZ-CS at and y. In Eq.(7.2)

[.)I'll'I'1P.'$ liax-'0 l.)(.?{?Il 0111itf0<_l for si1'1l1pli(tit.y. The field dc;-'11a.111i<_'s in

:1 <":nl>ic-q11i11ti<~ 1110(li11111 wit}: vz1.1'_\_='i1"ig‘ <.1iff1'zi<?t-i011 is g0ve1"11e<.l by
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crllbic-q11i1'1’r.i(: NLSE of th<-~ form

')','.> . , , _ ._ _
+ d(_ + I-2,-92]-z_,-i-* ~-— r.x-]'¢_.-",*[J‘":_,.-i.r = U, ( 13.5)_ a

vx-'l1er0 we 11&l\'P iIl'f.I'()(lLl('Q(l raulia-l x-'a11‘iab1c 1' ---=1 (;:'2 + _:;2)%.

i§-=(_°)2/E_)1"2--+-(1/U/E)r) for a.xia.l1y :5}-'111111<_rt.1'i<.f ('21.-SP. T110 <:1__>cff'i—

<1-i<?11t <l(,2_)--(i[~,+-(1|(a') 1‘0p1'<2scI1t$ \»'a,1*yiI1g (li1Cf1‘n.<:t.i<_>11. Our zl.l1;l-l,\-'

Sis of S(_)liT(')1l <"l\-'11z.1111ir1.'\' untlcr diff1'21,(tti011 1r1a.11a.g01'I1011t- is ha.s0<"l

on \-*z.11'iz.1t-i<_>1m_l n]>p1'<_Ja-(111. A<:(:01‘(_li11g to wllicll the LzL_gI'aL11gi21.11

(1€I1SiT-_\' g<_~11<_+1"a.ti11g Eq.(7..'3) is

A _ 1'-1' _ U1-i'§1* __ * i)"2_,=f'.> U-'11.-".-' L,L(¢"_l I j  “ "47  "1 . ' . - ,_,_ g1,-W (,1)- 0
L-ct us a.<4s11111<: a. trial solution of the forln:

_ 1 , . -1'2 _b 2 _

/-5
(‘J\_/
“i

F

-(I, Z 
\\-"}1e1'v  0(2). b(2).  21-1'6.‘ t-1'10 a.1I1[>lit.11<l<r, \-\-'i<lt.l'1, <*hi1'p mu]

pl1a.s<=. l‘(‘S[.)(_‘(_tt_i\"'€‘]__\'. The <_rfib(:fi\'e Lél-g‘!‘&'LI'1giFl_l1 is gix-‘(:11 h_\'.

L-,r'_r' -= C.--‘p [ L(?r'?’)"'-1', (7-61)- U
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where C;):‘27r in two L11lI1€?l1S1()I1?i1 case and we obtain the effec

tive Lagm11p;ia-11 as

. .~ Urf) 1 1 _ _.3 _ 1 .
Le” : —7r;12r/é.+); —— §7r.»12u‘b:  r.l(i.-3).-'"1 u‘  +1?) 11'1 . - .

+-1,@1#H¢.P-1- %A6(z.21r. (7.7)

The equations for soliton ])&l.1'&.1-l'11(?1'.-(?1‘S are <._le1'i\-'0('1 froln Le” by

taking \~'a-ria,t-i01"1s of Eq.(7.7) with respc(1rt to z), u.(z) and b(z).

Then we obt.a.i11

Tr.-*’12rz2 = N, (7.8)

iii : ‘Zn:-Z>(l(/:4). (7.9)r 2

(‘Q

(lb 1 . 1-'\-"" *1 (.11-'\-"T2- : ‘ 0' — — I 2 — 1~ f j . 7.1dz 2 ( )((a'*) ) ) 27r(z.r1 + 9a'r2a‘-‘ ( 0)

Eqs.(7.9) and (7.10) give tlu; <-:xp1‘essi<_>11s for 1)(‘-ELIII width and

chirp respect.-ively. The S].)&l-(:(;‘. en-'01*a.g1;e<_l Lag1'a.11giz1.1"1 is

(Le” 1 . __  .- . N QN2
T : —§a2b3 _ (pl .— (:2 _ d('Z)a2bz + ~17ru.2 — 1)¢r2a.4(7'11)

A closed-form evolufion eq11a.t;i01‘1 for wi<'lt.11 is

dza 4d 2 ri(::)N + 8r»-1-\’2("i(:) + riad(d(z)) 1 q ( ‘ )——=—%——---“—-,-—   — — 7.12mr‘ 9"/rZr:'~“’ dz dz 11(2)"

.3...
N

IO

RN
\_-/
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0

1.0, rl 1 (la UUL-— = --  ".13(ii; ((l(z) dz) fiirr. (1 )
wl101'e U is gix-1:11 by

_ 2]  _-'\=’ 2 .-..-’\~"'"' .:  - 2 1- Q O. (7.1-*1)u.~ 27H: .1)r1"*rr

Ha.milt0nia.n H(u.  :1) is givcii as

la. . 1 ] (In .H  -'= ———'—--‘*2  ..;:.
(U11:-,5 ) (K2) Zirlj) + (Oi

\_./

/‘E
T"
|-A
-ingal

Thc evolut-i011 of i_>0a11'1 (‘ta-1'1 be (.'()llSi<'i(‘l‘(.‘(.i :1-s lnotioii of am pa.rtic:l<;:

of va._1'ia.l>l0 rimss  <les(":1*il>0<..l by iiew (.'()()1'Liill€i-i-GS 0. a.1"1<l b in non

st.-at-ir_>11a1'_y 0i'f<.%ctt.i\»-"0 e'1_11lm.rn1011ic [.><'>I.PI1tiei1 <1.  \-Vliexli d(2) is

‘(L p0ri0<li(: flliiirtion, tliat. is d(r;)-=---rlu-+ (ll si11SZ-(_z), r.-he equation 01‘

motion i)€(?(.)l'I‘l(:!S

([20. -"1(d0+ ri_| si11SZ(::))2 (di-}+(11si11§Z(\z))N“T I -. I‘ _.-. -. - 3-.dz (:1 7T(l'
8:.-'\-""2 1 _l  Q 2

+O  HOD)‘ 1,9111 ( )—) -1- ‘20..bd;§Z('0s (7.16).-,- (gt

Due to the <)s<ri1la,ti»i11g t<.~.1"m in the (nI"('lL1€\.tnli(—)1l of IIl()iiUll._ the systciii

i)€CT()II1(.‘-':>‘ (_)S(fiii?L'[()l'_\-'. "I110 \'el0(1it_\' (il..‘[._)L‘ll(i(*?I'li t.<*1'1n in €q11£1.T.i()I1

(7.12) <1csc"1"ii>0s.' the <1s<~il1¢i_l-<__>1"\' <i_\'1m1ni('s of ‘ZD <"lifi'1"21.<.'tio11 imm

:-.1.ge<l solitoiis.
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7.3 Numerical results and discussion

The <:oupl0<l <lii’fei"c1it,ia.l Eqs.(7.!)) and (7.l(l)a.ml pa.i't.iz.i.l rlifi'0r

<~n’(ia.l E-<1.(7.1l a-11> stiulicd Il1ll1l€'-l'l('Jd-ll_Y- \-"X-""ll(‘Il (llH.l'2'.l-(Tl-l("lI1 is a.

