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Solitonlike propagation in photorefractive crystals with large optical activity and absorption
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We have found analytical solutions of the light propagation equations in photorefractive materials with
strong optical activity and absorption. These solutions show the occurrence of breathing solitons in sillenite
crystals with strong optical activity and absorption in two particular orientations with respect to the external
electric field. The absorption is decreasing the soliton intensity with the propagation digtdmicie set a limit
in the soliton channel lengthis increasing the breathing period, and is changing the soliton Widihverse
relations, at low and high intensitlesOur experimental results confirm the analytical solutions and the nu-
merical simulations, as well as the importance of the optical activity and absorption in solitonlike propagation.
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I. INTRODUCTION [13]. Segewet al.[14] and Crosignanét al. [15] wrote good
reviews over the major achievements in the field. Soliton
Steady-state spatial solitons at low laser intensity havénteraction is being largely investigated too, see, for ex-
been proved to exist by @1)D and (2-1)D (D means ample, the review by Denet al.[16].
dimensiongl compensation of diffraction by refractive index =~ Many photorefractive crystalor example, the sillenités
modulation in photorefractive crystalé—11]. and organic nonlinear materials show important optical ac-
The steady-statéscreening solitons were first predicted tivity [17], which complicates the wave propagation in these
by Segevet al. [1,2] and by Christodoulidis and Carvalho anisotropic nonlinear media. Singh and Christodouljdi3]
[3]. They assumed théncoherent superimposition of the and Krolikowskiet al.[19] developed theoretical models and
focused signal beam on a collimated background beam into aumerical calculations for studying wave propagation and
photorefractive crystalPRQ. The background ensures a possible (1 1)D soliton formation in these complex media.
constant pumping of electric charges, provides the depenfhey have shown that for some crystallographic orientations
dence of the refractive index change on the average lighand properly chosen beam intensity, nearly stationary propa-
intensity in steady-state conditions, and drives the system tgation of solitonlike waves is possible. We have obtained
a stable modification of the refractive index, i.e., to a stableanalytical and numerical results within a theoretical model
soliton formation in the signal beam propagation. In order tafor (2+ 1)D solitonic propagation in photorefractive crystals
obtain the spatial soliton, both beams are propagating paraith strong optical activity{20,21 and experimental results
lel along an appropriate crystallographic axis of the photoreproving the generation of (£1)D solitons in Bj,SiOyq
fractive crystal and perpendicular to an external electric field(BSO) crystals, at high external electric fielfig1]. In this
which creates a dominant drift regime for the photorefractivepaper, we describe (21)D analytical solutions of propaga-
effects. The static electric field inside the crystal is decreasetion equations in PRC with strong optical activity and ab-
(screeneflin the region of the focused beam, with a narrow sorption. The relatively large absorption was previojigB—
Gaussian spatial distribution and a high optical intensity in24] correlated with good photorefractive properties and
the center. The resulting electric space-charge field induces@nsequently, it cannot be neglected in a realistic treatment
spatial refractive index modulation in the form of a wave-of spatial solitons. The existence of {2)D “breathing”
guide, which preserves the solitonic shape of the propagatingplitons (solitonlike wavey is demonstrated for particular
signal beam. The theory of steady-state solitons in PRC wagrientations of the crystals belonging to the sillenite family.
further developed by Crosignaat al.[4,5]. The dependence of the soliton features on different control-
Experimental observation of (21)D and (1+1)D lable parameters is also derived. Experimental results, as
steady-state solitons and self-focusing in PRC was done byell as numerical simulations in BSO crystals, confirm these
Shih et al. [6,9], Iturbe Castilloet al. [7,8], Kos et al. [10], analytical solutions and the importance of optical activity
Chenet al.[11], Fressengeast al.[12], Wolfensbergeet al.  and absorption in soliton formation.
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II. LIGHT PROPAGATION IN PHOTOREFRACTIVE background BXp
CRYSTALS WITH INDUCED BIREFRINGENCE, OPTICAL
ACTIVITY, AND ABSORBTION _ |HV  filtering N

. . . . . . . optical activity
The light propagation in a nonlinear anisotropic material

with optical activity and absorption can be described by the  gigna)
wave equation for the electric vector of the optical field
(10,11

. R o : imagi
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(1) FIG. 1. Wave propagation configuration in a photorefractive

