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Existence and stability of rigid photovoltaic solitons in an open-circuit amplifying
or absorbing photovoltaic medium
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A different type of photovoltaic soliton is predicted for open-circuit photovoltaic media with a gain provided
by two-wave mixing. Such solitons are a result of a double balance, i.e., loss is balanced by gain and
diffraction is balanced by nonlinearity that is due to both, photovoltaic effects and two-wave mixing. Exact
bright and dark analytical solutions are obtained under the condition that the signal beam is much weaker than
the pump beam. Such solitons have fixed amplitude and width for the fixed values of the system parameters
and hence are namedid photovoltaic solitonsWhen the pump beam is switched to a background illumi-
nation, rigid photovoltaic solitons can become previously observed photovoltaic solitons. Numerical simula-
tions show that rigid photovoltaic solitons are stable against small perturbations.
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I. INTRODUCTION procesg9]. The RPV solitons are a result of the following
two physical origins: PV effect and two-wave mixing. Unlike
Photovoltaio(PV) solitons in photovoltaic-photorefractive the investigations on quadratic solitons, in which the evolu-
(PV-PR) crystals have been widely investigated theoreticallytions of both fundamental and second harmonic waves have
[1-3] and experimentally4—7]. In order to shorten the for- been considered, the problem we are considering here is to
mation time of PV solitons, such as open-circuit PV brightinvestigate the evolution of the signal beam alone in a sys-
solitons in a KNSBN crystdl4], people usually add uniform €m consisting of an open-circuit PV-PR crystal and a pump
background irradiance to the entire crygtlb], in a manner beam with a unlform_ spatial dlstrlbutlo_n. Note that becau$§
similar to that to generate screening solitggs Additional (€ System can amplify or absorb the signal beam, hence itis
uniform background irradiance can be equivalent to effec? dissipative system in V‘.'h'Ch .soI|t.on solutions are a r'esult.of
tively increasing the dark irradiance, which is typically very a double balance, i.e., diffraction is balanced by nonlinearity

small (mW/cr) in all oxide and sillenite PV-PR materials and loss is balanced by gain. The double _balance res_ults in
thus permitting observation of microwatt solitons with 0 1_’150Iiton solutions with fixed amplitude and width for the fixed

; ) ) . values of system parameters because a total balance is pos-
S response time in thesg materigh. Because the S|gna.I sible only at some fixed values of system paramef&€s.
beam, i.e., the self-trapping beam and the background lighg ) sia| slitons in some dissipative systems have been inves-
usually come from a same laser, the background light is POggated, such as a weakly saturated amplifying or absorbing
larized strictly orthogonal to the polar!zatlon of the signal jedium for an imaginary physical system theoreticdlg]
beam, such as the background light is @amay when the  gnq a self-focusing semiconductor gain medium experimen-
signal beam is am ray, which allows to avoid the possible tally [12]. The propagation of a Gaussian light beam in a
coupling between the background and signal beams. In thigonlinear medium with a complex susceptibility was dis-
paper, however, we predict that a different type of spatiatussed13]. These investigations have shown that there is a
solitons can exist if the polarizations of the two beams arssignificant difference between solitons in dissipative and
not strictly orthogonal. In this case, the two beams carHamiltonian systems. We know that a system is a Hamil-
couple each other by PR two-wave mixing and hence theonian one if it does not include the effects of both gain and
signal beam can obtain a gain from the background light thatipss, such as a PV-PR crystal when the effect of absorption is
in fact, has played a role as a pump beam. Such solitons havet taken into account. Soliton solutions in Hamiltonian sys-
fixed amplitude and width for the fixed values of systemtems are the result of a single balance between diffraction
parameters. Consequently, for the moment, we call themand nonlinearity. The single balance results in stationary so-
rigid photovoltaic (RPV) solitonsthat not only differ from lutions with arbitrary amplitude, which usually forms a one-
the previously observed PV solitons in their properties ancharameter familyf10]. PV solitons are supported by Hamil-
physical origins, but also have many important featurestonian systems, whereas RPV solitons are supported by
When the pump beam is switched to a background light, i.e dissipative ones. Therefore, RPV solitons must be signifi-
taking the polarization of the background light to be strictly cantly different from the previously observed PV solitons.
orthogonal to the polarization of the signal beam, RPV soli- The concept of self-focusing or defocusing via wave mix-
tons can become PV ones. ing in biased PR crystals or PR oscillators and its application
We already know that PV solitons come from PV effectin soliton formation have been put forward by Vaupel and
[1-7] and quadratic solitons come from a three-wave mixingco-workers[14,15|, in which the mechanism to support the
self-focusing or defocusing arises from both, the spatially
nonuniform screening of the applied field and two-wave
*Email address: jsliu4508@vip.sina.com mixing. Very recently, Coheat al.[16] proposed a new kind

