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Evolution of separate screening soliton pairs in a biased series photorefractive crystal circuit
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This paper presents calculations for an idea in photorefractive spatial soliton, namely, screening solitons
form in a biased series photorefractive crystal circuit consisting of two photorefractive crystals connected
electronically by electrode leads in a chain with a voltage source. A system of two coupled equations is derived
under appropriate conditions for two-beam propagation in the crystal circuit. The possibility of obtaining
steady-state bright and dark screening soliton solutions is investigated in one dimension and, the existence of
dark-dark, bright-dark, and bright-bright separate screening soliton pairs in such a circuit is proved. The
numerical results show that the two solitons in a soliton pair can affect each other by the light-induced current
and their coupling can affect their spatial profiles, dynamical evolutions, stabilities, and self-deflection. Under
the limit in which the optical wave has a spatial extent much less than the width of the crystal, only the dark
soliton can affect the other soliton by the light-induced current, but the bright soliton cannot. For a bright-dark
or dark-dark soliton pair, the dark soliton in a weak input intensity can be obtained for a larger nonlinearity
than for a stronger input intensity. For a bright-dark soliton pair, increasing the input intensity of the dark
soliton can increase the bending angle of the bright soliton. Some potential applications are discussed.
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[. INTRODUCTION the width of the crystal. We name the two solitons, formed
separately in the two crystals, a separate screening soliton
Investigation of spatial solitons is considered to be impor-air. Both bright and dark screening solitons can form in the
tant because of their possible applications for optical switcherystals. As a result, there are three types of the separate
ing and routing, in which photorefractiu®R) solitons have screening soliton pairs: bright-bright, bright-dark, and dark-
been a topic of considerable interest in the last decaddark.
[1-17). To date, a quasi-steady-state soliton has been pre- Because the two crystals are connected electronically in
dicted[1] and found experimentallj2] and three different such a circuit, when the two crystals are illuminated by two
kinds of steady-state photorefractive solitdssreening soli- laser beams, the light-induced current in one crystal can flow
tons [3—4], open- and closed-circuit photovoltaic solitons into the other crystal, and as a result, the bias voltage applied
[5,6]’ and Screening_photovo|taic SOlItOIﬁ%,S]) have been to each CryStaI will vary with the intensities of two incident
predicted and the first two have been found experimentally@ser beams. However, for a single biased PR crystal the bias
[9,10]. At present, the investigations on the PR soliton, soli-V0ltage depends only on the voltage source and does not
ton pair and soliton interaction were concerned with a singl/&Y With the intensity of the input laser beam. Therefore, for
PR crysta[1-17]. Screening solitons are possible in a singlea biased series PR crystal circuit, changing the intensity of

. ; : Lo he laser beam incident upon one crystal, not only will the
[ PR crystal. Can reenin liton form individually” . . ’ :
biased crystal. Can a screening soliton fo dividua ytsollton formed in that crystal change, but the soliton formed

within each crystal in a biased series PR crystal circuit in; : . .
_ - in the other crystal will also change. That is, the two solitons
which two PR crystals, denoted yand P, and a voltage iy a separate screening soliton pair can interact or affect each
source are connected in a chain by electrode I¢Bds )?  other by the light-induced current. The interaction is colli-
That is, when two laser beams are appropriately and, respesionless. Obviously, the interaction will affect the spatial pro-
tively, incident on the two crystals, can a screening solitorfile, dynamical evolution, stability, and self-deflection of the
form individually within each crystal? If it can, do the two two solitons in a separate screening soliton pair and the in-
solitons, formed separately in the two crystals, interact oteraction must be different from the interaction between the
affect each other? two solitons in a common soliton pair formed in a single
In this paper, we investigate steady-state PR solitons fornarystal[11-17. By employing numerical techniques we in-
in a series PR crystal circuit. By use of the well-known trans-vestigate the effect of the interaction on the spatial profiles,
port model of photorefractive effect, successfully used to dedynamical evolutions, stabilities, and self-deflection of the
velop the theories of a screening solitph], we predicate two solitons in a separate screening soliton pair. Out results
that each crystal can support a screening soliton in the casghow that the two dark solitons in a dark-dark soliton pair
that the spatial extent of the optical wave is much less thagan interact with each other by light-induced current,
whereas the two bright solitons in a bright-bright soliton pair
cannot affect each other by light-induced current. For a dark-

*Email address: jsliu4508@sina.com bright soliton pair, the dark soliton can affect the bright soli-
"Present address: Institute of Applied Physics, Xidian Universityton whereas the bright one cannot affect the dark one by
Xian 710071, China. light-induced current, i.e., the interaction is unilateral. In this
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Y PR1 and PR2 are the PR crystals, and CP is a computer.

(a) 0

two separate lasers, are adjusted into bright or dark one-
dimensional solitonlike beams and then imaged onto the
front surfaces of the two crystals, respectively. For each crys-
tal, electrodes are made on the two surfaces with their nor-
C C mal parallel to thec axis of the crystal. Electrode leads con-
nect the two crystals electronically in a chain with a voltage
Z 2 source. Each crystal is oriented with @¢sxis perpendicular
P p to the direction of the laser beam. The beam profiles can be
\ detected by two charged coupled devi€&CD) arrays re-

X Y spectively. In general, the crystefl’sandf3 are different types
1

0 of PR crystal;P is a SBN crystal and is a TaBiG, crystal.
Therefore, the two crystals in Figs(al and Xc) differ from
} one large crystal.

c
T P T P FIG. 2. An envisaged experiment arrangemérit.andL2 are
>V _ the lasersC1 andC2 are the collimatorsS is the voltage source,
1 0

