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W e discuss prop erties of one- and two- dimensional multi- comp onent
spatial solitons . W e present our recent results on formation and interaction
of these solitons in photoref ractive nonlinea r crystal.
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A bright spati al opti cal sol i to n represents an opti cal beam propagati ng in a
nonl inear medi um wi tho ut changing i ts intensi t y proÙle [1]. Since the condi ti on for
the sol i to n form ati on requi res tha t the index of ref racti on of the medium increases
wi th l ight intensi ty (the self-f ocussing ẽ ect) , the presence of the sol i to n m eans
the form ati on of the region of elevated refracti ve index whi ch is nothi ng else tha n
a wa veguide. Theref ore, a spati a l opti cal sol ito n represents a self-tra pped beam
| a m ode of the self-induced wa veguide [2, 3]. Typi cal ly, the sol i to n is just a fun-
dam ental m ode of such waveguide. Ho wever, the opti cal wa vegui de can supp ort,
in general , not a sing le but m any spati al m odes. It is theref ore natura l to pose
a question whether a few sol i to ns can co-propagate in a stati onary manner so,
by the self-consistency, they wi l l be sim ul ta neously of higher order m odes of the
self- induced waveguide. It turns out tha t the answer to thi s questi on is positi ve. It
has beendem onstra ted recentl y tha t superpositi on of mul ti ple mutua l ly tem pora l ly
incoherent opti cal beam s in a slow nonl inear m edium results in the form atio n of a
compl icated sol i to n obj ect cal led a m ulti -com ponent (or vecto r) sol ito n [4]. How-
ever, the stati onary propagati on of such structure can only occur i f the consti tuent
m odes do not interf ere. Thi s can be achieved in two di ˜erent ways. Fi rstl y, one
m ay use beams of ortho gonal polari zati on. Indeed such vecto r sol i to ns have been
al ready studi ed theo reti cal ly [5{ 7] and also observed experim enta l ly [8]. The use
of ortho gonal polarizati ons however, l im its the num ber of consti tuent components
to two . Ano ther opti on is to empl oy co-propagati ng m utua ll y incoherent beams.
In exp erimenta l condi ti ons the mutua l incoherence of opti cal beam s is obta ined by
usi ng a medium wi th a slow nonl inear response. Stri ctl y speaki ng the consti tuent
beam s are not incoherent. The e˜ecti ve m utua l incoherence is obta ined by shi fti ng
the frequency of each beam by the amount much larger tha n the inverse of the
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response ti m e of the nonl inear m edium . In thi s way al l beam s rem ain coherent
but thei r relati ve phases experience f ast tempora l oscil lati ons (determ ined by the
detuni ng). If the nonl ineari ty is slow then i t cannot fol low these fast oscil lati ons
and wi l l respond to the avera geintensi ty whi ch wi l l be given as a sum of intensi ti es
of al l com ponents.

The Ùrst experim enta l evi dence of thi s typ e m ulti -com ponent sol i to ns has
been presented by Pri nceton group [4]. In thi s case the pho toref racti ve crysta l
(whi ch exhi bi ts a slow nonl inear response) served as a nonl inear medium . By using
two or three m utua lly incoherent input beams the form ati on of single or mul ti- peak
( \ m ulti -hump " ) spati al sol i to ns has been demonstra ted.

Here in thi s paper som e of the features of the mul ti- component spati al sol i -
to ns wi l l be di scussed in a slow nonl inear m edium .