) ) o ) ) crystal for screening spatial soliton formation.
wherec is the light velocity in vacuumg is the symmetric

dielectric permittivity tensor of the anisotropic materia®™ angular momentum of the solitonic beamis a constant of

is the tensor-vector multiplicatio,= 2 po/k is the gyration  motion. If the curl ofA does not vanish, the optical activity
constant,p, is the optical rotating powen, the refractive  acts as a friction for the polarization rotation, destroying the
index, a the absorption, andl is the wave vector inside the soliton that no longer conserves its angular momentum. This

material. condition, i.e., a constant angular momentum of the soliton,
Considering the classical solution of the form has been confirmed experimentally too.
. et Using the normalized variableg=kx; n=Kky; {=kz,
E(F,t)=A(r)e' ks eV (2)  Eq.(3) becomes
and introducing the slowly varying envelope approximation B e —1 e i B
(SVEA), Eq. (1) becomes Ll (oyy . ) (e 91)“ X}:o. (5)
By (8xy_|gl) (exx—1) By
C0A PA PA . L i, .
2ik—+ -7+ Fva k?A+ k% ® A+ik2g(é,X A) In Eq. (5), we have introduced the operator
9 L=2i J + > + ”
2 = - . ->_ — R—
+k? - (VXA) +ikaA=0. 3) Yo 982" ot

In a simplified single species model, the photorefractive efand the effective gyration constarg,=2[p,— (a/2)]/k,
fect consists of the photoionization of some donors and thavhich includes the effects of the linear optical absorption.
refractive index modulation by the resulting electric space-One can diagonalize the permittivity tensor from Es).by a
charge field(including carrier transport and recombination counterclockwise rotation of the planB,(,B,) by the angle

In the steady-state and drift dominated transport conditionsp’ = 3 arctang[ 2e,y /(exx—&yy)], Which leads to new field
the change of the dielectric permittivity tensor as a functioncomponents B, ,B;).

of light intensity is described by a simple equation For cubic PRC and for the coincidence of the optical field
[2-4,10,11. Crosignaniet al. [4] found out that, in both (1  axis(z axis) with one of the principal directions of the index
+1)D and (2+1)D cases, the dependence of the dielectricellipsoid, one finds

permittivity tensor on the optical field intensity is given in a

good approximation by (o}

sxxzsyyzla Exy™ 72 72 )
ey O } 1+(By +By Mg

0

E=[EoRnGI[1+(A/Ig)2] T+2, &o=

C1=n3r 11Eo=(1/3)An— ' = 7/4, (6)

hereE- is th | electric fiel i icularl with A_n being th_e refracti\{e in_dex change due to the photo-
whereE, is the external electric field applied perpendicu aryrefracnve effectinduced birefringende

to the optical beams, along ti@X axis,R is the electro-optic Introducing the normalized field componentsy

tensor of the anisotropic materidl is the background in- _ o, _ R
tensity, ande is the dielectric permittivity tensor in the dark Bi/\Tg. v By/ Vi, Eq. (5) takes the form

(Fig-D. _ N o Tul [(A+uw+ud)™t  —igyle,  u

For a dispersionless optical activity we can wrie< A L v tid. o (1+u2+02) 1o =0, (7)
=0 (as justified in[17]). In this case Eq(3) can be written 917€ . v
in a more compact form using a new fiel=—-MXA=  \here 4 takes the values 0 or-1 for the two important

—meg,X A, whereM =m¥, is the angular momentum of the orientations of the crystal, with the electric field along the
soliton beam and, represents the unitary vector along the[001] and[110] directions, respectively. The rotation of the
propagatiorz axis. Thus a vanishing curl & means that the light electric vector by the optical activity is more conve-

016605-2



SOLITONLIKE PROPAGATION IN PHOTOREFRACTI¥ . ..

niently described by thevave equation in cylindrical coor-

PHYSICAL REVIEW E 66, 016605 (2002

When co9=0, the modulus of this axial vector is singular,

dinates (scaled to the nonlinear birefringence coefficient but the light field is limited by other factors in the solutions,

Cq):
n'=psing, ('={=cikz,
p=\E"Z+ 7= e kP +y?,

Moreover, the separation of the slow compongetsve-
lopesu,, vq) from the fast onegyp) in the field vector, as

§'=pcosep,

p=arctafy/x).

i = S e ko
e ®
transforms Eq(7) into
Cou Pd [(L+uP+e?) Tt 0 U,
A0 T o2 0 M(1+u2+02)—1} o
+i(g1/cq)(E,X0)=0. 9

which compensate this behavior and ensure the power con-
servation, as will be shown.

After the transformation from Eq(10) and the use of
condition(11), Eq. (9) becomes

” oby  Pd [(1+uP+v?) 7t 0 [@Xl}
— =+
I al'  dp 0 w(l+ul+p?) [Py

=0. (14)
The transformation of th&b-vector components back into
the amplitude components of the light electric field can be
found from

Ax} TIe ) sind —cosé @Xl} 15
A, = sl my(e,{’) cosd sing || Py’ (15
Within SVEA, one can take

u?+v?=(2/m)[DF + D152 (16)

To proceed further with solving the propagation equations,

In Eq. (8), py= /2 is the integration constant for the slow We shall do some piecewise linearizations of the permittivity

component. The width of the main lobe of the factor’gin

+po)\p+pb, which appears in the field envelope, is ex-

(space-chargecharacteristic function of the photorefractive
crystals.

pected to be much larger than the soliton width and conse-

qguently we shall approximate this factor by 1.