1063-651X/2003/6@)/0266077)/$20.00 68 026607-1 ©2003 The American Physical Society



JINSONG LIU PHYSICAL REVIEW E 68, 026607 (2003

/  Pump beam X, C along thex coordinate. A one-dimensional signal beam is
/[ (broad and uniform) made to propagate along an ordinary principal gtie z
Laser <=z Halfwave plate E’ axis) and is itself extraordinarily polarize@long thex axis).
y The signal beam is confined in tlk@imension, whereas it is
" 1> extendednondiffracting iq the sepond trangverse Qireption,
Signal beam KNSBN y. A strong pump beam with a uniform spatial distribution in
both transverse dimensions also propagates along #xés
FIG. 1. The schematic of a rigid photovoltaic soliton in an open-gnd makes a small anglewith the signal beam in the crys-
circuit PV-PR crystal, in which the signal and pump beams arey| The two coherent beams are coupled to each other by PR
coupled to each other by PR two-wave mixi@denotes the axis two-wave mixing and then the signal beam obtains a gain
of the crystal. from the pump bearf21]. The pump beam is also a linearly

polarized light and its polarized direction makes an angle

of spatial solitons, namely, holographic solitons that ar€yith the x axis. Rotating the half-wave plate allows varying

sole'ly sppported by cross-phase mpdulatlon arising from th?p, and then allows controlling the value ¢f;, the effective
grating induced by PR two-wave mixing for the special case : - o
electro-optic coefficient of the two-wave mixing process

without energy exchange between the two beams. Hence;ﬁ 21 Th b . h 0o
holographic solitons are supported by a Hamiltonian systenm.” =" € pump beam is agray (or ano ray) whene=0 (or
/2). Whene= 7/2, the pump beam, in fact, has become an

In this paper, we develop a theory to describe the abové’d. larized back 4 illuminati -
open-circuit PV dissipative system in one dimension and®rdinary polarized background illumination ands=0. In
steady state. We obtain a propagation equation of the signiliS €ase, this configuration has become the one that is

beam and its exact bright and dark analytical solutions fO[needed for PV solitonp4~-5], in which the ordinary polar-

the case that the signal beam is much weaker than the purr%ation avoids the possible coupling between the background

beam. Our results show that the signal beam can evolve intggNt and the self-trapping beam.
a bright (or dark soliton. Numerical simulations show that __hen the signal beam is much weaker than the pump

these solitons are stable relative to small perturbations. WR€&m, which makes a very weak index modulation, the per-

propose a relatively simple method to write down the propa_turbed extraordinary refractive indéy, for the signal beam