(b)

A. The expression of space-charge field

=
—
‘_‘_
>
Oy —

Considering first the crystdl, an optical beam propagates
z 2 in the crystal along the axis and is permitted to diffract only

P ]3 along thex direction. The crystal's opticat axis orients
X 3 . along thex coordinate. Moreover, let us assume that the op-
> )V 4 tical beam is linearly polarized along tixedirection and the
I\ ]A\ bias voltage is applied along the same direction. Under these
() 0 0 conditions the perturbed extraordinary refractive indgx

(along thec axis) is given by fip)?=n2—nZr;Esc, where
FIG. 1. llustration of a biased series PR crystal circuit consist-' 33 IS the electro-optic coefficient is the unperturbed ex-
ing of two PR crystals to support a bright-bright soliton paitan ~ traordinary index of refraction, arfflsc is the induced space-
a bright-dark soliton pair inb), and a dark-dark soliton ifc). P charge field. On the other hand, the electric-field component
andP denote the two crystals, respectivelyandC denote the two ~ E Of the optical beam satisfies the Helmholtz equation

c axes.ly andi, denote the incident bright or dark solitonlike in 2E 4 (K)2E=
one-dimensional laser beams, denotes the voltage of the source. V7B (kone) "E=0, D

whereko=2m/\q and\ is the free-space wavelength of the

paper, we only discuss the coupling effects resulting from théightwave employed. By expressirig in terms of a slowly
light-induced current. The coupling effects resulting from thevarying envelope ¢, i.e., E=X¢(x,z)exp(kz), where k
dark current will be discussed elsewhere. =kone, one can find that Eq(1) leads to the following

This paper is organized as follows. In Sec. I, the theoret-paraxia| equation of diffraction:
ical model is built upon the well-known transport model of
photorefractive effect including the diffusion effects. In Secs. 9p 1 PP ko 3
lI-V, the coupling effects between the two solitons in a I T ok o 2 (Nelasfsd ¢=0. 2
separate screening soliton pair on the intensity profiles, dy-
namical evolutions, stabilities, and self-deflection of the twoTg simplify the analysis, we have neglected any loss effects
solitons are investigated numerically. Finally, we summarizqgp Eq. (2).
the results, discuss some potential applications, and draw |y turn, the induced space-charge fid. can be ob-
some conclusions in Sec. VI. tained from the standard set of rate and continuity equations
and Gauss's law, which describe the photorefractive effect in
a medium. In the steady state, the one-dimensional equations
are[4]

As shown in Fig. 2, an envisaged experiment is arranged N .
as follows. Two collimated CW laser beams, produced by YrRNNp =si (1 +14)(Np—Np), ()

Il. THEORETICAL MODEL
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JEgc e N

3—X—808r(ND—NA—n), (4)
J E kgT on 5
=eunkEgctKp Mo 5
(”—O J= t 6
o or J=const, (6)

whereNj andNp are the ionized donor density and donor
density, respectivel\ is the acceptor densityg,is the elec-
tron densityJ is the current density; is the photoexcitation
Cross sectionyg is the carrier recombination ratg, and e
are, respectively, the electron mobility and the chakgeis
Boltzmann’s constant is the absolute temperatukg, is the
relative static dielectric constant, ahglis the so-called dark
irradiance.l =1(x,z) is the power density profile of the op-
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On the other hand, from E@5), the current density in the
regions &— *+o0), denoted byJ,=J(x— *=,z), can be
given by

J.=eun,Ey. (12

For the crystaP, we likewise have
A =8(Np—Na) (T + )/ (7=Na), (13
J.=eih.Ep. (14)

Let V, denote the voltage of the source. Détand V
denote the potential measured between the electrodes of the

P and P crystals having width separated by and W, re-
spectively. LetS and S denote the surfaces of the elec-
trodes of the crystal® and P, respectively. In the series

tical beam, which can be also expressed in terms of the ereircuit, we haveV,=V+V andSJ=SJ. If the spatial extent

velope ¢ by use of Poynting’'s theorem, i.e.|
=(Ne/270)| #|%, where 5= (uo/e0)Y? Moreover, in Egs.
(3)—(6) we have ignored ang spatial dependence by assum-

ing that the variables involved vary much more rapidly in theE

x direction.

Even though the expression f&rg: can be obtained in
principle from Egs.(3)—(6), this task is considerably in-
volved. However, we follow Ref4] to greatly simplify Egs.
(3)—(6) by keeping in mind that the following inequalities
hold true in typical PR mediaN;>n, Np>n, and Nu
>n. In this case, Eq¥3) and(4) yield the following results:

+ €p€y (QESC
= —+ _—
Np=Na| 1 eNy ox |’ ™
Si(Np—Na) goer dEsc|
=— — (14 + =

Furthermore, ifl (x,z) varies slowly with respect tx,
then in typical PR media the dimensionless term
[(g0e; /€Na) (dEsc/9X)| is expected to be much less than
unity [4]. Under this condition, Egs.7) and (8) yield the
following results:

Np=Na, 9
_ Si(Np—Ny)
n_W(I—FId)' (10

At this point, let us also assume that1(x,z) attains
asymptotically a constant value at— =+, ie., I(X—
+m,7)=1,. In these regions of constant illumination, Egs.
(3)—(6) require thatEgc is independent ok, i.e., Egc (Xx—
+,7)=Eq, whereE, is the external bias field. Therefore,
from Eqg. (8) the electron densityn in the regions x—

