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Optical nonresonance and two-photon resonance breathers in anisotropic media
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Anisotropic optical crystals with two-photon resonance impurity atoms are shown to have three different
mechanisms of the formation of breathers depending on the direction of the wave propagation and on the
symmetry of the medium. Explicit analytic expressions for the parameters of nonresonance and resonance
two-photon breathers of extraordinary waves are obtained. It is shown that, unlike one-photon breathers, for
two-photon breathers in the media with quadratic susceptibilities and the crystal classes43,4&nm 6,
6mm and Kerr media two different structures of the breathers zones are realized.
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I. INTRODUCTION self-induced transparencyf the pulse® > 7, the solitons

. ) i _are generated, but f@® <1 resonance optical breathers are
The existence of breathers is one of the most interestingy med [1-3.

and important manifestgtior_ls of nonlinearity ir_\ optical SYS-  In experiments of McCall and Hahji0] in a crystal of
tems[1-3|. The determination of the mechanisms causingrypy Al,0;:Cr* the excitation of resonance soliton was
the formation of the optical breathers and the investigation ofeached when the pulse intensity exceeds some critical value
their properties in different nonlinear media are among theabout 100 W/crh The necessary intensity for exciting reso-
principal problems of the physics of nonlinear waves. nance optical breathers of small energy is significantly

The basic sources of the optical nonlinearity in dielectricssmaller than the intensity necessary for exciting a resonance
and semiconductors may be the followiri@) Nonresonant soliton (27 pulse. Therefore the breathers can be excited
nonlinearity. Media possess nonlinear susceptibilities of seceasier. The resonance optical waves of small energy are par-
ond (quadrati¢ and third (cubic) orders[4,5]. (2) Resonant ticularly interesting also because they can take part in a wide
nonlinearity. A medium which contains optically active im- variety of nonlinear optical phenomena, for instance, in the
purities whose excitation frequency is in resonance with th@rocesses of the formation of optical double breathg.
frequency of a nonlinear optical wave. In such a case we caftesonance breathers of some equations of nonlinear optics
observe the existence of one-photon and multiphoton resdi'® also highly stab"Ie. The breather can be also considered as
nance processes, which form the basis of nonlinear res@® Zero-area pulse” which is experimentally studied in the
hance Spectroscof]. work [13] (see alsd14)).

Depending on the nature of the nonlinearity, the nonreso- ePending on nonlinearity of the medium various MFB
nance or resonance mechanism of the formation of breathefd€ realized. When the coefficient of photon-atom connection

(MFB) is realized. In the case of nonresonant nonlinearity,re<|‘ nonresonancgd, 19 (K>L resonancd?,3]) MFB is

which is expressed by means of the quadrédig) or cubic alized, (where L =dy in noncentrosymmetric media and

(pia) Susceptibilities, its competition with the dispersion L=pij In Kerr media. WhenK=L the "blended"” MFB can
Piji P ! P . P take place, when resonance and nonresonance mechanisms
leads to the formation of nonresonance optical breathe

[1.7-9 Sre acting effectively simultaneously. The “blended” mecha-

nisms of the formation of the nonlinear optical and acoustical

The resonant optical nonlinear wave can be formed with :
. aves have been considered by many autfibbs-19.
the help of the resonand®cCall-Hahr) mechanism of the Because numetrical values o?‘lthe q)l/Jantiki%@ py and

fotrmau?n offnonllne?r vlvaV(Ies, |.e..t,hfrom a notn.hnear_tcohteren can vary very strongly in different media, different solids
Intéraction ot an optical puise with resonant Impurity aloms,, .\ ya5jize different mechanisms of the formation of optical
in solids, when the conditions of the self-induced transpar

) . breatherq15]. But even more interesting for the study and
ency:wT>1andT <T, ,are fulfilled, whereT andw are the comparison of different mechanisms is the investigation of

these processes in one and the same crystal. Such a possibil-
%ty is given if we consider anisotropic uniaxial crystals and
investigate processes of the formation of optical breathers for
optical extraordinary wavegig.l). It is well known that the
properties of extraordinary waves depend on the direction of
*Permanent address: Thilisi State University, Chavchavadze Avetheir propagation and therefore for different directions of the