If ê j ( x ; y ; z ) represents a slowl y varyi ng am pl itude of the j - th com ponent of
the composite beam propagati ng along z -axi s, then i ts evoluti on can be described
by the system of the coupl ed nonl inear Schr�odi nger equati ons [9]
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2 i s the to ta l l ight intensi ty . The functi on F ( I ) represents
a fenomenological m odel of the nonl ineari ty , and F ( I ) = I in the case of Kerr
m edium . The stati onary soluti on in the form ê j = u j ( x ; y ) exp( À iÑ j z ) tra nsform s
the system Eq. (1) into an eigenvalue pro blem
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The structure of Eq. (2) indicates tha t the m ulti -comp onent sol i to n can be trea ted
as a multi -mo de self- induced wa vegui de wi th the refracti ve index proÙle given
by the functi on F ( I ) [10{ 12]. Each sol ito n component represents then a parti cu-
lar hi gher order m ode of the wa vegui de wi th the corresp ondi ng propagati on con-
stant Ñj . It turns out tha t in the one-di mensional case and for Kerr nonl ineari ty , the
system of Eqs. (1), (2) is compl etely integ rable and i ts soluti on represents a prop-
agati on of the sol i to n com plex consisti ng of m any sol i to n components (or m odes)
[13{ 15]. The who le soluti on depends on (2 N À 1 ) parameters (N i s the numb er of
components) whi ch leads to a huge diversi ty of the soli to n shape. In general al l
these sol i to ns have asym metri c and, often, m ul ti- peak intensi ty proÙle. In Fi g. 1
we show an exam pl e of the com posite sol ito n consi sting of tw o mutua ll y incoher-
ent com ponents. They correspond respectivel y to the funda menta l and Ùrst m ode
of the self- induced waveguide who se index proÙle is given by the to ta l intensi ty
(Fi g. 1a).

It is well known tha t sol i to ns of integrabl esystem s exhi bi t parti cle-l ike prop-
erti es. They are robust objects and thei r col l isions are elasti c | sol i to ns preserve
thei r structure in col l isions. It appears tha t the mul ti -component sol i to ns of Kerr
nonl ineari ty exhi bi t qui te surpri sing col l isional properti es, nam ely they reshape
in col l isions. In Fi g. 2 we show an exampl e of col l ision of soli to ns consisti ng of
three incoherent components each. It is evi dent tha t the col l ision induces a dra-
m ati c change of shape of these sol i to ns. Af ter the col l ision each beam rem ains
a sol i to n but has a di ˜erent intensi ty pro Ùle. In thi s parti cul ar case sing le-peak
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Fig. 1. Intensity (a) and amplitude (b {c) distributi on of the tw o-comp onent comp osite

soliton in K err medium.

Fig. 2. C ollisi on of identical three- comp onent vector solitons in K err medium | nu-
merical simulations.

sol i to ns develop a three- peak structure upon the col l ision. Thi s reshapi ng can be
expl ained using the concept of the m ul ti- sol i ton com plex. It is well kno wn tha t
sol i to ns col l ision in Kerr medium leads to a latera l shif t of the sol i to ns [16].
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Each sol i to n com ponent exp eriences the latera l shif t whi ch depends on the
am pl i tude of the com ponent and the relati ve angle of coll ision. Since components
have di ˜erent am pl i tudes thei r latera l shifts are also di ˜erent. In e˜ect the proÙle
of the sol i ton changes after col l ision.

The col l isional properti es of m ulti -component sol i to ns have been studi ed in
exp eriments wi th photo refracti ve crysta ls [17]. It is wel l kno wn tha t externa l ly bi -
ased photo refracti ve crysta l exhi bi ts a strong positi ve or negati ve nonl ineari ty [18].
They have been used to demonstra te the form ati on of bri ght and dark spati a l sol i -
to ns. T o study the f orm atio n and col l ision of m ulti -comp onent sol i to ns we used an
exp erimenta l system as shown in Fi g. 3. A laser beam (Ñ = 5 1 4 :5 nm ) was spli t
into two parts. The Ùrst one was reÛected from an oscil lati ng mirro r ( ¤ 1 kHz)
whi ch intro duced a frequency shift into the beam. Thi s frequency- shifted beam
consti tuted the funda m ental com ponent of the input com posite beam . A second,
hi gher order component was created by intro duci ng a glass slide across the hal f
of the second beam. Af ter adj usti ng the phase across the beam (by ti l ti ng the
glass slide) to ¤ the structure of the beam resembled tha t of a Ùrst- order m ode of
the planar waveguide. Both beams were then recombi ned and f ocused by a set of
cyl indri cal lensesto form a narro w ( ¤ 2 0 ñ ) stri pe on the input face of the crysta l .

Fig. 3. Exp erimental setup used to study the formation and collisi on of multi-
-comp onent solitons. L | lens, M | mirror, BS | b eam splitter, PM | phase mask,

P ZT | piezo-electric transducer. T he dashed line denotes a path of the b eam forming

a fundamental soliton w hich intersects in the crystal w ith a comp osite soliton.