+o0), denoted byn,,, can be subsequently determined and is

given by

Ne=Si(Np—Na) (1. +1¢)/(¥rNa). (11

Ax of the optical wave is much less than theidth W of the
crystal, E, is approximately expressed by¥y,=V/W

[4]. For the crystal P, we likewise have
0=\7/\7V. Obviously, we find that
Va=WEg+WE,. (15

Equation (6) implies thatJ is constant everywhere in the
crystal, that isJ(x,z)=J. . For the crystals, we likewise

haveJ..=J(x,z). As a result, we find that
$1,=57.. (16)

Substitution of Egqs(12) and(14) into Eq.(16), we find that

Sun..Eq=Sih..Eo. 17

From Egs.(15) and(17), we determine that
Eo=9Ea, (18)
Eo=0Ea, (19
9= (I, +1)/[ (1 +1g)+ (1. +1g)], (20)
=01+ 181 u+1g)+ (1. +1g)], (21)
where  6=Sus(Np—Np)/(rgNAW), Ex=VA/W, &

=518 (Np—N»)/(FrNAW), and Ex=V/W. The param-
etersg and§ are known as coupling coefficients between the
two solitons andy+g§=1.

In the region ofl (x,z) varying withx, from Egs.(3) and
(5), we have

From J(x,z)=J,, and Egs(12) and(22), we have

KgT dlnn

Egct —o-
SCT e ox

J=eun (22)
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KgT dInn
=Ny Eq. (23)

+ [
n( Esct —o "ox
In turn, the expression fdEg can be obtained from E¢23)
as follows:

E—aE l.+1lg KgT 1 4l ol
scT IR T T T4, ax @49
Similarly, we can obtain results fd? as follows:
. . iy KgT 1 4l
Esc=0Ex v (25)

T+1y4 e J+i49%

Although the expression fdEsc (as well asEso) has a simi-
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normalized real function bounded betwees¥Xs)<1 and
denotes the normalized field profile. For the dark spatial soli-
tons, we require thay(0)=0, y(«)=0, and y(s— £ »)
=1. Substitution of this latter form df} into Eq. (26) (with
v=0) yields

2

y y
a2 2wy —2B(p+ 1)W=0, (28)
from which one can readily deduce that — 8 and
dy|? ) p+1 [1+py?
(d_s ——2,8[(y —1)—Tln 1+p (29

For integration of Eq(29), the normalized dark-field profile
y(s) can be determined from the following equation:

lar form to that for the space-charge field in a single biased 0 dy

photorefractive crystgl4], the value ofEsc (as well asEso)

depends on the parameters of the two crystals, inclubing
andl,.. On the other hand s andEsc are not independent.

They couple each other by the coupling coefficiamendg.

B. Envelope evolution equation

Considering first the crystaP, the envelope evolution

equation can now be established by insertion of (24) into

Eq. (2). It proves more convenient, however, to study this

(—2p) Y%=+

1+p'72 172+

1+p

+1
y(s)[(vz_l)_ pp n

(30

Similarly, for the crystal P, we have U

=pY¥(3)exp(#d), ¥=— B, and
(dy z 1+py?
ds 1+p

ds

= —2/“3[@2—1)— f’leln } (31)

equation in a normalized fashion. To do so, let us adopt the

following dimensionless coordinates and variables: i.e.,

E=2/(kx3), s=x/xq, and ¢p= (270l 4/ne)*?U. Herex, is
an arbitrary spatial width. Using Eq&2) and (24), we can
then show that the normalized enveldpgebeys the follow-
ing dynamical evolution equation:

iu +1U P (|U|Z)SU—0 26
U, E ss— B(p )l+|U|2 71+|U|2_ , (26)
where p=I1./l4, B=00Es, y=0dKgT/(Xee), and o
= (KoXo) 2(Ngr 392). A
Similarly, we can obtain results fd? as follows:
o U .(uA0
iUzt ~Us=B(p+1) ———+y———-=0, (27
2 1+|0]2  1+|0)?
where p=1./14, B=00Es, ¥=0KgT/(Xe), &

= (koko)2(N%F342), £€=2/(kx3), and3=%/%,. Although the

let (_23)1/2g:if

0 dy
(3 p+1 [1+5y°
y(s){(,.yz_ 1)— p In( Py

172+

p 1+p
(32)

Equations(29) and (31), or (30) and (32) predict that a
dark-dark screening soliton pair can exist in a biased series
PR crystal circuit. The conditions necessary for a dark-dark
soliton pair in the crystal® and P are Ex<0 andE,<0,
which can be realized by appropriately orienting thaxes
of the two crystals and the polarity of the external bias field.

D. Bright-dark soliton pair

For a bright-dark soliton pair, let us assume that the bright
soliton forms in the crystaP and the dark one forms in the
crystalﬁ’. For the bright soliton, the optical beam intensity is
expected to vanish at infinitys(~ +<), i.e.,|.,=0 and then
p=1.,114=0. From Eq.26), bright-type waves should there-

two dynamical evolution equations have a similar form tofore satisfy

that for a single biased photorefractive crysfdl, they
couple each other by the coupling coefficiegtand§.

C. Dark-dark screening soliton pair

1 u Ul
iU+ VI =0. (33

EUSS_’81+|U|2+7 1+]|u[?