[10,11. When the aregéenergy, in the case of the two-photon

1, Thilisi, Georgia, 0179. propagation of the waves different relations between the
Email address: gadama@mpipks-dresden.mpg.de quantitiesds;, pjjq andK are realized. Hence if we change
"Email address: kaup@ucf.edu the direction of the propagation of nonlinear waves, different
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o > T propagating in the positive direction along thexis
make anglex with the z axis. We shall consider the optically
uniaxial media—trigonal, tetragonal, and hexagonal crystals
with components of the permittivity tenseg,=&y,# &, In
these crystals one of the principal axes of the permittivity
/M tensoreg;; coincides with the axis of the symmetry of third,
fourth and sixth order, respectively. This axis is called optical
o axis of the uniaxial crystal and we assume that this @xis
points alongz axis (Fig. 1). Corresponding principal value of
g y the tensors;; we determine as,,=¢. Direction of the two
other principal axegin the plane perpendicular withaxis)
are arbitrary and we determined ag=e,,=¢,. Not con-
creting the physical nature of dispersive process, we describe
o ) ) the dependence of permittivity tensgy on two variables—
FIG. 1. The direction of the propagation of the extraordinary

. DL o wave vectork and frequencyw of wave (spatially and/or
wave along axisy. The vectorsE, D, S andk lie in theyzplane.  temporally dispersion[20].

The principal optical axi© of the uniaxial crystal and the vector of L . L =~
. . . . S , In uniaxial media, the electric displacement vedioand
electrical dipole moment of the impurity atordg point along axis =
2. Direction of the axisy coincide with one of the chosen directions the vector of the strength of the electric fietidof the pulse
B shown as dashed lines. The BZ correspond to the hatched regigi€ parallel only ifk points in the direction of one of the
in which one of the MFB is realized. principal optical axis, but not in general. There are two sys-
tems of orthogonal vector tripletéd ,H,k) and(E,H,S) and

mechanisms of the formation of optical breathers will bewithout any loss of generality we assume t||§a|5,|2, and
realized. .Cons_equtlantly, in uniaxial media there exist certaigy, o Poynting vectoé:(c/4w)[é,ﬁ] lie in the single plane
propagation direction8 (and zones around thgnalong ; -
which one of the above mentioned MFB will be realized. Y2 Perpendicular of the strength of the magnetic fiéld

The investigation of the breather formation processes an#herec is the light velocity in vacuun(Fig. 1). Thenk-r
specific peculiarities of the propagation of nonlinear waves=K7, wheren=zcosa+ysina.
in anisotropic media is also of interest because many laser The wave equation for the strength of the electrical field
crystals are anisotropif4,5], and isotropic solids can be- E(#,t) of the optical pulse in uniaxial media has the follow-
come optically anisotropic ones in the presence of a constarg form:
electric field or under the influence of a deformat{@g]. It
is very important also that anisotropic uniaxial crystals in PE
many modern optical devices are used. Consequently this
considered problem has a rather general character and not
only has theoretical interest but it is very important for ap-wnere the polarization of the medium
plications too.

All these problems under the condition of the one-photon . ~ - - - -
excitation of the impurities(OPE) in uniaxial nonlinear P:JX(l)(xlvtl)E(ﬂ_Xl:t_tl)dtldxl+ P@+p3+pr,
resonance media are investigated in details in Réd}. Un-
der the condition of the two-photon excitations of the (2
uniaxial nonlinear resonance media, physical situations will _ .
be different and special considerationpw)illl be necessary. Aflrst-order susceptibility tens%(jl):lgsij _(1})/ 4(717) have t\g)o

The main goal of this work is as follows. The investiga- mdtipendent nonzero componensg; =Xox =Xyy 2N x;
tion of the structure of breathers zon&B?Z) and the condi- :X(ZZ)- The components of the second and third-order non-
tions of realization of the resonance, nonresonance anggsonance nonlinear polarizations have the following forms:
“blended” MFB in different anisotropic media under the con-
dition of the two-photon excitation of the impuriti€sPEI)
and the determination of the explicit analytic expressions for
the parameters of the two-photon breathers for the extraordi-