P»)

p<*»1'io<li<":z1ll_\-' \-'2-.1.1‘_\-'i11g_§ function, i.0., (i( ):<'1n+(.l, sin  the va1‘i

tLl'-l()1l <")l‘l>0:i.1i1 wicltli a.(z) zuicl chirp ptLI'il-I1'1(.‘l'_P1' b(z) with p1'o1>a.

gntioii LllSl?l.I'l(f€? a..rc.> shown in Figures (7.1) and (T’.‘2) 1*<:spo(?tivel\\-'.

Tl'1P l)£.?2l-1'I'l widtli zinrl chirp become <>s(ri1lat.<>1"y. A not. st.a.l_>i1i'/.-

iiig f(.)I'(?(_‘. 11111.}-' ho pi'od11r:<:r.l l_>y a.tt1'a.(-.t.i\i-'0 and mpiilsive fo1'c0s

arisiiig from <.lifl'ra-ctioii 1'I'1&I121gOIIl6I'li- and (?()l'I1])(.’.'[-lllg i10nli1iom'i

tics. T119 e_'xa.<"r hale.u1(:e l')€i.V\-‘C011 tliese forces give riso to a. Si-H.-l)l€

Still-(T. This :s'r.z1.biliza-ti()1'1 Iiiecliaiiisili is siinilai to t.l'1a,t of zui in

\-'Cl'l-(.‘('l ])(*‘.Il(.llllllIl1. A p0n<luluni with an r)s<":ill:it.i11g pivot can

lizix-'0 a. sfal >10 <?quilil_)ri1nn with its hob sii;11z1.te<l above tilio pivot.

Tlio i11\'e1't.o(l peiidlilllln l'0éL(.‘-ll(_TS a St-ii-l)l(? (:o1ifig111‘a.t.io11 due to

tho net. h.‘l2ll.)lllZlIlg force produced by sta.hili2.i11g and <lost.a.ll>iliz~

ing forcres z-it. 21. f1'eq11e1"1cy much fast-er ti.l"1zm the Iltlt-111‘2Ll 0sc:illa.tio11

f1'0q1i011<-y of tho fixed-pivot pendululii. Such zi 11i<2(":l'1a11is1"11 also

sta.lJili'/11$ :1, B()S(1-ElI1SlIf:!lI1 C()I1(l(3I1S&Ll'.E? in am double-well ])()l'.-(’.Il’[lé1.-l

with osc':illat.i11g i11l(%!I‘tl-Cl'.i0I1 and an opticzil beam })I°()])8-gill-ll'1g' in

21, 1ii0<liu111 with 21li.(_?I‘Il21/(.-ll'lg 11(>11li11earit.y. The plmse port.ra.it oi

\-'z1.1‘ia.tio11z1.l (>qL1a.iions for po1‘io<,lic2.ill}' w1.1‘_'_\'i11g2,' <lifi'1‘a.(:t.io11 is as

shox-\-'11 in l.*‘ig_>;1.11'u 7.3.

x
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8

1.1}

kl .. ..._....- - . ____ - . .. Z: 1 2 3 4 6

C3

KO

0.8

0.'
0.6,

0.5’

Figure 7.1: Quasi periodic (_l}~’1l21Il‘ll(.?S of widtli a(z) of 21. <.liflm.("
tioii I118.-Il‘d."'(‘(l Zl) soliton with <:11biC-(liiiitic 11011lim.>:1rit.v for then l .
])£~lI'2l-1Il(‘l-l‘l‘S (ft; = 1. d1 = 3.5, S1 = 5U, .-"\-" = 1-1.717

\-Vlieii <"lif‘F1'a(tt_io11 is 21, <:011sta11t, i.<-2., (i-(2)--—-do the \-»';1.1‘iz1ti<>1"1

“J
Q11 /'%

(“Q
~&,/

of l)(.‘-allll wifltli r.z(z) mid (Tl'llI‘p 1)a1-1"a.1I1(tt.e1' b with pi"0].>a-ga.t-i<">11

(list.u.11c<_v are sliown in Figi11"<-as (7.4) and ( ) 1'espe<rti\-Poly. After

21. finite ])l'(')[)tl.gE1-l-l()ll (.ll."~2l-2L11(ft.? u. goes to zero wliicli is the self

foclisilig Slllglllél-I'll.-\\_' and b goes t-0  Collapse (or blox-\-'-lip,

or self-f‘<>(":i1ssi1"1g si11g1_1la1'it._\_r) of the l;><_2zm"1 is the ]i>l"1<:iiu1neii0ii

Wl'1(‘.I'8 the field amplit-11<le i1"1<:1'<:a.scs to iiifiiiit-y a.11<'l the wi<_lt.h of

t.l1(: l)£TdJl1 ('l(:(?1‘<-éascs to '/RIO aft-er a, finite pr<'>[)zigaliirj>11 <lista.1i<':e.

\~Vl"1011 (llllI'Fl.(.‘l'.l()I1 is 4- £T(-)!1.%t'.a-lit’: 2D solit.-01'i (Z()ll'¢L})S(*!S for l1igl1<?i"

in(:i<1l011t e1'101"gi0s 0\-’(Jll iI1 (:1.1l)i0.-qliiiitic I11e(lia..