gation equation by simply treating the whole nonlinear pro-can b€ written asic=nc+An; +An,, wheren is the un-
cess as a superposition of the PV effect and two-wave mixPerturbed extraordinary refractive index amch, result§
ing. These two mechanisms, however, are the two aspects §PM the PV effect and\n; results from the two-wave mix-
the same phenomenon related to propagation and interactidR@ Process. First, let us considam,, which can be ex-
of the two laser beams in PV-PR media. Hence the propagdtessed agl] An;=—ngrs3Eq/2, whererg; is the electro-
tion equation should result from a general model such as theptic coefficient, andE,. is the space-charge field. Because
one introduced by Zozulya and Anderdd]. By use of this  the pump beam illuminates the entire crystal uniformly, it
model, some problems about the propagation of light beamBence induces a uniform equivalent electric fipddt Ecq=
in PR medium were investigated, such as snake instability <E,, wherex=K{/KP, andKp andKp are the PV coef-
and creation of optical vortice/48], symmetry breaking to ficients of the pump and signal beams, respectively,Eis
spatial turbulenc@l9], as well as solitary attractors and low- the PV field constant of the PV-PR crystal for the signal
order filamentatio[20]. Nevertheless, our simple method beam[1-4]. The equivalent electric field can be thought of
allows us to avoid some cumbersome derivations and thas an externally applied field, as a result, when the dark
result arising from the simple method will coincide with the irradiance is much weaker than the background beam, the
final result arising from the general model for very weakspace-charge fielf; in the open-circuit PV-PR crystal can
index modulation and for soliton beam much weaker than thdébe expressed af4] Eg=[lpEcq—IEp]/(1+1p), where |
pump beam, however, which does not mean those twe=1(x,z) is the signal beam intensity ang is the back-
mechanisms act separately. ground light intensity. For the system considered in this pa-
This paper is organized as follows. In Sec. Il, the nonlin-per, we havd,=1,, wherel, is the pump beam intensity.
earity of the dissipative system is described and the propafFhereby we can obtairEs.=—E,(«I,+1)/(l1,+1) and
gation equation of the signal beam is derived. In Sec. llI, theAn1=ngr33Ep(l +lp)/[2(1+1,)]. We then consideAn,,
exact analytical bright and dark soliton solutions are ob-which can be found in Ref [21] as An,
tained. In Sec. IV, the properties of the solitons are analyzed= nl(e”’¢p¢* e'*ng/27mo+ c.c.)[2(1+1y)], where ¢ and ¢,
In Sec. V, we do some numerical works to investigate theare the slowly varying envelopes of the electric-field compo-
propagation and stability of the solitons as well as the influinent of the signal and pump beams, respective{y,z)
ence of linear loss on the propagation and stability. Finally=(n./27)|¢(x,2)|2, |p:(ne/2770)|¢p|2, 70= (ol €0) Y2,

z

%1inder lens

n.

we draw some conclusions in Sec. VI. A=Kkyzcosb+kxsinfg—kz k=ncky, kg=2m/\g, \q is the
free-space wavelength of the lightwave employed kaadd
II. NONLINEAR AND WAVE EQUATION k, are the wave vectors of the signal and pump beams, re-

spectively. The termn;e'’ can be expressed ase'’
Consider the schematic shown in Fig. 1. The crystal is=\o(I'o+il'/2)/7, wherel’ andI'y are the intensity and
taken here to be a doped KNSNBuch as Cu:KNSBN phase coupling coefficients of the codirectional two-wave
Sig oNag 7551 sBrsO;5 [4]) with its optical ¢ axis oriented mixing process. Thufé, can be expressed as
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On the other handy,e'’=in3yEEs/(E+Ey), which results
in To+il/2=iEE4/(E+Es), where §=n3yqky2, E
=Eq—iEeq, Eq=4mkgT sinb/(\e) is the diffusion fieldkg
is the Boltzmann constang is the electron chargd, is the
absolute temperatur&;=eNp\o/(4meey Sinb) is the satu-
ration field, N, is the acceptor density is the effective
dielectric constant, angl, is the permittivity of vacuum. The
expression foryeg is yer="er(€-€,), Whereé ande, are the
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III. EXACT ANALYTICAL SOLUTIONS