By entirely neglecting the effect of diffusion, bright soliton

We begin our analysis by considering a dark-dark screensolutions can be derived from E¢33) by expressing the

ing soliton pair, i.e., both crystals support dark screeningpeam

soliton. First, this dark soliton solution in the crysiatan be
derived from Eq(26) by expressing the beam enveldgen

envelope U in the usual fashion: U
=rY2y(s)exp(ré). The positive quantityr is defined ag
=1o/14=1(0,0)/14. For the bright spatial solitons, we re-

the usual fashion = pY?y(s)exp(vé), wherev represents a  quire thaty(0)=1, y(0)=0, andy(s— *+o)=0. Substitu-

nonlinear shift of the propagation constant ay) is a

tion of this latter form ofU into Eq.(33) (with y=0) yields
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d? y tals, will affect each other. Becaugeand § depend on the
@—ZW—ZBW =0. (34 parameters of the two crystals, the character of the soliton in
one crystal not only depends on the parameters of that crys-
By integrating Eq. (34) once and by employing the tal, but also depends on the parameters of the other crystal.
y-boundary conditions, we find that In other words, the character of any soliton in a soliton pair
depends on the parameters of the two crystals.
v=—(BINIn(1+r), (35 For a biased series PR crystal circuit, when the input in-
dvi2 2 tensity of one crystal changes, not only will the soliton in
(_y =—B[In(1+ry2)—y2 In(1+1)]. (36)  that crystal change, but also the soliton in the other crystal
ds r will change. For a dark-dark screening soliton pair, we have
Further integration of Eq36) leads l.#0 andl..#0. Becausey and§ depend onl.. and|..,
changing the input intensity of a dark soliton can affect the
U 1 r¥ady other dark soliton. In other words, the two dark soliton can
(2B)"%s== o[ IN(1+r¥%) =% In(1+r)]7 (37 interact each other by the light-induced current that flows

from one crystal to another. The interaction is collisionless or
The dark soliton profiles in the bright-dark soliton pair contactless optically. However, for a bright-dark screening
can be obtained by use of a similar way to above and detekgjiton pair, we have. =0 andi..#0. As a resultg and§
mined by the following equation: are independent df, . Interestingly, this result brings on the
dark soliton can affect the bright one by the light-induced

- 0 dy . i
(—2B)Y?°==+ f ) Ay T current, but the bright soliton cannot affect the dark one.
y<s)[(yz_ 1)— 1“fp| 1+p}’ } That is, changing the input intensity of the dark soliton can
P 1+ affect the bright one whereas changing the input intensity of

(38 the bright soliton cannot affect the dark one. The unilateral

Equations(37) and (38) predict that a bright-dark screen- effect mf?ly be us'eful in §ome applications. Fyrthermore, fora
ing soliton pair can exist in a biased series PR crystal circuitPright-bright soliton pair, because.=0 andl..=0 andg
The conditions necessary for a bright-dark soliton pair in theand § are independent of., and |... Therefore, the two

crystalsP and P are E >0 andEA<0. bright solitons cannot affect each other by the light-induced
current. That is, changing the input intensity of a bright soli-
E. Bright-bright soliton pair ton cannot affect the other bright soliton.

Noteworthily, the above results are obtained under the

Now let us consider a bright-bright soliton pair. The limit of the spatial extenAx(AX) of the optical wave being

bright soliton profiles in a bright-bright soliton pair can be N - -
obtained by use of a similar way to above and determined bynuch less than the (X) width W(W) of the crystalP (P).

the following equations: In fact, in this limit, when a crystal supports a bright soliton,
) the light-induced current is so small that it can be neglected,
(28) V5= + rvady (39 whereas when a crystal supports a dark soliton the light-

induced current is big enough. Taking an example, for a pho-
tovoltaic crystal,J«W/Ax>1 for a dark soliton wherea$
2% + Jl rYedy 40 «Ax/W<1 for a bright soliton[6]. As a result, in the limit
(25 = 9(§)[|n(1+f‘y?)_y2|n(1+f)]1/2' of Ax/W<1, when a crystal supports a bright soliton, the
light-induced current is too week to affect the other soliton,
v=—(B/r)In(1+r) and ¥=— (B/F)In(1+7). whereas when a crystal supports a dark soliton, the light-
Equations (39) and (40) predict that a bright-bright induced current is strong enough to affect the other soliton in
screening soliton pair can exist in a biased series PR cryst#ie other crystal. Of course, when the conditionof/W
circuit. The conditions necessary for a bright-bright soliton<1 is not satisfied, we should reconsider these problems.
pair in the crystal$ and P areE,>0 andE,>0. When the light-induced current from a bright soliton cannot
be neglected, the bright soliton maybe affect the other soliton
in the separate screening soliton pair.
It is important to note that for bright-bright screening soli-
tons, 1,.,=0 andi,.=0, from Eqgs.(20) and (21), we know
A. Coupling effects that the coupling effects between the two bright solitons will
Let us consider the coupling effects between the two solifesult from the dark irradiances. Of course, the coupling ef-
tons in a separate screening soliton pair. In a biased series PRCtS resulting from the dark irradiances not only can occur
crystal circuit, two crystals are connected electronically.in @ bright-bright soliton pair, but also can occur in a dark-
When optical beams illuminate on the crystals, the light-dark and a bright-dark soliton pairs and, when<l4 and
induced current will flow from one crystal to another. As al,.<l4, the dark irradiances will play a key role in the cou-
result, the two solitons, supported separately by the two cryspling effects. To be limited by the space, the coupling effects

o[ IN(L+1y%) Y2 In(1+r)]Y?’