The composite beam then intersected insi de the crysta l wi th a sing le com -
ponent stri pe beam deri ved from the sam e laser. The opti cal path for thi s second
beam exceeded tha t of the Ùrst one by a few coherence lengths so both beam s were
m utua lly incoherent. The pro pagati on distance inside the crysta l was 10 m m. The
output face of the crysta l wa s im aged onto a CC D camera and recorded by the
computer. The crysta l was biased wi th a 1.5 kV dc electri c Ùeld appl ied along
i ts opti cal axi s whi le al l beam s were extra ordi nari ly polari zed to make use of the
largest r 3 3 electro-opti c coe£ cient. Addi ti onal ly, the crysta l was i llum inated by
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the bro ad whi te l ight beam whi ch pro vi ded the necessary background i l lumina-
ti on used to contro l the degree of satura ti on of the nonl ineari ty whi ch in our
exp eriments was estim ated to be of the order of uni ty .

In Fi g. 4 we present an exampl eof the col l ision of the two -com ponent sol i to n
and the funda menta l sol i to n. Thi s graph shows the intensi ty distri buti on (and i ts
pro Ùle) as seen at the output face of the stro nti um {ba ri um {ni obate (SBN) crysta l .
The pi ctures in the to p row (a{ b) i l lustra te the free pro pagati on of the sing le-peak
(a) and tw o-hum p (b) sol i ton whi le tha t in the botto m row show the e˜ect of the
col lision. It is cl ear tha t the col l ision resul ts in a stro ng change of the intensi ty
pro Ùle of the composite beam whi ch develops a strongly asym metri c structure.

Fig. 4. C ollisi on of 1-dimension al two- comp onent and fundamental solitons in pho-
toref ractive crystal ; (a{b) intensity distribu tion of the two- comp onent soliton before the

colli sion; (c{d) results of the collisi on w ith the fundamental soliton. Parameters are:

V = 1 :5 kV , the propagation distance z = 10 mm.

Al tho ugh the experim ental observati ons seem to conÙrm col l isional proper-
ti es of the m ulti -com ponent sol i to ns, i t is importa nt to real ize tha t, whi le pho-
to refracti ve nonl ineari ty resembl es Kerr- typ e f or low l ight intensi ty , i t satura tes
for hi gh intensi ty . In the 1-di mensional case nonl ineari ty can be expressed as
F ( I ) / 1 =(1 + I ) [18]. For the satura bl e nonl ineari ty the system of Eqs. (1)
is no longer integ rable. Thi s has prof ound consequences on the properti es of
m ulti -component sol i to ns. Fi rstl y, it turns tha t am ong al l sta ti onary soluti ons
onl y the sym metri c soluti ons are stable. Al tho ugh the asym metri c soluti ons are
sti l l possible [19] and m ay pro pagate over a di stance of a few di ˜ra cti on lengths
they wi l l Ùnal ly tra nsform into symm etri c soli to ns. Secondl y, a coll ision of sol i tons
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in satura ble medium is no longer elasti c. Our num erical sim ulati ons show tha t the
col lision sti l l induces a shape change of the soli to n [17]. However, as thi s structure
no longer corresponds to the stati onary soluti on, i t exhi bi ts mutua l spati al oscil la-
ti ons of the consti tuent com ponents. In e˜ect the sol i to n intensi ty proÙle vari esin
pro pagati on. Theref ore, i t appears tha t the results shown in Fi g. 4 actual ly i llus-
tra te one parti cul ar stage of the oscil lati on of the sol i ton intensi ty pro Ùle. T o check
thi s hyp othesis one woul d have to m oni to r the sol i to n structure as i t propagates
from the col l ision region thro ugh the crysta l . Thi s requi res a wedge-cut crysta l
whi ch al lows for vari atio n of the propagati on distance [20]. In our experim ents we
used a crysta l of Ùxed length and hence had to resort to an indi rect metho d. W e
Ùxed all param eters of col l iding funda menta l and two -comp onent sol i to ns as well
as thei r intera cti on angle but vari ed the locati on of the col l ision region insi de the
crysta l . Thi s was done by para l lel shifti ng of the funda menta l beam (see Fi g. 5a).
The output intensi ty distri buti on (and corresp onding intensi ty pro Ùle) f or a few
di ˜erent values of the col l ision distance (m easured f rom the front facet of the crys-
ta l ) are shown in Fi g. 5b. The graph in the to p row i l lustra tes the no-col l ision event.
The com posite sol i to n exhi bi ts a well -deÙned two- peak structure. The subsequent
graphs displ ay the result of the col l ision as the im pact region m oves from the front
to wards the exi t face of the crysta l . It is clear tha t the tra nsverse structure of the
vecto r sol i to n strongly changes (com pare the relati ve height and locati on of the
peaks of the com posite sol i to n) wi th the di stance from the coll ision region to the
exi t face of the crysta l . Thi s behavi our is in accorda nce wi th num erical sim ulatio ns
whi ch show the col l ision- ini ti ated oscil lati ons of the sol i to n structure [17].