It is difficult to obtain an exact analytical solution of Eq.
(4) in general conditions. In what follows, we solve this
equation in the condition ofU|?=1/1,<1, thereby we can
take (1+|U|?)1~1-|U|?, and thus the last equation be-
comes

U 14U

|&—g'i‘EF+(Q_|G)U+(P+Ig)u|u|2:0’ (5)

whereQ=«ko+gy, G=g—a, andP=0(1—«)—go.
In order to find the exact analytical solutions of Ef),
we should assume the pump beam intenkjto be constant

polarization vectors of the signal and pump beams, respegor each value ofz If the crystal has a small absorption

tively [22]. For the configuration described abovges
=N"y33C0S0COSEI2) + Ny ,Sin(@)sin(@2) and  €-&p)
=cosg, wheren=n./ngy, ng is the ordinary refractive in-
dex. Thus we have

Yeit=N[ N27Y33C0S6H COK 6/2) + 7,4, Sin( 6)sin( 0/2)]003(,0.(2)

coefficient and the intensity coupling between the signal and
pump beams is quite weak, the approximation could be sat-
isfied very well. Selecting a value gf which is close tar/2,

can allow the condition of weak intensity coupling to be
satisfied. For a constant valuelgf, we can use the results in
Refs.[10], [23] to obtain the exact analytical bright and dark
soliton solutions of Eq(5). To do so, let

U(s,&)=P Y2(s,£)e'; (6)

Note that, when the pump beam is taken as an ordinary po-

larized background illumination, we have= 7/2, which re-
sults inye=0 and hencd’=T"¢=0.
By use of a way similar to that in Reff21], in which the

coupled-wave equation for two-wave mixing was derived,

but then considering the variation @f in the x direction,

using Eq.(1) as the expression for the perturbed refractive

index and ignoring the quadratic terms &h; andAn, as
well as the products ahn; andAn,, in the slowly varying
approximation(i.e., ignoring the term o®?¢/9z%), we find
that ¢ satisfies the following paraxial wave equation:

1 ¢  dp 3 |+ &l i I
2k a2 T oz TRog vsFe iy Tt | Tom g im 4
1
+i5a0p=0, 3

whereay is the absorption coefficient of the crystal. We now

rewrite the wave equation in a dimensionless form by letting

s=X/Xo, £=2zy, zo=kx5, and U=(2nol,/ne) Y24,
wherexg is an arbitrary spatial width. Thus we get a dynami-
cal evolution equation in term df as the following:

_au+1azu+ |U|2+KU+ _ U CiaU
'S T2 9 ToTup Y T (@19 g e

0, 4
where o= xyzE,, x=(koXo)®ne/2, 9o=2000, g=2,0/2,
and a=zyap/2. FromT'y+il'/2=i15EE./(E+E), we can
obtain the expressions fog and g, as g= XyeﬁEs(Eéq
+EqEad/(EGs+ES)  and  go=xVerEedEs/ (EdstEZy.
whereEy=E4+Es.

Eqg. (5) then becomes a standard cubic complex Ginzburg-
Landau equation, but without the term of spatial spectral
filtering, as the following:

Y

2v g
— —_— 2:. —.— 2
[ a§+2 +V|V[*=iGV—i PV|V| :

7 "
The bright soliton solutions of E¢7) can be directly written
as  V(s,&)=FPY2sech(Bgexp|ib In[sech(B9 Jlexd —i(v
+Q)£] [10]. Inserting it into Eq.(6), we obtain the bright
soliton solution of Eq(5) as the following:

U(s,&)=F sech(Bs)exp|ib In[sech(Bs) [}exp( —ivé),
(8)

where F=[3G/(29)]¥% B=(G/b)*? b=[-3P+(9P?
+8g2)Y?]/(2g), and v=(b?>—1)G/(2b)— Q. Dark soliton
solutions of Eq(7) have been found in Ref23] and refined
in Ref. [24] and can be written as V(s,§)
=D PY2tanhHs)exp{id In[coshHs)lexd —i(Q+Q)&].  In-
serting it into Eq.(6), we obtain the dark soliton solution of
Eq. (5) as the following:

U(s,&)=D tani(Hs)exp|id In[cosiHs)]}exp —iQ&),
9

where D=(G/g)Y? H=[2G/(3d)]*? d=[3P+(9P?
+8g?)¥?]/(2g), andQ=2G/(3d)— Q. In solutions(8) and
(9), F andD are the amplituded® andH are the parameters
associated with the widthy and Q) represent the nonlinear
shifts of the propagation constamtandd are the chirp pa-
rameters. These solutions show that bright and dark spatial
solitons, so-called RPV solitons, can exist in an open-circuit
PV-PR crystal with a gain of two-wave mixing.

If the pump beam is switched to a background illumina-
tion, the absorption of the crystal is neglected and the
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equivalent electric field induced by the pump beam is not
taken into account, we hayg=g,=0, k=0, anda— 0, thus
P=o0 and Q=0. For the bright soliton case, we have,
—r¥2 B—(ro)¥?, v—0, andb—2g/(3P)—0, wherer
[=limg ,.03(g—@)/(29)] is an arbitrary positive param-
eter, i.e., the amplitude of the soliton as a free parameter. In
this case, Eq(8) reduces into the solution of weak amplitude
PV bright solitons as the following:

-
Qo
(=]
(=]

1004

Intensity FWHM @m)

10

-3000 -1500 0 1500 3000
E (V/cm)

U(s,&) = r sech(\ras). (10) ’

FIG. 2. The intensity FWHM varying with the PV field constant

An expression equivalent to this solution can be found inagt @=0.09.r=0.1 andp=0.1 for bright and dark PV solitons,

Ref.[2]. The necessary condition for the solitorvis-0, i.e.,  respectively.

E,>0. For the dark soliton case, we hae—p'? H—

[—po)]Y? Q—0, and d——2g/(3P)—0, where p  dark case. From the definitions &f d, andP we know that

[=limg ,o(g—a)/g] is an arbitrary positive parameter. b andd are always positive whethé?>0 or <0. That is,

Solution(9) reduces into the solution of weak amplitude PV both bright and dark RPV solitons can exist whetRer0 or

dark solitons as the following: <0, which results in the fact that both bright and dark RPV
solitons can exist whethd,>0 or <0. This result presents
U(s,é)= \/Ztanr( —pos). (11 a striking contrast to the fact that the brigtar dark PV

soliton can exist only ifE,>0 (or <0) [1-3]. Notice that
An expression equivalent to this solution can be found inP>0 or <0 means that the crystal possesses a focusing or
Ref. [2]. The necessary condition for this dark solitonsis defocusing nonlinearity. Therefore, both bright and dark
<0, i.e.,E;<0. The above results indicate that the system ofRPV solitons can exist whether the medium possesses a fo-
a PV-PR crystal with a two-wave mixing gain can be easilycusing or defocusing nonlinearity, just as do the spatial soli-
switched from a dissipative system to a Hamiltonian one bytons in other dissipative systerfitl—13, whereas bright or
switching the pump beam to a background illumination, anddark PV solitons can exist when the medium possesses only
vice versa. As a result, the RPV solitons can then be easilg focusing or defocusing nonlinearifg—3].
switched from the “rigid” ones, i.e., with fixed amplitude We then consider the soliton widfmtensity FWHM (full
and width, to the “soft” ones, i.e., with arbitrary amplitude. width at half maximum]. Although either focusing or defo-
The idea of switching a soliton from rigid state to soft one cusing nonlinearity can support a brigiar dark RPV soli-
was presented first by Akhmediev and co-workers, and théon, the soliton width depends strongly on the feature of the
system considered here is a physical counterpart for themonlinearity. LetW, and Wy denote the intensity FWHM of
theoretical on¢10]. This knowledge is important for design- bright and dark RPV solitons, respectively, from E@.and

ing new types of an all-optical switch. (9), then we havew,=1.76<,/B and Wy=1.76¢x¢/H. In
order to compare them with that of weak amplitude PV soli-
IV. PROPERTIES OF RPV SOLITONS tons, from Egs. (100 and (11), we have Wy,

