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Separate holographic screening soliton pairs in
a biased series photorefractive crystal circuit*
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Holographic dark (bright) screening solitons are predicted in one dimension for a series circuit consisting of two

photorefractive crystals connected electronically by electrode leads in a chain with a voltage source. Each crystal can

support a holographic screening soliton. The two solitons are known collectively as a separate holographic screening

soliton pair with three types: bright-bright, bright—-dark and dark—dark. The numerical results show that the two

solitons in a soliton pair can affect each other through a light-induced current and their coupling can affect their spatial

profiles under the limit in which the optical wave has a spatial extent much less than the width of the crystal.
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1. Introduction

Holographic solitons which are supported by the
holographic focusing mechanism in photorefractive
(PR) crystals are widely investigated theoretically and
experimentally.[1_5] The holographic focusing mech-
anism arises from a grating in the refractive in-
dex induced by interference between the two beams
(i.e. pump and signal beams) via two-wave mix-
ing (TWM). It was predicted that, based on such a
holographic focusing mechanism, both beams in the
TWM process could form holographic solitons simul-
taneously under a special condition that the asym-
metric energy exchange between the beams does not
take place.!! Tt was proposed that the signal beam
alone could form PR solitons based on the holo-
graphic focusing mechanism if the asymmetric en-
ergy exchange from the pump beam to the signal
beam took place, and such solitons could be known
as dissipative holographic solitons because they could
exist in a dissipative PR system.[’) Combining the
holographic focusing mechanism with the self-phase-
modulation self-focusing mechanism that originates
from the spatially nonuniform screening of the ap-

6.7 or from the

8,9]

plied field to form screening solitons,
photovoltaic effects to form photovoltaic solitons,!
or from both the screening and photovoltaic ef-
fects simultaneously to form screening-photovoltaic

solitons,!'%11) holographic screening solitons, " holo-

[13] and holographic

graphic photovoltaic solitons
screening-photovoltaic solitons!*¥! were proposed to
occur in dissipative PR systems in which the asym-
metric energy exchange takes place. Soliton solutions
in dissipative systems are the result of a double bal-
ance, i.e. diffraction is balanced by nonlinearity and
loss is balanced by gain. At present, all investigations
on the holographic solitons are concerned with only
one piece of PR crystal. Can a holographic screen-
ing soliton form individually within each crystal in
a biased series PR crystal circuit in which two PR
crystals, denoted by P and P, and a voltage source
are connected in a chain by electrode leads (Fig. 1)?
That is, when two sets of signal beam and pump beam
are, appropriately and respectively, incident on the
two crystals, can a holographic screening soliton form
individually within each crystal? If so, do the two soli-
tons, formed separately in the two crystals, interact or
affect each other?

In the present paper, we investigate holographic
screening solitons formed in a series PR crystal circuit.
By use of the well-known transport model of photore-
fractive effect, which was successfully used to develop
the theories of a holographic screening soliton, 2 we
predicate that each crystal can support a holographic
screening soliton in the case that the spatial extent of
the optical wave is much less than the width of the
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crystal. We name the two solitons, formed separately
in the two crystals, a separate holographic screening
soliton pair. Both bright and dark solitons can form in

|

the crystals. As a result, there are three types of the
separate holographic screening soliton pairs: bright—
bright, bright—dark, dark—dark.
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Fig. 1. Illustration of a biased series PR crystal circuit consisting of two PR crystals to support a bright—bright soliton

pair (a), a bright-dark soliton pair (b), and a dark-dark soliton pair (c) separately, where P and P denote the two

crystals; C' and C represent the two ¢ axes; I and I refer to the incident bright or dark solitonlike one-dimensional laser

beams respectively; I, and fp indicate the incident pump beams; V) denotes the voltage of the source.

2. Theoretical model

Considering first crystal P, its optical ¢ axis ori-
ents along the x axis and a bias field is applied in
the same direction. A one-dimensional bright or dark
soliton-like optical beam I as a signal beam is made
to propagate in the crystal along the z axis, and it is
permitted to diffract only along the x direction. An
optical beam I, with a uniform spatial distribution as
a pump beam is also made to propagate in the crys-
tal along the z axis and makes a small angle 6 in the
crystal with respect to the signal beam. The two co-
herent beams couple by PR codirectional degenerate
two-beam coupling, and then the pump beam can am-
plify the signal beam.[':16! Moreover, we assume that
the signal beam is linearly polarised along the x direc-
tion. The pump beam is also linearly polarised, and
its polarised direction makes an angle ¢ with respect
to the x axis.