In order to separate the induced birefringence and the op-
tical activity, we can take the envelope vector to rotate in the

reference frame of the optical activity by the anglg’/c;

=g0,kz, i.e., to transform it into a new vect&r(p,g’) by the
vectorial product with an axial vectay(¢,{’),

. |Up
U1

=| T =®(p, ") X H(@,L"). (10)

We can restrict the form of the axial vectgfp,{’) by the
condition

. Jy -
2i<I>><(9—Z:+i5[éZ><(<I>><7)]=O, (11)
which eliminates the rotating term from E®) and leads to
the solution[17]

y(e,l")~e “¥?cosh|?, (12
with
—(m/2)].

In Eq. (12), we can takep’ = /4 for cubic crystals and

the initial phase of the optical activityy=0 from suitable

0=30¢—2¢"+(91/c1)¢' —245]=(12) ¢+ g1kz

A. Solitonlike analytical solutions of the wave equations in
PRC with optical activity and absorption at low
intensity levels

At low light intensity levelsthe intensity dependent factor
from Eq. (4 can be approximated by (l/lg)=1
—r(l/1y), (15 is the maximum input intensity,=1,/1g) and
Egs.(14) become

oDy, Dy, 2r ,
2'(9—5,+ op? TH 1—?72(%4 NP5+ DY) | Py
=0,
b, PP 2r
; yi yl 2 ’ 2 2 -
2i ' +7p2—+ 1I=— 7ol )(‘I)xﬁq)yl)}‘byl—o-

17

We are looking for spatial solitons, therefore, we are inter-
ested in the transverse component decoupling. This decou-
pling is based on the large period ratio of the transverse and
axial oscillations, which allows us to write tldefunctions as

D=2y (p), D=6y (p),

(Wt ) <lunl?+ )2 (18)

boundary conditions to ensure the continuity with the Gauss- o )

oscillations(breathing of the propagating wave with the pe- Verse(envelopg equation system

riod

Np=2N/g1=27[po— (al2)]. (13

Pilp) 2r
fpzp — 1 — Y@ L)W+ ) =0,
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&Z(ﬂy(p) 2r s and (Ap), is the normalized beam widttior r<1).
o2 w7 (.8 (et by iy =0, (19 At this point, we shall take into account the two important

orientations of the cubic crystals, imposing the above-
where the newy functions are related to opticdelectrio ~ mentioned particular values for the parameter

field components by Case 1 u=0 (the external electric field oriented along
[001] direction. The solutions of Eq917) and (19) are

A sing —cosé
{AX =V2let/mY(e: ) cosp  sing 2021 (Wit a2
y P(p1) = dyo eXR — [ pIWo/ (Wo+ 44" %) 1}
e h(py) X[mA(Wi+4'2)] V4,
e yylpy) | (20
ivV2i
In Eq. (20), we have denoted L . — 29
AP oStV 20) 22
p1=\2rlmy(@,z)p=2r] e~ *%? CO{—)
2 where i, is the wave amplitudgby normalization, ¢,q
g =1) andwy is the input Gaussian beam width. The optical
X| o+g.kz— 5)‘ p=pl(Ap)q (21  field components are

sind —cosé expl — [ p2wW3/ (Wa+ 47 ) M w2(Wh+47'2)] VA

iv2 cosh1(f2p1)exp[—[pi/(wé+4§'Z/Wé)]}[ﬂz(WSJF45'2)]1/4} 3

A
[Ay}=v2lsr/m(¢,§’)

cosfd sin@

defining a wave, which has a confined “breathing” core and 1 o
a weak diffraction part in both components. The total inten-  (Ap)y= /2 5 ml2re”
sity of this wave is

ool

22, (253

l(p, @, &)= (2m)lg(r Y)Y+ ]~ (2/m* W) I p(r ¥) + 5 z”
X exp(—2p2/w3)|1+2 cosh 2(vV2p,)|. (24)

which is close to a corresponding Gaussian function and the
width of the Gaussian function of Eq24). Thus, we can