The p:~i1'tizLl <_lil‘fe1‘e1i'r-izml Eq.(7.1) that. gOV(3I'11S the ('1)-»'1'm.111i('s of

spat-ial solitons in cubic-quiiii.-ic I'I'1(!(lli€L is st,udie<l 1i11i11e1"i<"a,ll_v for

l_)L".l‘l('J(.ll(_ZE"lll}-" \--'a.i'_vi11g r_,liIl'1"z.1.(:t.io1‘1 (1()€fllCl(3I'll'.- using finitv <.li1'l'e1"e11<#0

l><2a1'11 })1'0pa.gzit.i<)11 1m:t.li0<l (F'D~BPi\=l) [61]. The lllll-l&.l.l solu

u
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b! |A1» V»i \0.5- la

\‘ .._ 21 3 3.5I \$0.5‘ h-1" 1‘
I

Figure 7.2: \-*'a.ria.tio11 of chirp b(z) of a. <lifi'rm-t-ion 11"1z111z1,!_>,'<_-1.] 2D
s0lit.011 with <.-uhic-quintic 11unlinearit.y for the sanlc pa.ra1110tm's as
in figlm‘ (7.1).

/'\
fl
Cr!\_/

tion was chosen as per ansatz given in Eq. The 1111111<:1*i<'ra-I

pa.ra.111et.01"s of silnulat-1011 has been cl'10sen so as to fit thc e:~;per

imeut.a.1 <r<;>1'1fig1.1rations. The nolllinear pa1'a11'1etae1's clloscn are

no = 3.3. n-2 = 1.5 >< 10'13cm2/ 11,4 = -5 >< 1()_23(rm."'/ I-1'2 at;. :
1.55/Jm vx-'m-’el<211gt-11 and no = 1.6755, 12,2 = 2.2 >< 1(_l_'2<.'"rn..2 / 1'1"",

-n.| =  >< 1(')'22c-nz/1/W2 at 1.6;m2, [I50]. The pa.1'an10te1's of

difi'1‘a.(:tai<_>11 are do = 1, (11 = 3.5, Q *-= 50. The evolllt-ion of

difi’ra(¢tio11 1na.11a-ge<.1 soliton in cubic-quillt-ic media a-rr<.:01'di11g to

1111111eric:al sinlllla-tion shown in Figure 7.6 reveals that the dif

i'1"act,io11 111a.11ag0111<_>I1t- stabilizes the beam agaillst decray, pr0vi<_l

ing 1111<'1ist.111'1)(r<,l propaga-ti011.
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b

1.5:,4 1»
0 ‘(’ << a(§(

—l.5'

Figure 7.3: Phase portrait of variational equations with cubic
quintic nonlinearity for periodically varying diffraction with para
meters dg = 1, d1 = 3.5, Q = 50,N = 14.717.

3gm /,,//
1 5

1

o.s~\,fie ~ ~ a - ~ - *20.5 1 1.5 2 2.5 3 3.5
Figure 7.4: Variation of width a(z) for constant diffraction with
cubic-quintic nonlinearity

7 .4 Light bullets

A confined wave packet in (3+1) dimension represents the ex

tension of a self-trapped optical beam into the temporal domain

and is known as Spatiotemporal soliton (STS). STS have been

found to be useful as information carriers in comrnunication and

as energy sources, and have also been proposed for the design
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b

10'

5.

s 2iii'3i"'4i‘z
-5.

-105

Figure 7.5: Variation of chirp b(z) for constant diffraction with
cubic-quintic nonlinearity

of optical switches and logic gates for all-optical devices [146]

and hence the models that allow stable three-dimensional(3D)

propagation of STS is a topic of growing interest due to its po

tential applications. However, to date a fully localized STS in

three dimensions (3D) have not yet been found in an experi

ment. The stabilization of a 3D soliton in a Kerr medium by a

rapidly oscillating dispersion coefficient using the numerical sim

ulations and a variational method has been studied earlier [147].

Three dimensional light bullets collapses even in cubic-quintic

medium when the coefficients of diffraction and dispersion are

constants. In this work, we have formulated a model with peri

odically varying diffraction and dispersion for the stabilization

of three dimensional light bullets in cubic-quintic medium.

The propagation of a continuous linearly polarized laser

beam, in a nonlinear cubic quintic medium is given by Eq.(7.1).
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Figure 7.6: Evolution of a two dimensional spatial soliton ac
cording to numerical solution of equation (7.1) with periodically
varying diffraction. The parameters of diffraction are do = 1,
d1 = 3.5, Q = 50, N = 14.717.

If we include both the temporal and spatial effects with coeffi

cients of varying dispersion and diffraction, Eq.(7.1) gets modi

fied as

. dip 62¢ 321/: 321,/1

+2/<:k0n2|1,/1|2¢ - 2kk0n4|¢|4¢ = 0, (7.17)

where d(z)=d0+d1(z). Normalizing (7.17) as 2' = az/20, 1?’ =

\/51:/T0, y’ = \/Hy/T0, T’ = \/51'/T0, 1//2 = zp2/at/13 with zo =
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17e.e1/L7-/1fl1'[,-:15. I1} = \/ 11.1 / 2M:0-11,3 , "Q53 = "n.-,-1 / -/12, we obtain

- - r _ 0 I ‘5-, ')2,__.- ()2_,|_:' I . I I ‘ i I
+ "<*>‘5;§ "  +  +  ~  e 0- (Y-18>

In E<|.(T.l8) ]>1‘i1'11e.s have been 01nit.t.e<_1 for si111p1i(:it_\»~'. The pa..

1'z'111|.0t01" (.1 is the (.'0e{“fi(:ie11t of quintif: 11011li11e:1.1‘it_\'. For 21.11a

lytei<::1l ('f()11Si<.1OI'z;Lf.i()l1S, we use spherical polar (:0(>1"di11z-mes. The

(#0-11'10\-'i11g,' 0001'(1i1'1at.e T can be treat-ed 011 the smno footing

as S]>a-tial (f001‘<‘li1mtc. If We illtrodllce SI')2'tTI-i(_)1T-(P1111){)I'?1-1 l'&L(lil1S

-r -: (.12 + 3/2 P 12)? Eq.(7.18) can be writt-en as

F)-:"= _ 1 5 31,/2» 1,; -,_ e~‘*- 25- e*=,:»:(.1. 7.19»£,$+(<1<,,20e,,(1 0r>>+|m, ~\@1¢ ( >

wl101"<.> 2 +  +  :  for spl"1e1'i('::.1.ll_\_' s_\_-'1I1111et.1‘i('

<j'a.s<:. The <*0cffi(-i011t. ri(z) is periodic 1I1()(1I1lFl-I.i(')l1 of <1ispe1"sio11

and dih‘1'a<"ti011 a1u"1(l has the form <l(z):d0+rl| si11(S2z) [ 100]. W1:

follow a. Va-1'iz1t.i011a-l technique to clescribe the beam evolut-i011

I.ms<r<"l on L-z1.g1'a.11gia1.11 f01"1"na,lis111 of (zlassiml 111e(rl1a11ics. The La.