When the signal beam is much weaker than the
pump beam, which makes a very weak index mod-
ulation, the perturbed extraordinary refractive index
fie (along the ¢ axis) of the signal beam can be writ-
ten as e = ne + Any + Ans, where n, is the un-
perturbed extraordinary refractive index, An; results
from the spatial nonuniform screening of the applied
field,[®7 and Ans results from the two-beam cou-

(15] An; can be expressed asl®” Ang =

pling process.
—n2r33Fs./2, where 733 is the electro-optic coefficient,
and F4. is the space-charged field induced by the

signal beam. Any can be expressed astdl Any =

nife'“pp0* el +c.c.]/[2(|pp|? + |¢]?)], where ¢ and
¢p are the slowly varying envelopes of the electric-
field components of the signal and pump beams, re-
spectively, A = kpzcosf + kpxsind — kz, k = neko,
ko = 2m/Xo, Ao is the free-space wavelength of the
light-wave employed, k and k,, are the wave vectors of
the signal and the pump beams respectively. The term
nye'® can be expressed as nyel® = \g(Ip + il'/2) /7,
where I' and [ are the intensity and the phase cou-
pling coefficients, respectively.

On the other hand, n; e'® ingrcﬁ-EES/(E + Ey)
which results in I'y +iI'/2 = i0 EFE,/(E + E;), where
6 = nlregko/2, E = Eq — iEy, Fy is the bias field,
Eq = 4mkpTsinf/(eXg) is the diffusion field, kp is
the Boltzmann constant, e is the electron charge, T is

the absolute temperature, Es = eNaAo/(4me g sin b))
is the saturation field, N is the acceptor density,
er is the effective dielectric constant, and gq is the
permittivity of vacuum.

We use a method similar to that in Ref. [15], in
which the couple-wave equation for codirectional de-
generate two-beam coupling was derived. But we only
consider the variation of ¢ in the x direction, and ig-
nore the quadratic terms of An; and Ans as well as
the product of An; and Ans, in the slowly varying
approximation (i.e. we ignore the term of 92¢/022),
and we find that ¢ satisfies the following paraxial wave

equation:
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i I, o,
+(F02F>Ip+1¢>+12¢>0, (1)

where ¥y is the absorption coefficient of the crystal,
I =1I(x,2) = (ne/2m0) |6(x, 2)|*, m0 = (po/20)"/? and
I, = (ne/2n0) l¢p|®. The induced space-charge field
FE. can be obtained 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 arel”]
yrnNp = si(I+ 1) (Np — Ng), (2)
O = (N~ Na ) ®)
J =eunFy. + kBT,u(;—Z, (4)
% =0 or J=const, (5)

where Ni and Np are the ionised donor density and
the donor density, respectively, n is the electron den-
sity, J is the current density, s; is the photoexcitation
cross section, g is the carrier recombination rate, p
is the electron mobility, and I}, is the intensity of the
background light. For the system considered in this
paper, we have Iy, = I, + Ig, where I is the dark
irradiance. We assume that Iy < I,, thus we have
Iy, =~ I,. Moreover, in Egs. (2)—(5) we have ignored
any z spatial dependence by assuming that the vari-
ables involved vary much more rapidly in the x direc-
tion.

We can take a similar way to that in Ref. [7]
to greatly simplify Egs. (2)—(5) by keeping in mind
that the following inequalities hold true in typical
PR media: N > n, Np > n, No > n and
|(g0er/eNA) (0Fs./0x)| < 1. In this case, Egs. (2)
and (3) yield the following results: N a Na and
n = si(Np — Na)(I +I,)/(yrNa). At this point, we
also assume that the power density I = I(x, z) attains
asymptotically to a constant value at © — +o0, that is
I(x — £00,z) = I. In the region of constant illumi-
nation, Egs. (2)—(5) require that the space-charge field
E,. is independent of z, i.e., Fs.(x — £00,2) = Ep.
From Eq. (4), the current density J in the regions
(x = £00), denoted by Jo = J(z — +o0, 2), can be
subsequently determined and given by J, = eun Eo,
where noo = si(Np — Na)(Iso + Ip)/(7rNa). For
the crystal ]5, we similarly have Jeo = eﬂﬁwEo and
Moo = =§i(ND - NA)(joo + fp)/('AYRNA)-

Let VA denote the applied voltage source, and V'
and V represent the potentials measured between the
electrodes of P and P crystals, with separations be-
tween the electrodes being W and W, respectively.