Ill. SPATIAL PROFILES OF SEPARATE SCREENING
SOLITON PAIRS AND COUPLING EFFECTS
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resulting from the dark irradiances will be discussed else- 1.0
where. 3
>o08 @
2
B. Dark-dark screening soliton pairs ‘GEJ 06k
= 1
Let us consider the effects of the interaction between the }é 2
two solitons in a separate screening soliton pair on the inten- 5 04r
sity profilers of the two solitons. In order to provide some g
: : . S 02}
relevant examples, two SBNstrontium barium niobaje
crystals are taken aB and P. The two crystals have the 0.0

following parameters:yss= y33=237X10 2 m/V, n.=A, s
=2.33,W=W=1cm, S=S, §=5, andl4=I4. The arbi-

trary scales ar@,=X,=40um and the wavelengths aig 10
=No=0.5um. For this set of values, we have=& 208t (b)
=88.24x10 ° m/V. The voltage of the source ¥/, §
=100 V. E 067 ]

First, let us consider the case of a dark-dark screening E 2
soliton pair formed in the configuration shown in Figcil § 04r 3
In this configuration, we havE,=E,=—10" V/m. In the '<ZS 0.2t
first place, we takep=1./l4=1 and p=1../14=1. From

0.0

Egs. (20) and (21), we find that g=§=1/2. From B 0 1
=goE, and B=§5E, we haveB= 3= —4.41. With these §

values, the normalized intensity profiles of the two dark soli-
tons in the crystal® andP, denoted by?(s) andy2(3), are
obtained by solving Eq$30) and(32), as shown in Fig. &)
curve 1 and ®) curve 1, respectively. When the input inten-
sity of the crystalP increases but the other parameters re-

main unchanged, such asincreases from 1 to 10, not only well as B=goE, and B=§&5E,, we find thatg=2, §
does the dark soliton in the crysfalchange as shown in Fig. _ 1 8=509, and,23= —2.95. With these values, the normal-

3(a) curve 2, but also the dark soliton in crysRichanges as  jzed intensity profiles of the bright soliton in the crysel
shown in Fig. 8b) curve 2. The two curves are calculated atdenoted byyX(s), and the dark soliton in the crystal,

'ml:llqld’ p=10,9=13, .18:_1-36 andl.=lg, p=1,9  denoted byy?(3), are obtained by solving Eq€37) and
=13, B=—7.48. From this sgt of valiues we can see that, for(38), as shown in Fig. @) curve 1 and Fig. é) curve 1,
a separate dark-dark screening soliton pair, the dark SOI'toﬂespectiver. When the input intensity of the crysgalin-

In & strong Input intensity can be ‘?bta'”.ed for a smaller NON%reases but the other parameters remain unchanged, such as
linearity than for a weaker input intensity. By the same to-.. . L

i ) ) L p increases from 1 to 50, not only does the dark soliton in the
ken, when the input intensity of the crystalincreases but

the other parameters remain unchanged, sugh iasreases crystaIP _chan.ge as shown in Fig(l curve 2, bL!t algo the
. . A bright soliton in the crystaP changes as shown in Fig(a}
from 1 to 20, not only does the dark soliton in crysgl

. . curve 2. The two curves are calculatedlg&=0, lo=14, r
change as shown in Fig.(l® curve 3, but also the dark a o 'd

_ __ 51 _ T _ v ~__ A1 H_
soliton in the crystaP changes as shown in Fig(@ curve =1, 9=52, B8=8.67 andl.=5014, p=50, §=35;, B=
3. The two curves are calculatedlat=14, p=1,g=2, g  —0.17. From this set of values we can see that for a separate

- bright-dark screening soliton pair, the dark soliton in a strong

=-8.07 andi,,=20l4, p=20, §=%, B=-0.77. The | . ; . A SHO
: : ; : nput intensity can be obtained for a smaller nonlinearity
above results imply that, for a dark-dark soliton pair, a dar han for a weaker input intensity. It should be noted that

liton can affect the profile of the other dark soliton by th i . . .
soliton can affect the profile of the other dark soliton by ewhen the input intensity of the crystél increases but the

light-induced current. In other words, the two dark solitonsOther parameters remain unchanged, suchinsreases from

in a dark-dark soliton pair can interact each other. 1 to 50 butp keepsjp—1, only the bright soliton in the

crystalP changes as shown in Fig(a} curve 3, but the dark

. ] ~ soliton in the crystaP does not change as shown in Figoy
Then, let us consider the case of a bright-dark screeningyrye 3. The two curves are calculatedlat=0, r=50, g

soliton pair f.orme(.j in the configuration shown in Flgb)l —2 g=59and. =1y, p=1,§=1, B=—2.95. The above

In the configuration, we haveE,=10" V/im and Ea=  results imply that, for a bright-dark soliton pair, the dark

—10* V/m. If we assume that the crystBlsupports a bright  soliton can affect the profile of the bright soliton by the light-

soliton, we havep=1../14=0. In the first place, we take  induced current, whereas the bright soliton cannot affect the

=lg/l4g=1 andp=1,/14=1. From Egs.(20) and (21) as  profile of the dark soliton.

[
-

FIG. 3. Dark-dark separate screening soliton pairs in a biased
series SBN crystal circuita) Dark soliton profiles in the crysté.

(b) Dark soliton profiles in the crysta?.