g1'angia11 <l<>1"1sit1_\_=' gcnemtillg Eq.(7.19) is

.'__ .D—l ,5; :_r,*  .
Lu») 1 ——”2 5"—e~1=*~@>—([)‘“ »d<‘=')1~"“‘|&—,‘;-12Z Z1 .: . - _

+§,_U —.l  _ g__,_D—l It.-hjlfvt
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Wl1F‘I‘(.‘ D is the rlilnellsion of tlle C(_[ll?1-T.i(Jll marl D —~= 3 in this

L-use-v. Fullrm-'i11g T-110 Ritz 0pt.i111iza.ti011 p1'o<'.-<..*<_l111*<\ lot 1,15‘ ;1-.»*..s"11111<-".

the i11it.-ml profile as Gm1s:>'ia1'1

_ 1'2 b(:./ )-1'2 ,~\ _, ‘
‘s' '("- 3)  A(-3)e-XI‘) W —+  + z'<,~")[\.».) . (1121)

whom _-!(,::) is the a1'nplit1.1(le, 0(2) is the be:-1.111 wi<_l1h, b(z) is

‘rho v»-'z.1.\»'<'->. front (:111'vz1t-llre, and  is tlu.-. pllasc of the? v\-'zwc..

Followimg H10 st-z1.11da1'd pr0(:<:d1_11"€, we i11s<*1"r the 1'-Ii;-L] f111'1(':t-i011

into the 0xp1'<rssi<)11 for La,g"m11gia1"1 (l(_‘-IlSit-_\~' :;1.ml ('.'él~1(1f1ll'r'l-I-(1.? the

cfléc-t.i\'<,~ l,a.g1'a,11gia.11 as

L,” -= (fir, v  L-(19):!-1-, ( 122)

wl'101'0 ('11:-‘lfr in three <ili111e11Si011a.l ("ram-r. Tllo L‘i'fP(.‘Yi\'(_*. La.

g1‘;.1.11gia.11 is ul>l;ai1'1ed as I (1 1 . - = <3 -. - 1' mg 1 J
l.,,H- T ---7'l'%f12(.£-'$(,-'1); —-- 17r%r'12(1”I)_: — 2d( )A3u-Tr?

(‘J

1.; .- - .~ .5 1 - -5
—— "l A2 ..""I2 5 + ——A'1 "in?

2: (2) u J 7T 'l\/E u
(.1? - - 3-—-A° .1‘ E. ("".2:5‘(1 7T __r )
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Va.r_\__-»'i11g L,” with 1‘e.~='pe<1<t. to (3):

6L‘. ~ T)L, 1 ‘)1.-,,=0 => ‘ J’ - 5 i T’ = 0, (7.24)
O c_-1') c‘)r;> (1.2 5)

_viel<Is,

7r’3i.42(1.3 1  (7.25)
where N is the (:(>1ise1"ve(l qua,11tit.y nss<><":iz1te<,l with the power of

the heain.

L‘. _ . Z 1:: . .-,
: —r;),_ — §(r..2I')z —  — §d(z)a‘zh“N 1 202 ‘Z

_} N cr"i'\"'2 (7 26)\/§(;37|'% ()I\/:3(I67T3 . .

A set ()fQV()ll1ti()1'l (?q11a.ti011s (fa.1'1 he <'le1"i\-'e<_l from Eq.(7.‘Z6) tak

ing into a.cc:0unt t-lia-t. the \»'a.1‘iz.tti<>11 with ivspect. to the unknowns

in the initial profile is equal to zero. Val-I‘)-'iIlg' Eq.(7.26) with rc

spect to a.(z) and b(z) yiclnls the following equations,

(Z0.

I I ‘Z0-b(.Z(:'). (7.27)Q, I
and

db 2rl(:) 2 K _{.¢, .-'\-" + 2(.rN2 (7 28)—-=——-——-- (.z)'—- ——€——.. .
dz uh‘ ' J 2\./Qyrliq-‘J 3\/§1r3(L**
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Using Eqs.(7.2T)n.n<1 (7.28) we obta-in 21. closed form evolution

(.?('1Ll&iT-iOl'1 for \-\-'i<_lth as

:  _  7 + _ . z)_;'\-"2 + (1uri%(r1(Z))‘1 (7 20)(132 :13‘ "~7: -1 ;j\/T,‘f§,,—\-‘M7 dz dz d(,:/)‘ ' L

<~5.
nQ1'-~:_ \L/’\.»~;2 /

"\
FOP’I?‘£/"‘\

H0a1.1'1'a.11gi11g (7.25)) we 0bt.z1..i11 t..lmt

<1 l (fa UU— i—— = —.—~, ".30(12 (¢l(z) dz) 630C (I )
where U is g'i\-'011 by

S  Z’  JNY2(_,_.-' __  _  +  (713 1)
(I2 3 \/2751' (1-3 18\/3'/T306

Now, Hammilt-01'1iz1.11 H(u.   is gix-P11 as

H(n__   T  -i U(r.z._ z). (7.32)dz (l(2) Z ([2

W’hen 11(2) Y 40- H((I-,%.21) -1->  \-vhen 0.. —> U i.e, when

the b<2a.111 widt.l'1 rincrezisnrs i11t-e11sit._\-' i11(:1‘0as€.'s' aml iI1'[.0I1.'w'it_\-' ho

(jromes infillit.-el_\-' la1‘p;v as t.-he s_i"/<2 of t-1'10 bczun di1"1'1inish<_>.s lea.r;l

ing to spatiotmllp01‘21.l ('.'r_)lla]>s0. \-V1191‘) r](2) is :1 [)0ri0<.iic: fu11(:

t-ion, i.0., r1(z)-»—-~r'lU+('{;| .<i11(_§Z,:). Eq.(:T.§2f-J) (t2u1 be t1‘c21-ted a1-1m~

lyt-i<_'a.lly by 111@a.11.<; 0f I\'a.pitSa. ;1.\-*<:1"z.1-gillg lI1C1'.h(')(1. VVe consider

the (1_\'l'l£l-lIli("S of solit-<..111 lmaln by s0pz.L1'z.1.ti11g into two pa.1'"ts: :1
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ra.pi(‘lly 0s(:i1la.t.i11g part with sn‘1a.ll a.mplitu<.Ic and a slow, smooth

varyillg part. The width of time solit-on is t.h<>11 1‘€])1‘0.:>'Cl1tt3(1 as

u(z;) = (1.[_](z) + p(z), W1'l€l‘€ u-[,(,r;) is the .sl<_>wl_\-' \»'a.1'_\'i1|g pent and

p(Z) is the 1"a,pidl_v var},-'i11g pmt with a. zero 111em1 \a.l11<*. S11b.st-i

tut-ing a(z) in Eq.(7.‘29) and s<_>pz.1.mt-illg the resulting eqlla-t-1011

into 1'-(1-pi<_ll_y va1'yi1"1g and slowly \-'a.1'yi11;_g pa.1't_..s:

I17.2 .
iT/I5) = -*1(l1 si11(-Qrz)/r:..;§. (7.33)

(i2(1_.O ~'1dU 12d|Si11(SZ.z)p( N + (1 N2 (_ 3 1)——.—=———* 3: a  _. I-~'
(12 2 a-(5, (sf) \/ ‘21rTr0.}) 3 \/3¢r'50.(,

\Vl'l€1‘6! the overline i11<_li(:<a.t.es the a.\--"(_\1'z.1.g_>,"<: value. I11t.-ogmt-illg

Eq. (7.33) yields
-“id si1'1(Q::) ._ ‘ Vp(z-) I  (1.30)

$11bstit11ti1'1g Eq.(7.35) in E-q.(7.3="'l) we ohm-i11 the P<_|11z.Ll-i<)11 of

motion for the slowly-' \-'a.1‘yi11g part. as

(120.0 /ldo Zérlif N uh-"'2+4-.3-= 3+- -  +-<. (7.36(122 (13 Q20-(7) \/ 21r7ru'(§ 3 \/31r~‘u.(, )

LC.

(12% E) (‘A10 + 4<'13f ) N { uf\-""2 (_ '37)-'i—' I _'i'- Ti ' -a‘ “_ 3 _ " """""  __- (.1
(L22 00,0 0.6 (1.88 22 3\/21r7mi§ 18\/3rr“0{,
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Ileiice the efi'ect.ivc pot-e1‘1ti;1.l l...-" fol" tliv :~;_\'st<?11"1 is gix-P11 l">_v

T ‘ZJO Pldf ..-"\-" (1.-*\-"'3 ._ _. 
(1.0 0.051 3 \/ Z’/'r1Tu-;__, l 8 \/§7T'*u(}

Tlio p(:1'io(_li(:a.l1y \-71.1"}-'i11g i_li{h‘a.(-ti<i11 El11(l (,lih'1)P1'Si()I1 illl-l'()(.l1lCC-S

:1-11 '<‘L(l('lii'-i()Il2l-l 1‘ep11l.<;i\-'0 p0l..011t.-ia.l iieal‘ the SIIl2.l-ll \'a-l11P.<i of width

~ l/(:6, which c0L1m.e1'a(?t.s E:ll-i.-l'£LLfil\-*9 potmit-i+1.l £1-ll(i t-lie exact

l.>a.la-11<j:e l.)€i'.-WC(2Il t-11050 t-<=.1'1"11s give. rim: to 2'1-Si-%1l')l(! st.:1.‘r<*. The plot

of put0ntia.l function given by l1Iq.(7.38) is as slmwn in Figure 7.7.

The p0t.011t.ial fuiiction lms :1 well st1‘11(.'t111'0 which implies t.l1a.t

light. lJullet.s p1‘0p21-gain with l11'1(‘.l'lz1.-11g{1(.l fonn as a. r'(>i"1s0quci1(:e

of <-rxeitrt l;1a..la.11(:e lwt.w<.‘011 1'(:?[)l1lSi\’(? 21-Il(i &.lItl'&_1-("li\'P 1"01"<:<?s. But

for (.'011st'<m'r.- <liiT1'a.('rt-i<>11 dlltl <lis])i"?1‘si<>11 I-110 ]_>0l.<'».11tin.l fllI1(.’iI-l0Il

lms 110 Illillilllft £-u'1(l St-H.l.)l0 light lillllcts ('%.1-I1I1(_)l'- lie fOl‘I'l'l(‘(l. The

SiH.l)iliZE~l-i-i()Il 111e(tl'1m‘1is1n of the S])21Ti()T.(‘IIl[.)(..)I'il-l .\'('Jlli()1l in this

(tam: (:2-1.1'1 be (:01npa1‘0ci to iI-lltL'[.- of :1. p€1'1<'l11l11111 with an (>s(%illz.Lti1ig

pivot. A })0I1(lL1lllI'I1 with 21.11 oscillaitiiig pivot. st.a.bilizes wl'101'1 its

hob is sitiiatcd above tho pivot-. 'l"hi.< s'111‘p1‘isi11g pl1011011ie1101'1 is

(_lll€ to a net. st.a.l)iliz-iiig forrtv 1)1'()(lllL‘(_‘.(_l l>_\' alt-m'11z1t.i1ig :.»'ia.l>iliZi11g

a.n<_l (lest-21.l>ilizi11g f01'ces at 21. i'1"0<111<r1i(_-_\-' 111ll(tl'1 f}1.s’r<.*.1' than the

1mt111‘a.1 (')F>'(?lll§Li.i()l'1 f1'£:qL1011<_:_\-' of T._l1<.* fixed pivot ])P1l("l1ll1lI11. In the

])1'(‘S(_‘Ili'. (fffi-86?: wl'1<?1'1 tl'1<~1"<? is an P.\1H('l' l)%1-lil-Il('(..‘ l)l_‘i'W(*‘F?Il I‘(‘.[)11lHi\-'(_‘.

t<'1'11'1 z1.i‘isi11g from ])€1‘i()('li(’?.lll_\' \'i.l]"\'lll§{ <-0<*i'l-i(-i<.~11l.\.‘ &.l.ll<.l th<> f0r<t0s
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induced by competing nonlinearity, stable bright light bullets are

formed.
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Figure 7.7: qualitative plot of potential function for N = 31.7826
do = 1, d1 = 3.5, N = 31.7826, a = .0O1.( solid line shows the
plot of potential function given by (7.38) and dotted line shows the
plot of potential function for constant diffraction and dispersion)

7.5 Numerical analysis

The coupled differential Eqs.(7.27), (7.28) and the partial dif

ferential Eq.(7.17) has been studied numerically to analyze the

dynamics of light bullets in cubic-quintic media with periodi

cally varying coefficients. The differential equations (7.27) and

(7.28) have been solved for constant and periodically varying

dispersion and diffraction. The variation of intensity with prop

agation distance for constant diffraction and dispersion is as

shown in Figure 7.8. Intensity of the spatiotemporal soliton in

creases with propagation distance and the beam collapses after
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a finite propagation distance.
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Figure 7.8: Variation of intensity of light bullet with propagation
distance in cubic-quintic medium as obtained from simulation of
variational equations (7.27 and 7.28) for constant dispersion and
diffraction i.e. d() = 1 and d1 = 0, N = 31.7826 oz = .001.

intensity

115

11

105

l 0 s i~ s i .‘s 3 sz0 95

0 9

0.B5'

Figure 7.9: Variation of intensity of light bullet with propagation
distance in cubic-quintic medium as obtained from simulation of
variational equations (7.27 and 7.28) for periodic dispersion and
diffraction i.e. do = 1 and d1 = 3.5,Q = 50 N = 31.7826 a = .001.