Let S and S denote the surfaces of the electrodes of
the crystals P and P respectively. In the series cir-
cuit (Fig. 1), we have Vo = V + V and SJ = S.J.
If the spatial extent of the optical wave is much less
than the x width W, Ej is approximately expressed as
Ey = V/W. For the crystal P, we have Ey = V/W.
Obviously, we find Va = V +V = WE, + WE,.
Keeping in mind that Eq. (5) implies that the cur-
rent density J is constant everywhere in the crystal,
that is, J (x, z) = Juo. For the crystal P, we also have
j(a:,z) = Jo. As a result, we have SJy = SJo.
Substituting J., and joo into SJs = Sjoo and using
VA=V +V =WEy+ WE,, we find that

Eo = QFq, (6
Ey = QF,, (7
(}:3(foo+I},)/[5(IOO+Ip)+5<foo+fp)}, (8
) =

§ (I +1p)/[5 (I + I,) + 6 (foo n p)} 9

— O ~—

where § = Susi(Np — Nao)/ (YR NaW), Ea = VAo /W,
6 = Sps(Np — Ny) /(@ARNAW) and Ey = Va/W.
The parameters {2 and {2 are known as coupling coef-
ficients between the two solitons and 2 4+ £ = 1.

In the region of I (z, z) varying with z, the current
density J is determined by Egs. (2) and (4), and then
from J (z,z) = J, the induced space-charge field Ey.
in the crystal P can be determined by entirely ignoring
the diffusion effect to be

I + 1,
By =FEy—=—2, 10
"T+1, (10)
For the crystal P, we also have
I S
B = Byl Tle, (11)
I+1,

Although the expression Fy. (as well as ESC) has a
similar form to that for the space-charge field in a sin-
gle biased photorefractive crystal,['?! the value of Ex.
(as well as F.) depends on the parameters of the two
crystals, including /., and I. On the other hand,
F. and Fs are not independent. They couple each
other by the coupling coefficients (2 and 0.

Then the evolution equations of the soliton
formed in the crystal P can be established by sub-
stituting Eq. (10) into Eq. (1). It proves more conve-
nient to study this equation in a normalised fashion.
To do so, we adopt the following dimensionless coor-
dinates and variables, i.e. let £ = z/(kad), s = x/xo
and ¢ = (QnOIp/ne)l/2 U. Here xg is an arbitrary spa-
tial width. The dynamical evolution equations of the
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normalised envelope U can be determined as follows:

1 U
iU+ -Us— [B(1+p) —go +ig] ————= +19U =0,
U= [0 +) —o0 +igl
(12)
where p = I/I,, g0 = kadly, g = ka3l/2,
B = xrsBo, x = (koxo)’ (nt/2) and ¥ =

ka2do/2. From Iy + il'/2 = i6EE,/ (E+E) we
can obtain the expressions for g and gy to be
g = [xreaBs (E§ + EaEas)|/(E3, + E§) and gy =
(xre EoEZ2)/(E3, + E3), where Eqs = Eq + Eg. It
is difficult to obtain an exact analytical solution of
Eq. (12) in general conditions. In what follows,

we solve this equation in the condition of |U |2 =
-1
I/I, < 1, and we can take (1 + |U|2) ~1—|U)%

thus Eq. (12) becomes

1
iUg + 5Uss = [Pa + G U + [Pa + ig] UlU)? =0, (13)

where G =g — 9 and Py = (1+p) 8 — go.
Similarly, we can obtain results for P as follows:

~ 1A

iU + 5Uss - [Pd+1G}U+[P

+ig)U|UJ* =0, (14)
where G = g — 9, Py = (1+p)B — jo, /3 =

AOO/IApv g = [)A(feffEAS(Eg + EdEdS)]/(Eds + EO) =
(XTeffEOE )/(Egs + E2), BEq = 4nkgTsin 0/( Ao),
E, = eNA)\O/(Zlﬂ'erso 81119) Fos = Eq+ Es, B =
X7"33E07 (kol"o)( ¢/2), 9 = k’xoﬂO/Q, f = Z/(lmo)
and § = &/%p. Although the two dynamical evolution
equations have a similar form to that for a single bi-

(12]

ased photorefractive crystal,*“ they couple each other

by the coupling coefficients {2 and 0.