The approximation holds for short crystalBSO crystals calculate the maximum soliton wicth by

usually used, due to large absorplio®ne can remark that

the jumps ofy function (when co$9=0) are balanced by the -2 -2 -2

exp:)negtial ?actor, so that the total intensity preser)\//es the (Ap) "~ (A1 mad +(\/;W°/7\/F) - (259

solitonlike shape. The initial conditions lead to the relation,\we can observe that the soliton maximum width is smaller

wo~6r/m>? and to smallw,, which are restrictive condi- than the Gaussian input beafas expectedand decreases

tions for (2+1)D solitons. also with the increase of the beam ratio,All transverse
The total intensity from Eq.24) can be graphically griables were normalized by the factd{\/m

shown, as a function of the propagation distance, for an op- 2702 . ; ; ;
! o N - = Ng/No) Vr41Eq; thus, one can obtain the soliton maxi-
tical activity of 10°/mm(in Figs. 4a, b), as for Bi,TiOy mL(Jmﬂw(i)dtr?)as ar=0

(BTO) crystals[17]) and for an optical activity of 45°/mm

(in Fig. Zc), as for BSO crystal§l7]). In these figures, the —(Ap)/KJN2r i En 25
crystal length is chosen to be 8 mm, the input Gaussian beam Ws ma= (Ap0)/KNNGr 41 (259

width is 10 um, andr=0.1. One can remark that the soli- 5,4 deduce its decrease when the external electric field is
tonlike propagation is maintained in the presence of opticajycreased.

activity and absorption with better confinement at higher ex- c55¢ 2 u=—1 (electric field oriented alonfl10] direc-
ternal electric fields. The increase of optical activiy given tion). Equations(19) become

absorption coefficientdecreases the soliton breathing period

and the increase of absorption coeffici¢at a given optical PPy

activity) slightly increases the soliton breathing period with a 902 (Y 9l =0,
simultaneous increase of soliton width and attenuation. P1
The soliton width is obtained by combining the maximum P2y
width of the hyperbolic secartat the maximum values of S~ (2+ 42 h,=0 (26)
Lo J X y/ Py .
cos function: P
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u=0 ; p=10°mm ;E;=7.5kV/mm Passing through the characteristic equations of the system
(26) and a differential equation of Riccati tydd7], we
found out the solutions at low intensity levelg,,, #yo

<1)!

(p1,2) = (Pol2)| (4/3)[ — coshp; +In|tanh(p,/2)[] 71

—(coshp;) ™,
(27)
y(p1,2) = (Pyol2)[ (4/3)[ — coshp, +In|tank(p4/2)[] 1

+(ccoshp;) 1],

and the optical field componentfor cubic crystaly

a=1.75 cm’!

() ' [2j=\/2|3r/777’(¢'§,)

p=0 ; pe=10%mm ;E;=30kV/mm

sind —cosé
cosfd sind

eiigrlzlpx(plyz)

-, 28
ey (py1,2) 28

which isa breathing solitonlike wavalong both axes. Con-
sidering the initial conditions(the identity with the 2D
symmetrical Gaussian input beam lﬁxo—lﬂyo—lﬂo

a=0.0 cm™! o=0.5 cm! a=1.0cm!

=(2\/m/wg)*? the soliton like beam intensity is
| = A+ A= —=— g2, 0")
Y Jmwg '
16
a=1.5 cm! o=1.75 cm’! a=2.0 cm’! % 9 1
(b) p1 " (coshp,)®
=0 ; py=45°mm ;E=30 kV/mm In| |tank ]| | —coshp

(29)
One can remark that, for this crystal orientation, yheom-
; ponent is a transversely modulatéoteathing soliton and
thex component is a deformed version of the former one due
to the logarithmic term. The same initial conditions lead to a

@=0.0 cm! =0.5 cm! o=1.0cm! relation between the input beam width and the beam ratio,
namely:w3= 7r/2r, which confirms the restrictive conditions
for (2+1)D solitons observed in experiments with other ma-
terials. The total intensity of this breathing soliton can be
graphically represented, for BT{Figs. 3a, b] and BSO
[Fig. 3(c)] crystals, respectively, as a function of the propa-
gation distance.

a=1.5 cm-! a=1.75 cm! a=2.0 cm:! The solitonic channel produced by EQ9) is

C
1 16
FIG. 2. The total intensity of the propagating wave as a function (Ap)~ 77/2r; = ml2re*e¥? Cos{ z( Po— 5)

of the distance with the external electric fielel,, applied along the

[001] crystal direction(uw=0, perpendicular to the vertical propa- @ 77”

gation axis, Oy, for different absorption coefficients. The maxi- +5— =1l (30
mum propagation distance was taken 8 nia).BTO crystal(opti- 2 4

cal activity p=10°/mm), Ey,=7.5kV/mm, (b) BTO crystal, E,

=30 kV/mm; (c) BSO crystal(optical activity p=45°/mm), E, In the first maximum of breathing wave, this normalized

=30 kV/mm (according to the material parameterd i17]). width can be written as

016605-5



E. FAZIO, V. BABIN, M. BERTOLOTTI, AND V. VLAD PHYSICAL REVIEW E 66, 016605 (2002

p=1 ; pe=10°mm ; E;=7.5kV/mm

o=0.0 cm! 0=0.5 cm! o=1.0cm!