=1.76¢y(r o) ~¥2 and Wy, = 1.76¢o(— pa) ~ Y2 which de-

In order to analyze the properties of RPV solitons, it isnote the intensity FWHM of weak amplitude bright and dark
necessary to make some detailed calculations. In doing so, PV solitons, respectively. Whether the crystals possess a fo-
this section and the following sections, we takg=2.27,  cusing or defocusing nonlinearity depends on the sigof
Ng=2.35,6 =500, y4,=820 pm/V, andys3=200 pm/V fora If a positive E, makes a focusing nonlinear, a negative one
KNSBN crystal at\y=0.5um. The value ofk andE, de-  must also make a defocusing nonling26]. Some PV crys-
pends on the polarization of the pump beam and the intensityals possess a PV field constant with a deterministic sign,
of the signal beam. The experimental results in R€fshow  sych asE,<0 for LINbO; [2,25], whereas some PV crystals
that when the pump beam is array and the signal beam is (for example, BaTi@) possess PV field constants that
an e ray, the ratiox=Kp/Ki=K/KF=0.4 and when the change sign under polarization rotatig®5]. Although the
beam intensity in the crystal is about 8 Wfcrfat A\ sign of E,, for a given crystal and beam polarization is given,
=0.488um), the PV field constarE,=27 KV/cm. On the in order to provide a panoramic view, we calculate Hy
other hand, we havec=K{/Ki=K{/Ki=1 if the pump dependence of the width of RPV solitons f&, varying
beam is also ae ray. Consequently, if the pump beam hasfrom negative to positive values as shown in Fig. 2. When
both ordinary and extraordinary polarization components, thé&,>0 (or E,<0), W,, (or Wy) decreases ag, (or |Ep|)
value ofx will be in the range 0f0.4, 1), so we can approxi- increases, whereas whef,<0 (or E;>0), W, (or Wy)
mately takex=0.5 for ¢=87° and, if the signal beam inten- increases and, reaches its maximum value at a charégter
sity is taken ag =800 mW/cn%, we can approximately take and then decreases fS,| (or Ep) increases. BotW, and
E,=3000 V/icm. The other parameters are takenNgs W, are very sensitive t&, whenE, is near the zero point.
=1.2x10"% cm™3, xo=15um, §=2°, andT=300 K. Wy, (OF Wyp,) has a behavior similar to that foy, (or W)

At first, let us consider the conditions necessary for RPMvhenE,>0 (or E,<0). The crystal possesses a focusing or
solitons, which ar@g>« andb>0 (or d>0) for bright(or  defocusing nonlinearity wheB,>0 or E,<0 because is
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FIG. 4. Simultaneous propagation of a RPV bright soliton
tensity profiley. System parameterse=0.17, g=0.26, go=
—0.56, =28, and «=0.4. Solution parametersF=0.72, B
=2.7,b=0.012, andv=—17. Input conditionsAF=0 andAB
=0.

FIG. 3. Phase profiles of a bright and dark RPV solitpp,and
¢q, at @=0.09. The circles denote, for E,=0, 1500, 3000,
—1500, —3000 (from top to bottom. The triangles denote for
E,=3000, 1500,-3000, —1500, O(from top to botton.

positive whenE,>0, whereas negative whe,<0. The
above results show that although either focusing or defocu
ing nonlinearity can support a RPV brigfdr dark soliton,
the width of the soliton is much narrower in the focusiiog
defocusing case than that in the defocusirigr focusing
case.