.=

BZ

. -
TIE _ CZE —— 4 P _ c?grad divP (1)
(9t2 (97]2_ atz g y

P}Z):sz,j(m, oty B — m,t - ty)

nary waves. X EZ(” /i 772!': - t1 - tZ)dtldtZdnldWZ!
Il. BASIC EQUATION PJ@ = f P3i(71, 72 M3, b1, o g B =y, t = t)ELn— m
We consider the mechanisms of the formation of optical
breathers in the anisotropi¢cguadratic or cubig nonlinear U B - mt it ty)
and second order dispersive media under the condition of X d,d7,d 750t dt,dts, (3)

two-photon excitation of containing impurity atoms in the
case when an optical pulse with widik< T, , and frequency where
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mE, . JE E PE,
X2,i(70, 12ty s @) = ijn(nliWZitlrtZ)?zn >z [V\/|(a)E|—ia|(a)a—77|+i,8|( )——,u.( )—I
; I
PE, &ZE]
i ’ ’ 1t 1t 1t s - - 5 ’ E /Er
3,170, 72, M3t o, 5 @) 7’|(a)a77(9t () Py EXH (0)E |/ E
€eneE, .
p]mnr(yllvyl217]31tlvt21t3) Eme : rv ],n,m,r:y,z, . o
= -2 P|(,3|)/,|~(CY)E|—|'—|"E|'E|" —n(a@)(81+d-1) (=0

! IV/
where xjmn, and pjmn, are the components of tensors of the
quadratic and cubic susceptibilitifd—6]. €,,=€,-€, € (5)

are unit vectors which are points along vecbandx,y,z  and connect with them the system of Bloch equations for
coordinate axesy,m=E,x,y,z, E=&E, andE,=ez ,E. The  two-photon processes
unity vector €& determine the direction of polarization of

linear polarized optical wavéFig. 1). For the most of non- ad _. An . ~n
centrosymmetric crystalsj > pjq and usually third-order Pk (2 =z, + GRE)0) =il koNE,
nonlinearity can be neglected. Although for the convenience (6)
in the equations we are keeping the both memhegfs and PINE .

pjmnr really only one of them is not zero in dependence from - = _KOE Id_|E,2,

this we consider noncentrosymmetric or Kerr medium. It 2

The quantityﬁ’ is the resonant nonlinear polarization due
to the interaction of pulse with optical active impurity atoms
under condition of two-photon processes. We shall assume, W, = 12(c2k2k? - (1)

. 1= K w® K™),
as is true of a large class of laser crystaee, for example,

Ref. [5]), that the vector of electric dipole mome&@ of

ere

. . . . L . = (212D (2) _,..2p(1
impurity atoms and the optical axi® of uniaxial matrix a = 1(PIKPA? + 2k — 1?AY),
coincide. In such system the theory of self-induced transpar-

ency constructed in the wolR1]. Another situation of self- B = |(C2|szl(2) _ Zwkfl) _ |szl(1))’

induced transparency in anisotropic media when the vector

&o do not coincide with the optical axis of the crystal con-
sidered in the work22]. In the present work we assume that

the vectorc]o and the optical axi®© of matrix coincide and
directed to the axiz. In such a case the vectér and the
vector of polarization of the impurity aton®® are coupling

% =12wA"” +10?°TM - 2c%B? - AK?T|?),

5= Cz|2k2D|(2) _ |2w2D|(1) _ 2|wB,<l) _ Kl(l),

to each other through thei-componentsE, and P, [21]. w = AACC + i + 2cKAP - 120?C(Y,
Consequently, we have to consider the nonlinear wave equa-
tion (1) for the z-component of the quantiti(#,t). 0 (J) " r9K|(j) 0 1 (92,('
. . . . A )= ) = _—, J ,
We can materially simplify Eq(1), using the method of a(lk) = ) | Za(lk)z

slowly changing profile. For this purpose, we represent the
function E, and P, in the form
() 1 0’;2 (j)
i