2pg— «
A =N T2 ——ee—e—e——=
( p)l max W

% o t o +7T
ex Spo—a arcta 3p0—a) 7

o
:(Ap)lmw(ryz_po .

(31)

The maximum soliton width can be immediately derived as

W1 = (Ap1 mad/K\NGT 21Eo. (32

In the total intensity(29), the optical activity(included in
v) leads to the breathing. The total intensity decreases

o=1.75 cn’! a=2.0 cm! strongly with the propagation distance due to the large ab-
@ sorption(included as well iny) and, for this reason, sillenite
3 Pe=10°%mm ; E,=30kV/mm crystals longer than few millimeters can practically not be

used. The absorption leads also to a progressive decrease of
the diffraction compensation by the nonlinear birefringence
(dominated by drift effegt However, for the usual sillenite
crystal lengths and absorption, the soliton confinement is rea-
sonably good. It can be noticed that the soliton intensity
reaches high values in the points of thaxis defined by

o
cos{ z( Po= 5

where a focusing occur@vithin the power conservation

One can observe that the period of the transverse modu-
lation as well as the soliton widtfin the first half-period
increase slightly with the absorption growth, for strong opti-

o T
4+ —— —

2 4|~ %

o=1.5 cm! a=1.75 cm'! 0=2.0 cm’! cal activity[Figs. 4a,b]. For the usual parameter values and
®) the external fieldeg=30 kV/cm, the breathing period could
p=—1 ; py=45°/mm ;E;=30kV/mm increase for BSO crystals from 0.8 cfwithout absorptioh

to ~1 cm (with a=1.7 cm 1) and for BTO crystals, from
5.7 (without absorptiohto 7.3 cm(with «=0.5 cm %) [Fig.
4(a)]. For absorption coefficient=1.7 cm ! and BSO crys-

tal length of 2 mm, the soliton width increase is of the order
of 17%(Fig. 4(c)]. According to Eq(32), the optical activity
would decrease the soliton widfFrigs. 4b) and 4c)]. The
soliton width increase due to absorption is compensating in a
favorable manner the decrease in width in the focusing inter-
val (at least in the first half-period of the breathing, which is,
for BSO crystals,~5 mm). Thus, the beam confinement is
even improved in the experiments with the usual crystals.

o=0.0 cm'! o=0.5 cm! o=1.0cm!
“ " “ B. Solitonlike analytical solutions of the wave equations in
PRC with optical activity and absorption for signals
o=1.5 cm™! o=1.75 cm! a=2.0 cm! comparable to the background
©

For signal intensity comparable with the background in-
FIG. 3. The total intensity of the propagating wave as a functiontensity the intensity dependent factor from E@) can be
of the distance with the external electric fiel,, applied along the  approximated by (3-1/1g). Equations(14) become
[110] crystal direction(u= — 1, perpendicular to the vertical propa-

gation axis, Oy, for different absorption coefficients. The maxi- . d®yx1 Py 2 , 2 2

mum propagation distance was taken 8 m@.BTO crystal, E, ! L' * (;p2 +(uld)| 31 ;7 (¢.¢ )(q)xl+q)y1) Py
=7.5kV/mm; (b) BTO crystal,Eq=30 kV/mm; (c) BSO crystal,

E,= 30 kV/mm (according to the material parameterd i7]). =0,
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FIG. 4. The dependence of the soliton breathing period and the
normalized soliton width on the absorption coefficig@ and(b)]

and on the optical activityc), at low intensity.
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0Dy Py, 2, ) ’ 5
I al’ + 0P2 +(1/4) S_r;')’ (e,¢ )((Dxl+q)y1) (Dyl
=0. (33

The transverse component decoupling as in(E§). leads to
the transverse equations system

PP(pq) 2
lgp(zplﬂ(r/ll) p V(0.8 (et 9l) =0,

d? 2
";Y,fz"”—um) — Y@ )W+ i)Yy =0, (34

1
COE

p=pl(Ap),. (35

with

po=\r12my(¢,2)p=rl2me

lorgme Il
@9125’

In this case, the soliton intensity takes the same form as in
the case of low intensity. The width of the solitonic channel
can be defined similarly to E¢31),

2p— «
Ap) =27 N ———
e T e
o t o " aa
X ex po—a arcta 2po—a| ||’
(36)
Ws2=(Ap2 ma/K\NGF 4:Eo, (37
but it is smaller due to the different range of values rfor
W52~2\/I’1/r2~2\/rl<wsl (38)

(indices 1 and 2 correspond to low and medium intensities,
around J. This result is in agreement with the experimental
results. The period of the transverse modulation as well as
the soliton width(in the first half-periogl are increasing with
the absorption growths, for strong optical activity, as in the
case of low intensity.