Fig. 5. Collisi on of comp osite and fundamental solitons as a function of location of

impact area in the crystal; (a) schematic of the interaction; (b) light intensity distribu tio n

(and its pro Ùle) at the exit face of the crystal. Exp erimental parameters are the same

as in Fig. 4.
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It is worth to m enti on tha t recentl y the theo ry of 1-di mensional com posite
sol i to ns has been further advanced to describe the e˜ect of sim ulta neous presence
of both m utua l ly incoherent and coherent sol i to n com ponents [21].

The concept of the above-described 1-dim ensional m ul ti -com ponent sol i tons
can be extended to tw o-dimensional structures . These are the so-cal led dipole-mode
vecto r sol ito n, and has been predi cted theo reti cal ly very recentl y [22]. It is a novel
typ e of an opti cal vector sol i to n tha t originates from tra ppi ng a di pole H G 0 1 - typ e
m ode in one opti cal beam by a f undam enta l-sol ito n- induced wa veguide created by
the other, co-propagati ng beam. Mo reover, i t has been shown tha t, whi le many
other to pological ly com plex structures m ay be created, i t is only the dipole m ode
tha t is exp ected to generate a fam il y of dyna m ical ly robust vecto r sol i to ns. For
instance, the recentl y studi ed vo rtex- m ode vecto r sol i to n, whi ch has a node- less
shape beam in one component and an opti cal vo rtex, i .e. beam wi th phase sin-
gul ari ty [23] in the other com ponent, underg oes a sym metry- breaki ng instabi l i ty
whi ch tra nsform s i t into a radial ly asym metri c dipole-mode vecto r sol i to n, even in
a perf ectly isotro pi c nonl inear m edium [24].