- ) A | PYURVE
E,= > EZ, P.=ny> ZdE,, (4) 24 (o)
I=+1 [
(3’2K|(j) . 2
wherez,=exdil (kn-wt)], E andd, are the slowly changing " - (K ale) 7 1.2, ni(a) =270 noi(2)d-,
complex amplitudes of the optical wave, ahduns through

the values +1, +2.. To guarantee the reality of the quantity K2c2

E, we setE,=E’, [15]. The dependence of the quantéyon (@) =1 - —rcodas Mw,lk), «=¢glk,lo),
the strength of the electrical f|eIElZ is governed by the op- @

tical Bloch equations which are based on the representation

of the resonance impurity atoms by an ensemble of two-level 5

atoms whose evolution is caused by processes of interaction “1 = &(7) &) + 4m coSa

with optical extraordinary waved1].

Substituting Eqs(2)—(4) in Eqg. (1) we obtain for the en- | v O (1) + tanarP (.t gl @tk g
velopes the following nonlinear wave equation X (7Y ax(m = . G

066616-3



G. T. ADAMASHVILI AND D. J. KAUP PHYSICAL REVIEW E 70, 066616(2004)

T2~ raf? _ ZE | im|? @i

MimMm2
] - ] li = -
a0 O o T RS W p)

i=1,2.
n>3 fi(wmp + w)

Iy —r12

Here# is Planck’s constanty,,,, and u,,, are the frequencies linear parametes. Substituting these expansions and expres-
and matrix elements of electric-dipole moments transitionsion (9) in the set of equation&) we obtain
betweenn and m level of energy of the two-level impurity

; : ; il ) , IR o(@)
optical active atoms. '_I'he e_ffec_:tlve sueceptlbmtles of the sec P! =3 S ozy, o : ‘P|<ln) o m(pl(lr?'l(p(ll)n" (10)
ond and third order in uniaxial media for the quantiy Lnn'm n-n
have the following form: Y
(2) 2 2 2 where
X, |,(a) =47l w [l/fl(a)()(zy))\l cofa + Xozd + )\|CO§a
AmNoKow? Ty _
X (Xyyzt Xyzy) ~ XyyyCOta co§a)\|2], (7) R ola) = —¢|(CY) (0= %1) (1)
® — 22,2 2 is the optical resonance absorption coefficient under the con-
) (@) = 4l \cot? + pyvst P P
Prir @) = A (N COPrayy* Payyst Payz) dition of TPEI[9,11]. The positive sign of the quantitiy,
+ Ui(@)przzr (N pyyypota+ N cofa corresponds to the attenuating medium, the negative sign
2 2o’ corresponds to the amplifier medium.
X(pyyzzt Pyzyzt Pyzz) + COLa COSahipyyyy From Eq(10) it is clear that, unlike one-photon processes
— coda ot alpyyy,+ Pyyzy+ pyzyQMZ], (8)  [15], the resonance nonlinear polarizatiBp does not con-
h tain a linear part related tf;, but consists only of a nonlin-
where ear part.
&Ik, lw) Substituting Eqs(9) and (10) into Eq(5) we obtain the
A= o (kla)' X = Xijn (K, 1w, 'k, 1" @), nonlinear Schrodinger equatiofNSE) for the quantities
+ ha=e\ge, (for I=£1):
Pijnm = Pijnm(K, 1@, I'K,1" 0,17k, "), i,j,n,m=y,z. O 82¢| o 5
'|T +|h %4 =0
oy
IIl. OPTICAL TWO-PHOTON BREATHER where
The further analysis of the set of equatighsand(6), we v, = 7~ vgt b =- 1 FQ q = ~Rio
make use of the perturbative reduction method, developed in : \,ﬁ b 20Q% ' 295| 18 -Qy’

Refs.[23,24. Under the conditiod®,|< 1, the quantities,

The nonresonance nonlinear term
can be represented as

m=M, = 1677'2L1’4(>(|(,2—)| |2|)X2||
Ei(n.0) = 2 E N DL, (9) Wy - 20Q - 2130 - 4%QQ + 4602 + 4 Q?
a=1n=-= (12)
where ©(7,t)=kof L Ef(7,t')dt’ is the quantity propor- ¢, quadratic nonlinearity crystals and
tional to the energy of the optical pulse in the case of two-
photon transition, Y,=€"Q7M r=¢Q(5-uvt), =%, v m =L, = 4meX(pd +p2))
=dQ/dQ, ande is the small parameter.