C. Analytical solutions of the wave equations in PRC with
large optical activity and absorption for high signal
to background intensity ratio

In this case, the intensity dependent factor from &y.
(proportional to the spatial charge field in the photorefractive
crysta) can be written as

1 1 1 lo

Ese~ vy “ang e i, 9

and the equations of the fieldb@l,CDYl) take the form
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ID, D,
i +
2i a0

M
+
ap®  (2rlm) 72[q>§l+ @51]

®, =0,

aDy,

ﬂZ(IJyl 1
+
al'

2i +
ap® (21 m) YDy + Dy ]

@, =0.
(40

Using again the decoupling of the transverse component

equation system, we obtain

azwx(P)_ ‘px -0
ap? Py

Phy(p) by
ap®  (2rlm) (P v))

We can renormalize Eq$41) to

p3=pl(Ap)s=pl(N2r/my)

=0.

(41)

p.

~[\ml2re“?co 1<;5+Eg kz— =
27 27177 4

Case 1 uw=0. From Egs.(40) and (41), one can obtain
the solutions

P(p.") = expl—[ pawh/ (Wo+ 472 IH m2(wg
+4§/2)]71/4,

N V2
W)= oeip D1+ )]

S2= 2w W+ 402 (0.0 ) — 1.

Assuming that the usual crystal length is sm&l have ac-

(42

ceptable attenuatigrand that the perturbation term along the
propagation axis%,) is negligible, the total intensity of this

solitonlike wave takes the form
1(p,@.") = (21m) 1 g(r ¥*) [ W+ g ]~ (2lm*WG) I g(r ¥?)
X exp(— 2p5/w3)| 1+ 2 cosh 2(V2pg)|. (43)

The total intensity from Eq(43) is apparently similar to

that obtained at low intensity. However, the dependence
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1(p,¢,¢")~2 ex—[2p?W3/ (W§+4¢'2)]}

X[ (wg+4¢'%)] V2 (44)
Thus, in these points, the wave intensity loses the confine-
ment and tends to the linear diffracting limit, with its width
growing up to the normal diffracted beam width,

Ap=woy1+4¢"?Iwg.

This periodic behavior cannot disturb too much the solitonic
confinement in the most part of the propagation process.

The soliton width is obtained by combining the width of
the hyperbolic secanfwhich is close to a corresponding
Gaussian function for cos function equal to 1,

(45

(Ap)zs=\rl2my=\rl2me*?2, (463
and the width of the Gaussian function of E43). Thus, we
can calculate the maximum soliton width by

(Apy) ~2=(Apas) "2+ (Woyyr/m) 2

=27/t y*)[ 1+ (V2w,) ~2]. (46b)

We can observe that the soliton width is smaller than the
Gaussian input beartas expectedand increases also with
the increase of the beam ratio,As all transverse variables
were normalized, one can obtain the actual soliton width,
W maX=(ApI)/k\/n02r41Eo and deduce its dependence on the
external electric field. The initial conditions lead to the rela-
tion wo~6r/7°2 and to smallw,, which introduce restric-
tive conditions for (2~ 1)D solitons, which were observed in
experiments with other materials.

Case 2 u=—1. One can derive as for the low intensity
case,

a2¢x(P3) hy _
iy Sy
&pS lr//x+ ‘r/fy

Ov

9 ’/’y( p3) . lr/fy _
a3 Uty

0. (47)

he solutions of the equation systddi’) can be written in
he matrix form

p3 on the axial functiony is inverted in this situation. One
can remark that the solitonlike propagation is maintained

here in the presence of optical activity and absorption, with (p3) —e Si(pa) C0SSy(pa)  SINSy(p3) Vx(o)}
better confinement at higher external electric fields. The in- [ #y(pa) —sinS,(p3)  €osSy(p3) |l ¥y(0)]’
crease of optical activityat given absorption coefficiende- (48)
creases the soliton breathing period and the increase of ab-
sorption coefficient(at a given optical activity slightly ~ where
increases the soliton breathing period, with a simultaneous _
attenuation increase and soliton width decrease. _|1—coslt 28+ sir? 24|
We can remark that, at the propagation distances for Si(pa)= (cosh 28+ cos 2x)? |
which y—oo, the solution(42) cannot hold and thg com-
ponent should be replaced as well by the linear diffraction 2 sin 2a sinh 28 ‘
solution derived directly from Eqg40) leading to S,(p3)= (cosh 28+ cos 22)7"
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=1 ; p=10°mm ; Ey=10kV/mm R=4