T o observe the dipole-mode vector soli to ns we used a photo refracti ve
stro nti um { nio bate crysta l and the exp erimenta l set-up sim i lar to tha t shown in
Fi g. 3 [25]. Thi s ti me however, we used ti ghtl y focused circul ar beam s (and a
sol id state laser operati ng at Ñ = 5 3 2 nm ). We appl ied two di ˜erent m etho ds to
form the di pole structure. In the Ùrst insta nce we m ade use of the opti cal vo rtex
form ed by di ˜ra cti ng the laser beam on the computer- generated hologram phase
m ask. In thi s parti cular case we generated vo rtex wi th charge1 (whi ch corresponds
to a 2 ¤ angular phase shi ft). Both, vo rtex and Gaussian beam s were then com -
bi ned into a sing le beam and focused at the face of the photo refracti ve crysta l .
The dipole vecto r sol i to n was then form ed as a result of modulati onal instabi l -
i ty . In the second instance we prepared the di pole component by im pri nti ng a
¤ phase jum p across one of the beam s by tra nsmi tti ng i t thro ugh a glass slide.
Thi s beam was later com bined wi th another Gaussian beam and focused onto the
crysta l . A CCD camera and set of im aging lenses were used to record the l ight
intensi ty distri buti on on input and output facets of the crysta l . Typi cal experi -
m enta l results are shown in Fi gs. 6 and 7. Fi gure 6 i l lustra tes the f orm ati on of the
di po le-m ode vecto r sol i to n vi a the break-up of the vo rtex beam. It has been kno wn
tha t the sym m etry breaki ng instabi l i ty causes a vortex beam to di sinteg rate when
i t propagates in the self- focusing isotro pi c m edium [26]. The break-up fragm ents
Ûy away wi th a nonzero ta ngenti al vel ocity whi ch is a consequence of the ini ti al
angular m omentum of the vo rtex beam . Thi s e˜ect has been observed in both, an
isotro pic nonl inear m edium [27] as wel l as photo ref racti ve crysta ls where inherent
ani sotro py speeds up the fragmenta tio n process [28]. In the case of sim ul ta neous
pro pagati on of the vortex and Gaussian beam the sym metry breaki ng instabi l i ty
is accelerated and results in the form atio n of a dipole-m ode structure , as shown in
Fi g. 6c{ d. A di ˜erent situa ti on is depicted in Fi g. 7. Thi s ti m e the input beam is
prepa red in such a wa y tha t i t m imics the structure of a dipole beam . The graphs
in Fi g. 6a show the ini ti al intensi ty distri buti on for fundam ental (u) and dipole (w)
components. The graphs in Fi g. 6b show the resul ts of indi vi dual propagati on of
these two components. It is evi dent tha t the f undam enta l com ponent form s a sin-
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Fig. 6. Formation of a dip ole-mode vector soliton via break- up of the vortex beam;
(a) input intensity distribu tio n of the vortex comp onent; (b) break- up of the vortex

comp onent during indivi dua l propagation in the crystal; (c) output intensity of the

dip ole-mo de soliton formed by co-propagating vortex and Gaussian beams; (d) inten-

sity of the dip ole comp onent of the dip ole-mo de soliton. Parameters are: V = 2: 3 kV ,

P u = P w = 0 : 3 ñ W, the propagation distance mm.

Fig. 7. Exp erimental observation of the formation of a dip ole- mode vector soli-

ton; (a) initi al intensity distributi on of fundamental (u) and dip ole (w ) comp onents;

(b) both comp onents after an indiv id ual propagation in the crystal | the repulsio n

of the two out- of -phase lob es clearly visibl e; (c) simultaneous propagation of b oth

b eam comp onents | the formation of a dip ole-mode vector soliton. Parameters are:

kV , 1 W, 2 6 W, the propagation distance mm.

gle soli ta ry beam whi le the di po le com ponent spli ts into two fundam enta l sol i tons
whi ch Ûy away due to the repul sive force caused by the ini ti al phase di ˜erence.
Fi nal ly, the graphs in Fi g. 6c show the result of the simul ta neous propagati on of
both beam s. It is clear tha t the presence of funda m ental com ponent leads to the
app earance of an attra cti ve force whi ch prevents two repell ing lobes of a di pole
from escapi ng. Both beam s propagate now as a stabl e di pole-m ode vecto r sol i to n.
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The demonstra ted here exp erimenta l real izati ons of the dipole-m ode vecto r
sol i to ns opens up a possibi l i ty of further studi es. These wi l l incl ude the stabi l i ty
of sol i to ns, thei r col l isional properti es as wel l as the form ati on of m ore com plex
structures such as m ulti poles and \ necklace" beam s [29]. It shoul d be mentio ned
tha t independent observati on of the dipole-mode vecto r sol i to ns has been reported
by Carm on et al . [30].

In concl usion, we di scussed m ulti -component vector sol i to ns in an inerti al
nonl inear medium . These sol i to ns are f orm ed as a incoherent superpositi on of two
or more components whi ch corresp ond to fundam enta l and higher order m odes
of the self -induced wa veguide. Both, one- and two- dimensional sol i to ns have been
observed in exp eriments wi th the photo refracti ve stro nti um { barium À niobate crys-
ta l .

I am grateful to my col leagues who contri buted to the to pic presented in
thi s paper. In parti cular I am indebted to N. Akhm ediev, A. Anki ewicz, G. Mc-
Ca rthy , C. Denz, M. Geisser, Y. Ki vshar, B. Luther- D avi es, E. Ostro vskaya, and
C. W eilnau.
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