C. Bright-dark screening soliton pairs
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FIG. 4. Bright-dark separate screening soliton pairs in a biased FIG. 5. Bright-bright separate screening soliton pairs in a biased
series SBN crystal circuita) Bright soliton profiles in the crystal ~series SBN crystal circuita) Bright soliton profiles in the crystal
P. (b) Dark soliton profiles in the crysta®. P. (b) Bright soliton profiles in the crystab.
D. Bright-bright screening soliton pairs soliton pair, the dark irradiances will play a key role in the
Last, let us consider the case of a bright-bright soliton paiicoupling effects between the two bright solitons. To be lim-
formed in the configuration shown in Fig(al. In this con- ited by the space, the coupling effects resulting from the dark

figuration, we haveE,=E,=10* V/m. For the two bright Irmadiances will be discussed somewhere.

solitons, we havé..=0 andl..=0. From Eqgs(20) and (21)
| as= aob. and Be A6 haveu— -1 ang 'V DYNAMICAL EVOLUTIONS OF OPTICAL BEAMS IN
as well as=goEx andS=goE,, we haveg=g=3; an A BIASED SERIES PR CRYSTAL CIRCUIT AND

B=B=4.41 for any values of andf. In the first place, we COUPLING EEFECTS
taker=1o/14=1 andf=1,/14=1. With these values, the
normalized intensity profiles of the two bright solitons in the
crystalsP and P, denoted byy?(s) and$2(3), are obtained
by solving Egs(39) and(40), as shown in Figs.(®) curve 1
and 8b) curve 1, respectively. When the input intensity of
the crystalP increases but the other parameters remain un-
Ch"?‘”ge_d such asincreases from 1 to 50. Omy the bright ditions. In this section, we neglect the effects of diffusion
soliton in the crystaP changes as shown in E|g(d§ curve process. To do so, we should take =0 in Egs.(26) and

2, but the other bright soliton in the cryst& does not (27

change as shown in Fig(l® curve 2. The two curves are

calculated atr=50, g=3, B=4.41 andi=1, §=%, B

=4.41. By the same token, when the input intensity of the
crystal P increases but the other parameters remain un:
changed, such a& increases from 1 to 50, only the bright biased series SBN crystal circuit as shown in Fi@) vith

soliton in the crystaP changes, as shown in Fig(tB curve Ea=Ex= _104 Vim. The circuit has the same parameters
3, but the other bright soliton in the cryst®l does not as above. First, we consider the evolutions of two previously

change, as shown in Fig(eﬁ curve 3. The two curves are found soIitary states as the incident beams with the input
calculated atr—1, g—3, B—4.41 andf=50, g=1, p  Intensitiesp=1../14=1 andp=1./14=1, respectively. From

- L -
=4.41. Above results imply that for a bright-bright screenlng Egs.(20) and(21) as well asB=goE, and B=35E,, we

soliton pair, the two bright solitons cannot affect each othehaveg=§=73 and 8= ,8— —4.44. The field profiles of the
by the light-induced current. However, for a bright-bright two dark solitary states, denoted By(s) andyy(5), can be

Let us consider that two bright or dark solitonlike beams
are incident upon the two crystals, respectively, in a biased
series SBN crystal circuit as shown in Fig. 1. The coupling
effects between the two beams on the dynamical evolutions
of the two beams in the circuit can be investigated by nu-
merically solving Eqs(26) and (27) under appropriate con-

A. Dark-dark screening soliton pairs

Let us consider that two dark solitary beams evolve in a
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U f°

(@

FIG. 6. Dynamical evolutions of the two dark solitary statks
andU, in a biased series SBN crystal circui&) U, in the crystal
P and(b) U, in the crystalP.

determined by solving Eq30) with 8=—4.44 andp=1 as
well as Eq.(32) with 3= —4.44 andp=1, respectively. We
then get the two dark solitary stateky=/1y,(s) and U,

= /19,(8). Taking the two solitary states as input beams,
their evolutions in the circuit are investigated by numerically
solving Egs.(26) and (27) with 8= 3= —4.44 andp=p

=1. As expected, our results confirm that the two dark soli-
ton states remain invariant with propagation distance as
shown in Fig. 6.

We then consider the stabilities and the coupling effects
between two dark solitary beams in the circuit. To do so, we
follow the evolution of an optical beam in the crysRith
an incident beantJ ; whose field profile is stilyy(s), but its
maximum amplitude is/10, i.e.,U;= \/10yo(s) and, simul-
taneously, we observe the evolution Bf=\19,(3) in the
crystal p. Noteworthily,U; is not a solitary state supported
by the crystaP, wheread), is still a solitary state supported
by the crystalP. For this case, we have=1../14=10, p

=1./14=1,9=24, §=%, B=-1.37, andB=—7.51. The
evolutions ofU; and U, are investigated by numerically
solving Eq.(26) with 8= —1.37 andp=10 as well as Eq.
(27) with B=—7.51 andp= 1, respectively, as shown in Fig.
7. As we can sed), reshapes itself and tries to evolve into

a solitary wave after a short distance, wherébas cannot

PHYSICAL REVIEW E65 066601
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FIG. 7. Dynamical evolutions of the two dark solitary statbs

5
5

andU, in a biased series SBN crystal circui#) U, in the crystal
P and(b) U, in the crystalP.

2
|

s 59

remain invariant with propagation distance and tries to FIG. 8. Dynamical evolutions of the two dark solitary staltes
evolve into a different solitary wave after a short distanceandU, in a biased series SBN crystal circui#) U, in the crystal
When the maximum amplitude of the input beam for theP and(b) U, in the crystalP.
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FIG. 9. Dynamical evolutions of a bright and a dark solitary g
statesU, and U, in a biased series SBN crystal circuig) Bright (c)
soliton U, in the crystalP and(b) Dark solitonU, in the crystalP.
. u.l?
crystal P increases more, such &k,= \/50y,(s), not only 10|0 i
doesU, tend to be unstable in the crystg| but alsoU,
tends to be unstable in the crystal as shown in Fig. 8. 5
. ; ) 50
These results are obtained by numerically solving €6) 0,
with 8= —0.335 andp=50 as well as Eq(27) with 3= 0
—8.54 andp=1, respectively. 0 £ 179
If we change the incident beam of the crystalnd keep
the incident beam of the cryst®l unchanged, such as, al-  FIG. 10. Dynamical evolutions of three optical beabhg, U,

ways takingU, as the incident beam for the crystlbut  andU0, in a biased series PR crystal circu#) Bright solitary state
takingU, = y10§4(3) or U,=\/50y,(3) as the incident beam U, in the crystalP, (b) dark solitary statd), in the crystalP, and
for the crystalP, some similar results can be obtained. The(c) bright solitary statdJ, in the crystalP.