0=0.0 cm’! 0o=0.5 cm’! o=1.0cm!

u=-1 ; p=10°/mm ; E=30kV/mm R=4

FIG. 5. The total intensity of the propagating wave as a function

of the distance in a BTO crystal, at high intensity ratie; 4, with

the external electric fields,, applied along th¢110] direction and
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1 ; p=45°/mm ; E;=30kV/mm R=4

=
I|I

- W.

l
I

o=2.0cm’!

o
[¢]
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Q
1
o
=
[e]
B

' 1l '
© .

l
I

kV/mm R=4

b=
1}
|
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)
(=)
1}
~
O
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(e}

FIG. 6. The total intensity of the propagating wave as a function
of the distance in a BSO crystal, at high intensity ratie,4, with
the external electric fields,, applied along th¢110] direction and

perpendicular to the vertical propagation axis, Oz, for different ab-Perpendicular to the vertical propagation axis, Oz, for different ab-
sorption coefficientse. The maximum propagation distance was sorption coefficientse. The maximum propagation distance was

taken 8 mm.
and
- #(0)
a — L
20+ iz 0
y(0)
=—7l2———5—p3. 49
. JE0)+ 920) " 49
The optical field components can be written as
A(ps,s’) S singd —cosé
=/ 1(p3)
[ Ay(p3,s’) 2ler/my(esT)e cosf  sing

e '5'2sinS,(ps)
€'s'2c0sS,(ps)

e 152 cosS,(p3)
—€'5'2sinS,(p3)

U (0)
% wy(0>}'

Equation(50) allows us to calculate the (21)D wave in-
tensity. If we consider the initial conditiong,(0)=¢,(0)

= iho= (Nl4wo) 2, then

_ m_P
—,8\/_2% "

(50)

(51)

taken 8 mm. The wave intensity profile, around the points with
—o0, is oversized by Eq51), instead of enlarging up to the normal
diffraction width.

placed by the solution of the linear systediffraction) de-
rived directly from Eqgs.(40), as for Egs.(44). In these
points, the beam intensity width tends to the linear diffract-
ing limit, i.e., the channel width is growing up tdp
=wo\/1+4§’2/wzo. This periodic behavior does not disturb
too much the solitonic confinement in the most part of the
propagation procesd-igs. 5 and & Actually, in Fig. 6, the
solution of linear diffraction is not introduced and the local
deformations of the solitonlike wavén the vicinity of the
distances at whichy—) are exaggerated by the solution
(52).

The normalized widths of the wave component envelopes
are

P p
= 2a: -, = — 2 = — ,
3x Ap3x pSy B Ap3y
Apa=|Apgy| = (41m) Yy rw. (52)

The proportionality of the wave widths tgr corresponds to
the experimental findings. The initial conditions introduce
additional constraints; higher than but close to 1 and3
=r/7%? which are important in the experimental observa-
tion of these solitonlike waves.

If we consider the (¥ 1)D case:#,(0)=0; ¢,(0)=1,
one can find

2a=0, S,(p3)=0, Si(ps)=th?ps,

which is a breathing wave with the same period as in the
previous case&Fig. 5, for BTO crystals and Fig. 6, for BSO 2"

crystals.

We can remark that at the propagation distances, for
which y—oo, this solution cannot hold and it should be re-

1

2
Ne S0 )
Is(pay.&")=—lary(¢.¢ )COSH(P/APW),
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0kV/em 20 kV/em 30 kV/em 35 kV/em 40 kV/em

1.9 mm FIG. 7. The experimental im-
ages of signal wave propagation

and soliton formation, in a BSO
o ([ [T
| tric fields (displayed horizontally
and propagation distancéshown
, vertically).
s L[ TTT]
8.0 mm i
EEEEERERE

*y\/F in the former caséat 8 mm propagation distancelhe soli-
Ap3y=7, Apg—. (53)  ton is instead formed only at electric fields equal or higher
than 30 kV/cm, for which the signal beam keeps the same
width along the entire propagation distance. At electrical