Finally, we consider the wave front of RPV solitons. Let-
ting ¢p(s) and ¢4(s) denote the wave fronts of bright and
dark RPV solitons, respectively, from solutio(® and (9),

ing these values into E(8), we get a bright RPV soliton
SWith the following values of the solution parametéis-F
=0.71,B=By=2.7,b=by=0.012, andv=vy=—17. This
bright RPV soliton possesses a widihtensity FWHM to

be 9.7 um and a ratio ofl/lp=F§=0.49. The dynamical
evolution of the solitary beam can be obtained by numeri-
cally solving Eq.(5) with the above values o, g, g9, o,
andk. As expected, our results confirm that the soliton states
remain invariant with propagation distance, as shown in Fig.

we have 4 (calculated toé=10, i.e.,z=6.7 cm).
—[(g—a)/2]s?, s<W,/3.53 We then consider the stability of these solitons relative to
qbbzbln[sech(Bs)]w{ small perturbations of the initial conditions. In general, a
b(In2=Bs), S>Wb/3'5(31'2) soliton is stable if, after a small perturbation, it approaches

some stationary state. We have studied the stability of the
solitons numerically, by adding small perturbations to exact

[(9—a)/3]s?,  s<Wy/3.53 solution(8) and solving the full nonlinear equati@h). To do
—d(In2£Hs), s>W,/3.53. so, by takingF =Fy+AF, B=By+AB, b=by, andv= 1

(13 into Eq. (8), we can get a beam whose amplitude and width
. . ) . are slightly different from those of an exact solution of Eq.
Obviously, RPV solitons have nonuniform wave front, which 5). The dynamical evolution of these pretreated beams can
are parabolic near a>_<is and become progressively linear ofthen pe obtained by numerically solving EG) with the
axis, whereas PV solitons have uniform wave fidnt3]. As - apye values of the dimensionless system parameters. Figure
mentioned above, the focusirigr defocusing nonlinearity ¢ ¢hows an example fa=3.4 cm. As we can see, the beam
creates smaller values ¥, (or Wy), whereas the defocus- eghapes itself and tries to evolve into a solitary wave in the
ing (or focusing nonlinearity creates larger values\W, (o medium. Our calculations also show that for this set of sys-
Wy). As a result, the linear function will dominaig, (or o parameters, whefAF|<0.04 andAB=0 as well as
$q) for focusing(or defocusing case, whereas the parabolic A — and|AB|=<0.1, these solitons are stable. Figures 6
function will dominateg, (or ¢g) for defocusing(or focus-  ang 7 give the dynamics of the peak solitary beam intensity
ing) case. Becausk, d, B, andH depend orE,, the wave o gifferent values ofAF and AB. When AF#0 or AB

front profiles will change withE,, (see Fig. 3 As we can . the intensity converges towariF=0 and AB=0.
see,$,<0 and ¢4>0. Thereby, bright and dark RPV soli-

tons are divergent and converging beams, respectively. UEs)?

Pyg=d In[cosf(Hs)]w[

V. PROPAGATION AND STABILITY OF RPV SOLITONS 0.4
. . . . . 0.2

In this section, we investigate the questions of the propa-
gation and stability of bright RPV solitons by use of a nu- 500

merical approach. The valueswf, ng, &, Y42, ¥33, Na, K,
Ep, ¢ 6, Ng, X, andT are taken as same as given in Sec.
IV. From these values, we haé=0.81cm ! and I'y= s
—0.88cm !, First, let us consider the propagation of a

bright RPV soliton atey=0.54 cmi!. The corresponding FIG. 5. Dynamical evolution towards the solitary watieten-
values of those dimensionless system parameters if3tq. sity profileg. System and solution parameters are the same as in
area=0.17,g=0.26,9o=—0.56,0=28, andk=0.5. Tak-  Fig. 4. Input conditionsAF = —0.04 andAB=0.

50
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FIG. 6. Dynamics of the normalized peak solitary beam inten-
sity. System and solution parameters are the same as in Fig. 4. Input
conditions:AB=0 andAF=0.04, 0.01, 0-0.01,—0.04(from top
to bottor).