Such a representation allows us to separate ﬂ%;)rthe
still more slowly changlng quant|ty>| n Consequently, it is
assumed that the (@ a1
<Q|<p(“)| |a<p(“)/&7;|<Q|cp(“)| are satlsﬁed In the interac-
tion of an optical pulse with a resonantly absorbing medium,
the most significant effects are usually observed at exact - 2||77 e il(e+Qt-Qn)

resonance.Therefore, for simplicity, we consider the system =7 J5 cosh 2700
of Bloch equations(6) at exact resonance, i.e., Withw2 ) 0¥zl

for crystals with cubic nonlinearity.
Substituting the soliton solution of the NSE for superen-
velopey; , into Eq(9), we obtain the following form for the

envelopeE, of the breather solution from the wave equation
(5) under the conditiomp,q,>0 [1-3,9,15,2%

, (13

= w1 where
For the determination of the explicit form of the quantity
P, we expand the quantitiesd==,;s°b/” and N 2§o77 _
_ an(a) ; ®11= 2| 2(&- ) - 7= |[t— o
2 -0e*N'“ in a perturbation-theory series in the small non- \ P| pl
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FIG. 2. There are three different SBZ realizations for 8¢G,, andG; of crystals with quadratic nonlinearity. For crystals with cubic
nonlinearity the SBZ coincides with the SBZ &, of the quadratic nonlinearity crystals. The optical breathers of the small energy are
formed in the zones |, I, and 11BZ) by means of three differernit), (b), and(c) mechanisms as shown in the figures. These zones are
hatched. The width of the zones depends on the nonlinearity parameters and from this one- or two-photon processes are realized.

are determined by means of the quantitigsand R, o will
depend both on the direction of propagation of the pulses and
The quantitiesty, 79, ¢o andy, denote the scattering date on the symmetry of the medium. Thus we expect that several
of the inverse scattering transfofh,24] when applied to the chosen wave propagation directioBsexist in uniaxial crys-
nonlinear equation. tals at which different mechanisnji&), (b), and(c)] of the
The appearance of the factd{Q7 2V in the breather ex- formation of the optical breathers are effectively contribut-
pression(13) indicates the formation of periodic, and slow in ing. In Fig. 1 direction of the wave propagation coincide
comparison witlZ;, beats in coordinates and time, with char- with one of theseB chosen directions. In Figs. 1-3, these
acteristic parameter <w and Q<k. The equationWV,_,;  directions are shown by dashed lines. Breather z¢B&3
=0 provides the dispersion law for extraordinary waves andorrespond to the hatched regions around these directions
the relation betwee) and Q, for fixed values oft andn  where one of the MFB will be most effective. There are

7 v tion of the optical breathers of extraordinary waves, which
o)==+ |4&%— = |t Yo

VP VP

equal to £1, has the form forbidden zonegFZ) located between the BZ where the
5 - MFB are not or only weakly effectiverigs. 2 and 3
nQ+ Bnd - QA + Q™+ 507 =0. (14) In order to find these directions we have to analyze the

Because all coefficients of this equation are functionsrof Symmetry of the media. Analyzing the expressi@) we can
the connection between quantiti@sand Q will depend on  Separate all quadratic uniaxial crystals into the three groups:
the anglea too. The first group(G;) contains the crystals with the crystal
classes(CC) 4,6 and 6n2 of the uniaxial tetragonal and
hexagonal crystal systems; the second gr@@p contains
IV. STRUCTURE OF BREATHERS ZONE the crystals with the CC 3,8 4, 4nm 6, 6mm of the

; : : trigonal, tetragonal, and hexagonal crystal systems; and the
The quantityg, contains terms coming both from the reso- _ . ;
nanceR,, and nonresonana®, nonlinear terms. Depending 1'd group(Gs) contains the crystals with the CC 32, 422,

on the values of these quantities, different mechanisms of the
formation of optical breathers can take place.