I1l. EXPERIMENTAL AND NUMERICAL VERIFICATION fields higher than 35 kV/cm, the soliton breathing becomes
OF THE ANALYTICAL SOLUTIONS OF SOLITONLIKE evident(Fig. 8), as described analytically and numerically.
WAVES IN BSO CRYSTALS In Fig. 9, the normalized experimental beam waists are

o ] o shown versus the signal/background intensity ratiat E
Solitonic propagation of laser beams inside photorefrac 4 kV/cm, together with the analytical solutiorisolid
_tive BSO crystals has_ bee_n experimentally demonstrated USihes and with numerical solutions of E¢3) (dashed ling
ing the setup shown in Fig. 1. The BSO crystal was 8 mmy ig interesting to note that the normalized waists scale as
long and was biased by a static electric field alond 0&1] (1o/15) " Y2for low 1,/1 (in this case<1), while they scale
crystallographic directiofwhich corresponds t@=0 con-
dition in Eq. (7)]. It is simultaneously illuminated by the

focused Gaussian signal beam and by the uniform back- 0 kV/em 30 kV/em 40 kV/em
ground beaml(), atA =514 nm. In order to avoid electric
discharge in air due to the high static electric figldp to 40
kV/cm), the crystal is kept in an insulating liquid cell. A laser
beam, orthogonally polarized with respect to the background.
is focused with a cylindrical lens on the crystal, giving a
(1+1)D light beam(a light “sheet” with thickness of 15 f

um), at the input. The background is copropagated inside the

crystal with a small angle with respect to the signal beam in
order to obtain, far from the crystal, two well-separated
beams, from which the signal beam can be extracted by har

filtering.

Using this procedure, any coherent interaction between
soliton and background beams, which might come out from
any modification of the beam polarization, is strongly
reduced. This configuration is preferable to the side-
illumination one also for the reason that the copropagating
beams suffer the same absorption and their intensity ratio
r=1I4/lg, remains constant. After the crystal, a focusing lens
images the output signal beam on a charge coupled devic
camera with a magnification factor of about 20.

The complete recording of propagation and soliton forma-
tion is presented in Fig. 7, where the experimental images for |G, 8. The simulation of signal wave propagation in a BSO
different external electric fields and propagation distancesgrystal, for different external electric fielddisplayed horizontally
are shown. At 0 kV/cm, as well as at 20 kv/cm, the signaland large propagation distansx diffraction length which show
beam is enlarged by diffraction; for the second bias, a selfthe soliton formation and the breathing occurrefiae30 and 40
focusing is present, which leads to a smaller beam width thakv/cm).
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BSO: p=0; E,=40kV/om rence of (2+1)D spatial solitonlike waves, for the external
23 ) electric field applied alon§001] and[110] crystal axes. The
--\ spatial solitons are transversely modulatedeathing, due
2 \ to the combined action of the optical activity and absorption.

1 The components of the rotatory optical field are coupled and
Ls Nl #—— interchange energy in the wave propagation albagis. The
. .

polarization of the incident field is changed in the propaga-
tion.
1 The conditions for the occurrence of {2L) D solitons are
more complex than in the case of{1)D solitons and lead
to a more limited range of experimental parameters
(Wo,Eo,rzlollB).
The analytical results are supported by our numerical
0% 1 Py 3 P 5 P = S 9 simulations and experimental results, which were obtained
_ with BSC photorefractive crystals exhibiting large optical ro-
r=1y/ Iy tating power and absorption. The solitonic behavior and the
. ) . soliton breathing at high external electric fields, as well as
_FIG. 9. The normalized experimental beam waist versus thgo oojiton width dependence on the beam intensity ratio,
signal/background intensity ratia, at Ey=40 kV/cm, together show a good agreement between the theoretical and experi-
with the analytical solutiongsolid lineg and with numerical solu- mental data. Our results are in agreement with the numerical
tions of Eq. (3) (dashed ling The normalized waists scale as btai ’ d by Krolik ket al 1191 in the (1t1)D
(1g/15) ™2 for low 14/15 (in this case<1), while they scale as 82;5 (\jviﬂ?(l)nuet abgorprt?olnows et al. [19], in the ( )
12 i ; , .
0.0600/1g)™+bias, for highl o/l (>2). The theoretical derivation of the dependence of the soliton
features on different controllable parameters is done in order
to further exploit our solutions. The breathing period in-
creases with the absorption growth, for strong optical activ-
ity. The soliton width(in the first half-period, which matches
fhe usual crystal lengthslecreases with the beam ratipat
low intensity and increases with at high intensity. The

Normalized soliton width

s 0.06(,/1g)Y?+bias for highly/lg (>2). The numerical
simulations derive from the use ofe®PmM code, which was
described iN22]. For the same external electric field, both
the numerical integration and the experimental data show
minimum (1+ 1) D soliton width atr ~0.8, which cannot be
predicted by the analytical solutions. The experimental dat ependence of soliton width on absorption coefficient is in-
show that the breathing period is not constant, but depen Sorted with respect to that an

on the experimental conditions, as it was analytically de-
scribed. The agreement between the analytical, numerical, ACKNOWLEDGMENTS

and experimental data is good.
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