above results mean that, for a dark-dark separate screening

soliton pair, a dark soliton can affect the evolution and staynq a dark solitary statdd,= \/Iyo(s) and 00: ﬁ)‘/o(é)

bility of the other dark soliton by light-induced current. For @ respectively. Taking the two solitary states as the input
given biased series PR crystal circuit, whether an opticaheams; their evolutions in the circuit are investigated by nu-
beam can evolve into a stable dark soliton in a crystal demerically solving Eq(26) with 8=5.92 andp=0 as well as

pends not only on the parameters of that optical beam, b 0. (27) with B=—2.96 andp=1. As expected, our results

252&” the parameters of the other optical beam in the Otheconfirm that the two solitary states remain invariant with

propagation distance as shown in Fig. 9.
We then consider the stabilities and the coupling effects
between two solitary beams in the circuit. To do so, we fol-
Let us consider that a bright and a dark solitary beamsow the evolution of an optical beam in the cryskawith an
evolve in a biased series SBN crystal circuit as shown in Fig;~iqent beam(, whose field profile is stillyo(3), but its

1(b) with EA= 104 V/m andEA= — 104 V/m. The circuit has maximum amplitude is /100, i.e.,01= /lowo(g) and, si-

the same parameters as above. First, we consider the evoIH]- : .
. ; . ' o ultaneously, we observe the evolutionldf=/1yy(s) in
tions of two previously found solitary states as the incident y 6= V1yo(s)

. . : . N the crystalP. Obviously,Ul is not a solitary state supported
beams with the input intensitidg=14 andl.=14, respec- . L ,
tively. If the crystalP supports the bright soliton, we have PY the crystaP, whereadJ, is still a solitary state supported

1..=0. The field profiles of the two solitary states, denotedby the crystalP. The evolutions o, and U, are investi-
here also byy,(s) and$o(3), can be determined by solving gated by numerically solving Eq26) with 5=8.79 andp

Eq. (37) with 8=5.92 andr=1 as well as Eq(38) with 3 =0 as well as Eq(27) with 3= —0.087 andp = 100, respec-
= —2.96 andp=1, respectively. Therefore, we get a bright tively, as shown in Fig. 10. As we can see, not only ddgs

B. Bright-dark screening soliton pairs

066601-9
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FIG. 11. The self-deflection of three bright-dark soliton pairs in a biased series SBN crystal €@et(it) Bright solitonsU,, U,, and
U, in the crystalP. (d)—(f) Dark solitonsU;, U,, andUs in the crystalP.

tend to be unstable in the crystél, but alsoU, cannot B=5.92 andp=0 as well as Eq(27) with B=—2.96 and
remain invariant with propagation distance and tries top=1. The results are shown in Fig. @D for U; and Fig.
evolve into a different solitary wave in the crysl If we  g(p) for (. As we can see, thougli; tends to be unstable
change the incident beam of the crydtadnd keep the inci- . . - .

- - in the crystalP, the evolution ofU, remains unchanged. The
dent beam of the cryst@ unchanged, such as, takibly as  4p5ve results mean that for a bright-dark separate screening
the incident beam for the crystaP and taking U;  soliton pair, the dark soliton can affect the evolution and the
=\/100yo(s) as the incident beam for the crysRlthe evo-  stability of the bright soliton by the light-induced current,
lutions of U; andU, are obtained by solving Eq26) with  whereas the bright soliton cannot affect the dark soliton.
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the bight-dark screening soliton pair. Two SBN crystals are

taken as the crystal® and P, respectively, with the same
parameters as above. Therefore, the diffusion coefficient can
be calculated as followsy=y=0.56.

Three bright-dark soliton pairdJ;=\ry;(s) and U;
= \/Eyj(é), j=1,2,3, are taken to be the input beams with
the parameters=10, 1.,=0, (1) I..=14; (2) 1.=1014, and
(3) 1,=20l4. From Egs.(20) and (21) as well asp
=goE, and B=§5E,, we have (1) g=2, §=1%, B
=5.92, andB=—2.95; (2) g=%, §=2, f=8.14, andB
=-0.74;3) g=24, 9=, f=8.44, andB=—0.044. The
field profilesy;(s) and y;(5) can be determined from Egs.
(37) and (38) with these parameters. The evolutions of the
three bright-dark soliton pairs in the biased series SBN crys-
tal circuit, including the process of self-deflection, can be
investigated by numerically solving ER6) with y=0.56,
p=0 and(1) B=5.92,(2) B=8.14, and3) 3=8.44 as well
as Eq.(27) with $=0.56 and(1) p=1, B=—2.95,(2) p
=10, B=—0.74, and(3) p=20, B=—0.044. The envelope
evolutions of the three soliton pairs are shown in Fig. 11 and
the associated spatial shift evolutions of the three soliton
pairs are shown in Fig. 12. As we can see that the three dark
solitons have three different bending angles, which is reason-
able because the solitary beam with different input intensity
has different bending anglgl8-21. However, the three
bright solitons have three different bending angles although
they have the same input intensity. In fact, to increase the
input intensity of the dark soliton results in enhancing the
value of B, and then increasing the bending angle of the
C. Bright-bright soliton pairs bright soliton because the angle varies directly with18—