(@ m=R candmR, (<0. This is the condition of the 2 BZ a
realization of the “blended” MFB when both the nonreso- oy / ________ B,
nance and resonance nonlinearities are simultaneously effec- i /

tive and act together with the dispersion in the process of the
formation of resonance optical breathers of the small energy. 7
(b) m <R, o. The pulse interaction with optical impu-
rities has nonlinear character and nonresonance interactions /BZ S
i s o VPL/ /LN B
are ignored. This situation corresponds to the two-photon c 1 /7// 1
self-induced transparency and resonance optical breathers of FZ
the small energy2,3]. o
(©) m>R ( The pulse interaction with optical impuri- G
ties does not contribute to the formation of the nonresonance
breatherq9]. FIG. 3. There is the SBZ for the quadraég and cubic crystals,
From the expression@), (8), and(11) it is clear that the  under the condition of two-photon processes, when adjacent BZ II
quantitiesm; andR,  depend not only differently on the di- and BZ 11l somewhat overlap with one anoth@r Fig. 2 G,) and

rection of wave propagation, but also essentially on the symeombine into a one wide BZ Il which by means of the directiBgs
metry of the medium. Hence the mechanisms of the formaand anglea, are determined.

o

2
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42mand 622 of the trigonal, tetragonal and hexagonal crystathose of the crystals o6, with quadratic nonlinearity and

systems. hence Fig. 2G, and Fig. 3 applies for crystals with cubic
The situation considered in Fig.@, taking into account nonlinearity as well.
that for the group of crystal§; the quantityxle),(aaw/ 2) Hence for crystals with quadratic susceptibili®, and

=0. Unlike theG,, the G, of the crystals realizes another Kerr media SBZ will be different on whether the conditions
SBZ (see Fig. 2G,). In particular, for theG, the quantity —of OPEI or TPEI are realized, at the same values of the other
Xl(zl),(a—> w12) # 0 and consequently in the zone IIl the direc- Parameters of the medium and field.

tion B; the anglea, appear which are deéi)ned through the V. CONCLUSION

equationM;=R, o (but for a different valugy,’, ~ x;z.than in ) . ) )
zone ll). In zones Il and Ill resonance opfical breathers will The NSE is the fundamental equation to describe solitary

be formed by means of the mechanigap but breather pa- waves, which occur when dispersion is balanced by nonlin-
rameters in zones Il and 11l will be different. earity, when both group velocity dispersion and nonlinearity

For theG; of the crystals the situation is quite different as Play an important role simultaneously. The input intenkity
quantity X|(2|)/ equal to zero and consequenti§;=0 every- Mmeans of the quanut&z_k/ag)z, i.e., frqm the dispersion prop-
where and we have only one special directiBg which ertiesk(w) of the medium is determinef@]. For the breath-

points along they axis. The quantitR o(7/2) has maximum ers of small energy the situatipn is.different. An input inten-
value in this direction meaning that in this single BZ sity fc_)r the brezather.generatlon,r IS proportlonal to thg
MFB (i.e., self-induced transparencwill be realized(see quantity *Q2/6Q* and it can be determined from the re‘ll_atlon
Fig. 2 Gy). (14) for O and_ Q. The quantitied) andQ charfactenze in-