When d(z)=d0+d1sin(Qz), intensity with propagation dis

tance is as shown in Figure 7.9. Intensity of the spatiotemporal

soliton does not increase above 1.15 and does not decrease below

0.85 due to the effect of periodically varying coefficients. i.e.,

periodically varying diffraction and dispersion together with self
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focusing cubic and self defocusing quintic nonlinearity stabilize

three dimensional light bullets against collapse for higher inci

dent energies.

VVe have studied the partial differential equation numerically

using finite difference beam propagation method(FD-BPM).

The initial state was taken as per the ansatz in Eq.(7.21), for

the numerical simulation of partial differential equation. The

numerical parameters of simulation has been chosen so as to fit

the experimental configurations. The nonlinear parameters cho

sen are no = 3.3, no = 1.5><10_13cm2/VV, n4 = 5><10'23cm4/W2

at 1.55pm wavelength and no = 1.6755, no = 2.2 >< 10'12cm2 / W,

n4 = 8 >< 1O_22cm4/W2 at 1.6;rm [I50]. The parameters of dis

persion and diffraction are do = 1, d1 = 3.5, £2 = 50. The

normalized beam profile at the output face after five diffraction

lengths of travel through the medium is as shown in Figure 7.10

The axial section profile of the beam evolution in the cubic

quintic medium is as shown in Figure 7.11. If the periodic mod

ulation of dispersion and diffraction were not applied, the initial

wave form would have collapsed. Numerical simulations of vari

ational equations and partial differential equation have shown

that average intensity of light bullets remain constant as they

propagate through the cubic-quintic medium with periodically

varying coeflicients of dispersion and diffraction.



7.6 Conclusion 129
14

1?

1

3 OB

06

O4

02

U<
-Z00

200 -200

Figure 7.10: Normalized intensity distribution after five diffrac
tion lengths of travel through the cubic-quintic medium

7.6 Conclusion

Stabilization of (2+1) dimensional spatial solitons and (3+1)

dimensional spatiotemporal solitons in cubic-quintic media has

been analyzed in this chapter. A diffraction managed model in

cubic-quintic media has been forinulated and analyzed. Varia

tional approach has been used to derive a set of ordinary dif

ferential equations which describe the optical beam evolution.

We have simulated variational equations and partial differential

equation. A dispersion managed model with diffraction man

agement has been proposed for the stabilization of three dimen

sional spatiotemporal soilton in bulk cubic-quintic media The

cubic-quintic nonlinear Schrodinger equation with periodically

varying dispersion and diffraction li-as been studied analytically
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Figure 7.11: numerically simulated stable 3D light bullet gener
ation in cubic-quintic media with periodically varying dispersion
and diffraction

using variational analysis and Kapitsa averaging method. The

averaged equation for soliton width successfully describes the

long time evolution of the soliton and the stability of the spa

tiotemporal soliton is inferred from the plot of the potential

function. Analytical and numerical studies have shown that

diffraction management together with self focusing cubic and

self defocusing quintic nonlinearity stabilize the two dimensional

spatial soliton against collapse while periodically varying coeffi

cients of diffraction and dispersion stabilizes the spatiotemporal

soliton in cubic-quintic media for higher incident energies.



Chapter 8

Results and Conclusion

8.1 Results and Conclusion

The thesis presents a study on optical soliton propagation in

inhomogeneous single mode and coupled fibres and the stabi

lization of multidimensional spatial solitons.

An inhomogeneous optic fibre system with varying disper

sion, frequency chirping within the integrable limit has been

analyzed. The exact two soliton solution for the nonlinear

Schrodinger equation has been constructed using a recursive

method and Backlund transformation technique. As the pulse

propagates through the fibre, the pulse gets amplified and com

pressed which supports multi soliton pulse compression tech

nique. In practical applications, the integrable system is not an
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zuloq1.1at(! 111o<.l0l (luv to the r0stri<ttio1'1s imposed on the Syst.e11'1

to iimke it i11t<_\g1‘a.l")le.

The in11o1nogc11<_~o1.1s optic fibre s_\_-'st.o111 with \-11-1'\\_-'i11g disp<_=1'

sion is not in g<*11vml i1i’r.<*g1‘21..l‘)lo. Tho I1011i11teg1’zil>le i11l1o111og_§0

neous optic: fibre has been st-1,1<lie<l. The inhomogeneous optic

fibre systclii has l.)0011 stu<lio<_l for clilfcront dispersion <_le('i'e.a,s

irig GVD psi.m.11'1ot.o1"s tlsiiig \-’?.lI'lkl-T.i()Il8.l a.r1a.lysis a.11(.l I1l.11IlCI‘lCd-l

1'11etl1o<'lS. Tlie (lil'Fo1‘o1'1f_ CV D p21.ra,1'r1ot-c1‘s choseri are expo1'1e11

t.i-al. Ga.n.<sia.11 and l1_\_:perl>oli(:. As the pulse p1'0pa-gait-os tlirougli

the fibre. the pulse gets <'ro1i1presse<l and amplifierl, which is sim

ilar to the ar<,lia.lmt.i<_: (-ompression of solitons. l\’u1'11eri(:al 21-I1('l

\-'a.1'i:~i.ti(>11e1.l st-llrlies 1'ex-'ea.l tl1a'i.t- pulse (§(_)IIlI)I‘€SSl()11 is more in the

(zase of Gallssiali a.11<_l h_\-'pe.1'l)olic GV D profiles tlian expo11e11t.ia.l

profile. The pulse (?O1l1])1'(%?SSl(')I1 mid 8.lIl])llfi(.'8,l'.-lOI1 is 1na.inl_y due

to the llll.-t!1'[)l&l.-_\' l)0t\-vccii 1“-110 inlicront. gain of the (lispersion clo

c1'oa..~.:i11g profile a.n<l tlio ofi'<><:t,ive phase Inodula.t-ion. The pulse

CfOII1p1‘CSSiOll for (}a.1issia.i1 aml li_vperbolic; profile is very promis

irlg mid cam be used for the ;_2;<_v1"1ora..ti<>11 of ultra, short pulses while

dispersion (filer.-1‘ea,sii1g fibers with expoliemial dispersion profile

can be nserl for tra.1'1s111i.ssio11 of 11ltra,short- pulses over rela.t,iv0l,_x-'

long; leiigtlis. In a, r.-oust-alit. dispersion fibre, solitons l)I‘021-(l€Il

as tlioy loose v1101"g_\-' l>o(“u11se of vvezl-keliilig of 110IlllI1(-38.1‘ efle<,:t.:s.