. . - 21].
As described above, for a bright-dark separate screenlnﬁ . . . .
soliton pair, when the spatial extent of the optical wave is We also investigate the self-deflection of a dark-dark soli-

much less than the width of the crystal, the bright solitont©" Pair. Our results show that a dark soliton can affect the
cannot affect the dark soliton by the light-induced c:urrent.self'deﬂectlon Of the other dark s_o||ton by the ||ght_- md_uced

For a bright-bright screening soliton pair, this character holggurrent. In fact, n the biased series SBN crystal circuit, the
valid if the condition is still satisfied, as a result, a bright coupl_mg electronically between the two qrystals_ resul_ts In

soliton cannot affect the evolution and stability of the otherthe bias voltage of gach crystal changes with .the mput mtgn—
bright soliton by the light-induced current. In other words, StV Of the dark soliton. Therefore, when the input intensity

changing the input intensity of a bright soliton cannot aﬁectOf a dark sol_lton changes, not only will the se_lf-deflectlon of

the evolution and stability of the other bright soliton. How- the dark sphton 9“3”9?' but the self-deflection of the other
ever, for a bright-bright soliton pair, the dark irradiances will dark or bright soliton will also change.

play a key role in the coupling effects between the two bright

solitons. To be limited by the space, the coupling effects
resulting from the dark irradiances will be discussed else-

Spatial Shift As

Spatial Shift A§

FIG. 12. The evolution of the spatial shift concerning with the
results in Fig. 11(a) The three bright solitons in the crystal (b)

The three dark solitons in the crystal

VI. CONCLUSIONS

where. In this paper we investigate the problem of two one-
dimensional optical beams propagating in the two PR crys-

V. SELF-DEFLECTION OF SEPARATE SCREENING tals connected electronically by electrode leads in a chain
SOLITON PAIRS AND COUPLING EFFECTS with a bias source. The main results of this paper are, first,

) _ ) ) ) the detailed derivation of a system of two coupled equations
It is an |nterest|ng tOp|C whether the self-deflection of athat Comp|ete|y describes non”near propagation Of two Opti_
soliton can be affected by the other soliton in a separatga| peams in a biased series PR crystal circuit and, second,
screening soliton pair. Obviously, this phenomenon maybgne numerical analyses and detailed discussion of the inter-
occurs in dark-dark or bright-dark soliton pairs. Here we takeaction between the two solitons in a separate screening soli-
our attention on the effect of the dark soliton on the self-ton pair, which result from the light-induced current, and the
deflection of the bright soliton in a bright-dark screeningeffects of the interaction on the spatial profiles, dynamical
soliton pair. To do so, we take the configuration shown ineyolutions, stabilities, and self-deflection of the two solitons.
Fig. 1(b) with E,=10% V/Im andE,= —10* V/m to support Because of both bright and dark screening solitons are
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possible in a biased series PR crystal circuit, there are thres unidirectional optical coupler. Furthermore, we can think
types of separate screening soliton pair: dark-dark, brightef a biased series PR crystal circuit as a system with two
dark, and bright-bright. Unlike a screening soliton in a singleoptical input signals and two optical output signals. If the
biased PR crystal, in which the character of the soliton iscircuit supports a bright-dark screening soliton pair, when the
determined only by the parameters of the single crystal, for gput signal of the dark soliton changes, the two output sig-
separate screening soliton pair in a biased series PR crystgh|s will change simultaneously, whereas when the input sig-
circuit, the spatial profile, dynamical evolution, stability, nal of the bright soliton changes, only the output signal of
self-deflection, etc., of any soliton in the soliton pair arethe pright soliton will change. This property may be used in
determined by the parameters of the two crystals. The tw@ptical switching technology. Another interesting phenom-
solitons in a soliton pair can interact each other and the inenon can also occur for a bright-dark soliton pair, i.e., the
teraction can affect the spatial profiles, dynamical evolutionsse”_bending angle of the bright soliton can be controlled by
stabilities, and self-deflection of the two solitons. The cou-the input intensity of the dark soliton. Perhaps a novel optical
pling effects can result from both the light-induced and darkgeflector could be made based on this principle.
currents Although the voltage measured between the two elec-
For a separate screening soliton pair form in a biasegrodes of the two crystals will decrease or increase if a resis-
series PR crystal circuit, because the two PR crystals argyr or a second voltage source is placed between the two
connected electronically, changing the input intensity of acrystals, the conclusions obtained in this paper are valid
crystal, not only will the characters the soliton formed in thatyhether the resistor or the second voltage source is placed or
crystal change, but also the characters of the other solitofot. The types of separate screening soliton pairs will in-
formed in the other crystal will change. However, only the crease when there are more than two crystals in the circuit.
dark soliton can affect the other soliton. The asymmetryror example, there are four types of separate screening soli-
comes from our results determined under the limit of theton pairs: bnght-bnght-b”ght, dark-dark-dark, bnght_bnght_
spatial extent of the optical wave being much less than thgark, bright-dark-dark if three crystals are connected in the
width of the crystal. In this limit, the light-induced current gjrcuit.
from a bright soliton is too week to affect the other soliton,
whereas one from a dark soliton is strong enough to affect
the other soliton. As a result, for a bright-dark soliton pair,
the dark soliton can affect the bright one by the light-induced ACKNOWLEDGMENT
current, but the bright soliton cannot affect the dark one. This The National Natural Science Foundation of China has
unilateral effect may be useful in some applications, such asupported this research under Grant No. 10174025.
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