The SBZ considered above in Fig. 2 are valid for OPE| adernal properties” of the breather. Unlike soliton, the inten-
well as for TPEI. These cases differ from each other only bysity of excitation of the breathey, is determined not only by
the value ofR, o, which for the case of the TPEI is rather the dispersive properties of the medium and the direction of
small in comparison with the case of OPFI5]. Conse- extraordinary wave propagation, but also by the internal pa-
quently, the equatiom =R, o necessary for realization of the rameters of the breather and the symmetry of the medium.
“blended” MFB under the condition of the TPEI will be sat- Because numerical values of the nonlinear susceptibilities
isfied for the directions of the pulse for which the angle can vary very strongly in different media, in different solids
will be closer tow/2 (at the same value of all other param- the minimum intensity for non-resonance breather generation
eters of pulse and mediynirhis is due toR, o taking maxi-  will be different, too[15].
mum value when the pulse along tleaxis is propagated. Unlike one-photon breathef45], for two-photon breath-
This fact lead to the following differences between the SBZers connection between breather’s parameieendQ [Eqg.
for the one-and two-photon breath€@PEI and TPEI pro- (14)] and the quantityM, [Eq. (12)] do not depend on the
cessep coefficient of resonance optical absorptiRn(«) [Eq. (11)].
Therefore, unlike of the case of OPEI, under the condition of
TPEI the pulse interaction with optical resonance impurities

(1) For the two-photon breathers comparison with one-does not influence the parameters of the nonresonance
photon breathers the Fdl) and FZIIl) for the crystalsG;  breathergBZ | in Fig. 2 G; and Fig. 2G, and Fig. 3. We
andG, and also FZ for the crystalG; will be extended. At have to note that under the condition of the OPEI linear part
the same time BZ Il and BZ llI for crystal§; andG,, and  of the atom-photon interaction influence on the parameters of
BZ for the crystalsG; will be narrowed(Fig. 2). the nonresonance breath¢gs15|.

(2) In the case of the two-photon breathers for the crys- Consequently in the anisotropic uniaxial media three
tals G, will be able to arise different, comparison with Fig. 2 mechanism$(a), (b), and(c)] of the formation of the optical
G,, SBZ when width of the FZIIl) equal to zero. In this breathers can be realized for different directions of the ex-
case adjacent zones of BZ Il and BZ Ill somewhat overlapraordinary wave propagation depending on the symmetry of
with one another and combine into a one wide BZ with cho-the medium and from this one- or two-photon processes is
sen directionB, makes anglex with the opticalO axis, realized. The uniaxial crystals with quadratic nonlinearity
which do not coincide in ether directio or B} directions.  can be divided into three different groups with each of them
In other words, under the condition of TPEI for the crystalshaving its own SBZ. The SBZ within one of these groups
G, a new SBZ can ariséig. 3). does not depend on the crystal systeisygonies or point

Consequently, unlike the OPEI, under the condition of thegroupg and is determined by means of CC and are different
TPEI processes for the crystaB, depending on the value for one- or two-photon processes.
of the parameters of the pulses and media, two different Fig. Unlike quadratic media for uniaxial crystals with cubic
2 G, and Fig. 3 SBZ will be realized. nonlinearity, the SBZ depends neither on the crystal systems

(3) The SBZ for crystals with quadratic susceptibil®;  nor on the CC and only depends on which one- or two-
and G, are the same for one- and two-photon breathers. photon processes are realized. The SBZ for cubic crystals

) coincides with the SBZ of th&, of the crystals with qua-
B. In Kerr-media dratic nonlinearity.

From Eq.(8) it follows that all uniaxial crystals with cu- Hence the mechanisms of the formation of breathers de-

bic nonlinearity have the same chosen directions and SBZ g®nd on the direction of the pulse propagation and from this

A. In the quadratic nonlinearity crystals
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one- or two-photon processes are realized and this depen- These considered mechanisms can be realized in different

dence is qualitatively different for media with quadratic andisotropic media too. Among them one of the most interesting

cubic susceptibilities. for applications could be doped fiber media: e.g., an erbium-
Comparison our results with Refl15] for OPEI, have doped optical fiber in which a “blended” mechanism for the

shown that the SBZ depends not only from CC but from thisformation of solitons has already been considef8,19.

one- or two-photon processes are realized. We anticipate that the properties of optical small energy
The mechanismgb) and(c) do not act independently but breathers may become very usefgl to the future of optical

also influence each other. They can strengthen each oth§PMmunications and photonic devices.

under the condition ofa) MFB but in another case when

m—-R =0, for example in amplifier media at; <O, the

breathers do not exist and consequently the SBZ will be G.T.A. would like to thank the Max Planck Institute for
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