These results indicate that the bright RPV solitons are stable
against small perturbations in both amplitude and width.
Finally, we consider the influence of linear loss on the
propagation of RPV solitons in PV-PR crystals. In E§),
G=g— « denotes a net gain. Different values Gfwill ap-
pear for different values oft. The beam at the input is as-
sumed to be a bright soliton solution of E8), i.e., solution
(8) with F=0.72,B=2.7, b=0.012, andv=—17, coming
from the system parametets=0.17,g=0.26,gy,= —0.56,
o=28, andk=0.5 with a net gainG=G,=0.09. LetAG
=G—G, denote the variation in the net gain when
#0.17. The evolution of the beam in the crystal is then in-
vestigated by solving Eq5) with g=0.26,g,=—0.56, ¢
=28, andk=0.4 for «=0, 0.13, 0.17, 0.2, and 0.2Ghe
corresponding actual values a¥g=0, 0.41, 0.54, 0.62, and
0.78 cm %), which makesAG=0.17, 0.04, 0,~0.03, and
—0.07, respectively. The dynamics of the beam in the crystal
is depicted in Fig. 8. The figures show that the beam exhibits
a different evolution feature for different sign AfG. When
AG<0, which corresponds to the excess loss case, the inten-
sity of the beam decreases with propagation distance because
the gain cannot overcome the loss and then the beam is pro-
gressively absorbed as it propagates and, consequently, the
beam cannot evolve into a stable RPV soliton irrespective of
how large|AG]| is, as shown in Figs.(& and §b). However,
whenAG>0, which corresponds to the excess gain case, the
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intensity of the beam incessantly increases with propagation FiG. 8. The effect of loss on the evolution of a beam in a PV

distance and the beam finally becomes a divergent one for &mplifying or absorbing system. The input beam is a bright RPV

big value ofAG, such asAG=0.17, as shown in Fig.(8),  solitary solution withF=0.72,B=2.7,b=0.012, andv=—17. The
system parameters age=0.26, 0=28, B=—14, go,=—0.56; and

o
o»

Peak beam intensity
=}
[4)]

o
F'S

FIG. 7. Dynamics of the normalized peak solitary beam inten-
sity. System and solution parameters are the same as in Fig. 4. Input
conditions:AF=0 andAB=-0.1, —0.05, —0.01, 0, 0.01, 0.05,
0.1 (from top to botton.
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(@ «=0.2, AG=-0.03; (b) a=0.25, AG=-0.07; (c) a=0,
AG=0.17, and(d) «=0.13,AG=0.04.

whereas the intensity of the beam is amplified initially and
then reaches a saturation value, and the beam finally evolves
into a stable RPV soliton for a small value AfG, such as
AG=0.04, as shown in Fig.(8). In the last case, the beam
loses its energy until it converges to a stationary state and the
self-trapping is then said to be stable.

VI. CONCLUSION

We suggest using a KNSBN crystal with a configuration,
which can be obtained by putting a half-wave plate into the
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illuminate beam path in the configuration needed for PV soli-stronger than the self-trapping beam, discussed the unique
tons[4], to generate and observe RPV solitons. In order tgroperties and stability of these solitons as well as the influ-

observe the soliton beam without disturbing from the pumpence of linear loss on the propagation and stability, and con-

beam, one can take a manner, which is similar to that fosidered the configuration and methods necessary for generat-
monitoring the incoherently coupled PR soliton pairsing and observing RPV solitons.

[27,28, to monitor RPV solitons.

In conclusion, we have shown that a different type of
soliton can exist in open-circuit PV-PR materials when the
self-trapping beam couples coherently with a pump beam by The National Natural Science Foundation of China under
two-wave mixing, obtained an exact analytical solution forGrant No. 10174025 and the Key Project Foundation of the
the soliton under the condition that the pump beam is muclEducation Ministry of China have supported this research.
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