The Wl(lTll of El f1111<lz1..111o11t:1.l solil-011 ('f8.I'1 be 111a.iI1ta.i11e(l iilspito
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of fib1'<_.\ losses. if ('1 VD ('l(3('l'0iiS€S exp01'101"1t-ially.

The stu<,l\\-' lms been vxtr.-~11(led to c01.1pl0d syst.01ns. Solit-011

swit<rl1i11g in an a.s_\'1nn1m:t1"i<: coupler with V£1,I'_\.-’iIlf3; dispcrsioll has

bcell e1.11z1.l_1\-med. The (-011]>1c<,\ Ilonlinear S<'~l11‘<_>r'li1"1gu1' eqlmtioxls

whi(.'h rl0s<'1‘il)e 11110 pulse r"-ollplillg in 11<_mliI1ea.1' <_li1‘0('t-i<'>11a.l (1011

plor lms hvml stu<li<~d z-.111:_1l‘\~'ti<rally and 11111ne1'i(?a1ly. Va.riat,i0na.l

a_11a.]ysis has 1')(-‘(Ill \1.'s"v<l to dvrive a. Set of collpled Llif’fe1‘01'1t-ia.l

0quarion.s' wl'1i<*-11 <10s<":rih<~ swit-c'l1ing dynalnics. The coupled dif

fc1'e11tin=1 <.'q11a.ti011s hz'1.\'(? b0<_~.11 st-udied l1l1l'I16I"i(f8,n}" for period

i<:a.l1_\' wL1"_\~'i!1g <'lis].>0:'si0n. Finite <1ii‘fe1'ence beaml propagation

1n<_~tl1<'>rl lms been llscd for rlirccst pnrtia-1 differerlt-ia.l 0quat.i0n sim

111a.ti<'m. The st11r"l_\~' lms slmwn t.l'1a.t- for low input. powers‘, pulse

switullos froln 0110 <_-ore tin 0t-111:1" and when input power i11(:1‘0a.s0

pulse 1"m11;1.i11s in tlu-2 first (ton). The ezllcrgy t-1'zms1nissi011 c:!1m‘a.n:

f01"i5ti(:s of a half l>0e1.t 19119311 c(_>11pl01' have been ('a_l<?111aLted a.11<l

pl0t.t.e<l as 11. fullrrtion of input. peak power. T110 crit-ic:a.1 svvit-(1l1iI1g2_,'

povx-"<91 (+1.11 be 1"e<'l11(:0(l for :1.n 21.53-*1111'r1<etri(: ttollplcl‘ with va.1'_§-'i1'1g

<61 isp0I‘SiO1'l.

\\-50 11m-'0 0xpl(>r<~r'l 111:: Pxist-(.>I1c€ of two (1iI'I'1(-?IlSi()l1E1.1 s[_)a.-’r.ia_l

.\"0lit;<_m in K01"1'-111e('lia. with p01‘i0di(:ally \/a.1‘yi1‘1g2; <lifi‘1'a.c:t-i011 ¢1.11<"l

11<>11li11e>a.1‘i’(._y. \'""'<1.1‘ia-I-i<11m1 a..p]>r0z-1.<.'}1 has been 11se<1 to <"l01"i\'<_: a

set. of <_>1'<li11m‘_\-' difI'<?1"1_‘11Ii:>1hl (éqllaliolls whi(:l'1 (lcsflibn t-he <'.>|'>t-inral

bozun e;+\-'<'1l11tir'>1'1. .='\11z,1?l\'ti<"a.l z.1.n<,l 1lll1110l‘i('rH-1 studies lmx-'<_= sl"1<>\-vn
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flint the periodic force arising due to the pe1"iodi(.-a.ll_v varying

<_lifi'ra,ctio11 and noi"ili11ea,1'it.-y stabilize the two rliinensional spa,

tizil Solitons. V\"l'1e11 the (;oefli(?ic1'1t of <_liii'i'a._(%t.i<'>11 and noiilinoarity

are coiistaiits, the beznn collapses n.f’r.c1“ 1_>io[_>a.gu.t-i1'1g through a

iinite distaiice. VVhc11 <'lilfm(:1..i<>1i is 111a.-1ia.g<:<l keeping nonlinear

it_v constant, stable solitons are forincd for lower e1icrg_v of t-he

incident bezun, but for larger eiiergies, the boani (lcc'a.__\_-'5. VVhen

nonlinea.rity is Iiiaiiagecl, keepiiig (lll'l‘l'Fl-(fl-l0Il coiistant-._ the bea-in

collapses for larger energies of tlie inci<_lQnt- liezmi. Alla-l_\_='l,-l(f2l.l and

nu1"ne1‘ica-l studies liave shown tl1a,t. the difi'1'z1.(:t..i<i>11 IIl&Lll?Lg€111E!I1i3

znicl nonlinearity 1'na.nage1nent can bll-'(jL-l)lll7.-(3 the heznn agaiiist

decay or collapse providing 1i1n'list.i11"he<l Dl‘(')})ti.gtl-I-l()1'l even for

la-rger energies of the incident heain.

The stabilization of spatioteinpom-1 solitons in Kerr inodia

with periodically varying dispersion, <liff1'a,ct.ioIi and nonlinear

ity has been analyzed using va.ria.ti<>1mI F1-[)])1'0?l-(‘ll 21-I1(l Knpitsa.

zweragiiig method. Light bullets get st.a.l>iliz-mi in l\'e1'r ineclia

due to the combined effect of pcrio(lical1__v vni'_3='i1"i;;>; coefficients of

dispersion, dilfraction and no11li1"10.a1"it._v.

Stabilization of (2+1) diiiiciisioiml .spa.t..izil solitons and 3+1)

<iimensiona.l spatioten1}.>oral solitons in cuhic-qnintic lI1(-?(ll2L has

also been a1ia,ly'/.e(l. A (liil'1'a_(.-t-ioii 111a.11a.gc¢l 1I1()(_l0l in cubic

qnintic media has been fo1'n111la.tcrl and a-1ia.l_vzccl for the eta.
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biliza.t.i01'1 of (2+1) <_li1ne1*1si01"1a.l ..s'pa»t-ml s0lit<m.s . Va1"ia.tir_n1a.1

a.p]1>r0a.c.l1 lmas been l1St.’(l to <l<%>1‘i\-'<_~. :1. sot of <_>1'<li1m.1"_\-' <liif<.>.1‘c11ti:1-1

eqlmtiolxs which <.les('1‘il>v t,l1<r {..1]Jl.-i('f:{i-l l">(\.a.111 <.'.\'0lut.i011. \-V0 l12.w(.‘.

si1m1la.t.-e<‘l va.1‘ia.t.i<.>11'¢1-l <.=.q11z'1T-i<)11s zmd [_>a.rtia] <lifi'<‘~1"<?11t..ia1l 0qua.t.i01'1.

A <lis1.)01'si0l1 1I1a»1"1ag0<l 1n<_><.le*l \-\’ll'-ll (lifl'1'2.1.("liu11 111a.1'121.g(-:111e:11t. has

been proposed for tlm st2.1.l.)ili.za.t-i011 of ’rl11"<?<.~ r_li111e11si01'1a-1 spa

lLl(')l.€I11])()I‘é-Ll soilton in bulk (1lll_)lC—(.]lll1l'f-l('? 111<v<lia.. The (rubie

quinfiv 11(>11liI10a_r Scl11'('><li11g<>1* <'q11z.1.ti011 wit-11 pm‘i0<li(:z1.lly varyillg

dispersion mld <liffra.<1t-i011 lms l)(!(.’Il st-u<_1ie<l a.1'1n.lyt.i<:ally using

vzwia-t.i011al a,1'ml_ysis ~<m<_l Kapitsa. z1.\-'<.r1'u-gizng nlethod. The aver

aged 0q11a,t,i011 for solituu \-vidtll s11<r<:0ssf1,1ll_\' (lPS('fl‘il)t.‘.S the long

T-11110 <).\-'0l111.i011 01" the .~.4olit<>11 a.11<"l t-110 st-2.1-|_>ilit_\' of tlm sp:.1.t.i0te111

poral solitoll is i1'1f01"1"<:d f'1'<m1 thv plot. of Iho p0te\1'1’r.i21.l f1111cti011.

A11z;1.l}-'t-ical a.1‘1<1'l 1'111111c1"icu.l si11<li0s l'1m-'0 sl1<_>wn t~l121.t- <lifl‘1'a-ct-i011

I1m11a.g<_?11"1e11t. t-(1g<1tl'1<?1" with sell” f0(:n.s'ir1g <.'11bi(_- a,11rl self <lef0ctL1h.'

ing quintic 11011li1"1021.1"il.~__\_’ stabilize flu.‘ two dinlensiolml spzxt-ia.l

soliton aga-i11st ctollnpso while p<_>.1'i0rli('z1.lly \'a.1')~'i11g (i'r'>efl'l(:i<_111t.s of

(liffmcti011 ancl (lisporsioll stabilizes t-l'1(-“L s]m.ti0t01r1poml S()lll'.()I1

in <t11l)ic-q11in'r.i(t 111er'lia. for l1ig‘l101' inci<lent <‘r11(*1“gi<_-rs.
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8.2 Future Prospects
All ()])’f-l(‘f?1-l s\\=it-('l1i1ig <‘l0vi(:es lid-\-‘(T been an kl-Cl,l\~"'(.? ficld 0f1'0s0a-r(-11

<"l11<-"= t-0 tlicii" potciit-ia.l for ultra fast sigiml p1‘o<1essi1ig. ()]')l-l('&l-l

s<_1lit011s l'ia.\-‘P l.)(_‘(.‘11 <'011si(le1'e(l as the 1'n0sl- suitzilulc ('7?!-Il(ll(_l&l-l-(ES

for a.ppli(:a.ti0n in all-0]>t-ica-l switcliiiig due to their llIllq1l(.’. prop

vt'f_\_-' of p1'0p:1.g'n.ti(>ii witliout clistortion zuirl sp1'ea.<_ling. Also, tlie

110nli110z.1.1' (trmpliilg lias been c01lsi(lcre<_l for the pL11'p0s(2s of £1-l l

(_)[)ll(f2Ll swit-rrliing aiid a.ll-optical ultra. fast logic: fumrt-ioiis. The

c-ou1>lv<'l equa..t.i<_>1is lmve to bc stmlied tlirougli 11u1"1c1c1'ica.l II1()(.l(?l—

ing i1'101‘<le1‘ to 2-.1.i1a.l}='7,P logic flliictions. A periodic? ai'1'a._\_-' of wa.\-*0

guide cricatcs :1. 11m-'01 kind of device in which iicw kinds of spa.

l-lttl solif-011s can he gc11e1‘a,t-ed. The p1"0pc1't.ics of spzi.tia,l solitons

in W213-"'(3 guidc zu'1'z1_\'s l1a.\»-'0 to be alialyzml in T.-lie fmlliu work of

a. set. of (:(,)11]Jl0(.l (Yqlléll.-l(_)IlS. Such set of (toilpled eqllzitioils are

lmowil as Lllb'(fl'(‘l'.P I1('.)I1llI1(-Fill‘ S(tl11"O(llI'lg81‘ 0q11a,ti011:>'. Tliv l0(ra.l

izcrl solutions of rlis<11'ct.e Iionlinear Scl11'0(_linge1‘ €(]l.ld-l.l()Il, k110\\-'11

as (lis(~1'ct.0 solitons £111-2 used for all optica-l switcliing. The st-iu.ly

of <j:o11plo<l s_vst.011is in wzix-—'e guide arrzgys and other ])l1}-'Sl(121ll}-' rol

0\-'2.l-l1l’.- 1n0<'lels -Ciro also to he cxplorcd. Solitoii pulse ("Ol11]_)I'(_‘5Sl()l'l

in g1'a.<"le<l iiidux Kori‘ media is zmotlicr a1"c:-i wl"101'0 the p1'0s<mt

w01‘l< (111.11 be (‘.X'f(‘.I1r"lFr(l.
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