3. Spatial profiles of three types
of separate holographic screen-
ing soliton pairs and coupling
effects

We consider the effects of the interaction between
the two solitons in a separate holographic screening
soliton pair on the intensity profilers of the two soli-
tons. In a biased series PR crystal circuit, two crystals
are connected electronically. When optical beams illu-
minate the crystals, the light-induced current will flow
from one crystal to another, and as a result, the bias
voltage source applied to each crystal will vary with
the intensities of the incident laser beams. However,

for a single biased PR crystal the bias voltage depends
only on the voltage source and does not vary with the
intensity of the input laser beam. Therefore, for a bi-
ased series PR crystal circuit, changing the intensity
of the laser beam incident on one crystal leads not only
the soliton formed in that crystal but also the soliton
formed in the other crystal to change. That is to say,
the two solitons in a separate holographic screening
soliton pair can interact or affect each other by the
light-induced current. The interaction is collisionless.
Because {2 and 2 depend on the parameters of the
two crystals, the character of the soliton in one crys-
tal depends on not only the parameters of that crystal
but also the parameters of the other crystal. In other
words, the character of any soliton in a soliton pair
depends on the parameters of the two crystals.

In order to provide some relevant examples, two
strontium barium niobate (SBN) crystals are sepa-
rately taken as P and P. The two crystals have
the following parameters: 733 = 933 = 220 pm/V,
Ne = Ne = 233, ng = g = 2.36, ¢, = & =
880, ¥y = Uy = 0.27 em™!, No = Ny = 1.2 x
107 em™3, 0 = 0 = 2°, p = ¢ = 87°, T =
T =30K W=W=1cm, S=25 6=
I, = mly,, Tesp = (ne/n0)° r3s cos f cos (6/2) cos ¢, and

=2}

Foit = (fte/f10)> 733 cos B cos (é/z) cos@. The arbi-
trary scales are zo = £o = 25 pm and the wavelengths
are A\g = Ao = 0.5 pm. The voltage of the source is
Va =100 V.

3.1. Bright—dark holographic screening
soliton pair

We begin our analysis by considering a bright—
dark holographic screening soliton pair. We assume
that the bright soliton forms in the crystal P and
the dark soliton forms in the crystal P. First, the
bright soliton solution of Eq. (13) in the crystal P can
be obtained by taking an approach similar to that in

Refs. [17] and [18] as follows:

U = F'sech (Bs)exp {ibln [sech (Bs)]|}
x exp (—iv€), (15)
where F' = [3G/(29)]*/?, B = (G/b)*/?, b = [-3P;, +

(9P% + 8¢%)1/2)/(29), v = (b - 1)G/( b) + P, and
P, =B — go.

The dark soliton solution of Eq. (14) can be
obtained by taking an approach similar to that in
Refs. [17] and [18] as follows:

U = Dtanh(f5)exp {idn [cosh (5)] }
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X exp (—i&é) , (16)

where D = (G/§)Y/2, H = [2G/(3d)]'/?, d = [3P; +
(9P2 + 832)'/2]/(29) and 6 = 2G/(3d) + Pu.

Equations (15) and (16) predict that a bright—
dark soliton pair can exist in a biased series PR crys-
tal circuit. The conditions necessary for holographic
screening bright (dark) solitons are g > ¥ (§ > 1) and
b >0 (d > 0). From the definitions of b, d, P, and P,
it follows that b is always positive, no matter whether
P, >0or B, <0, and d is always positive, no matter
whether Py > 0 or Py < 0. That is to say, holographic
screening bright (dark) solitons can exist, no matter
whether P, > 0 (Pg > 0) or P, < 0 (Py < 0), which
leads both holographic screening bright and dark soli-
tons to exist, no matter whether Ey > 0 (Ey > 0)
or Fg <0 (E’o < 0). Note that P, Py > 0or b,
Py < 0 means that the crystal possesses a focusing or
defocusing nonlinearity. Therefore, both holographic
screening bright and dark solitons can exist, no matter
whether the medium possesses a focusing or a defocus-
ing nonlinearity.

We consider the case where a bright-dark holo-
graphic screening soliton pair is formed in the con-
figuration shown in Fig. 1(b). In this configuration,
we have Ex = 10* V/m and E; = —10* V/m. As-
sume that the crystal P supports a bright soliton, then
we will have p = Io/I, = 0. In the first place,
we take p = I/I, = 0.03 and m = I,/I, =1,
and then we have two sets of parameters, i.e. a)

l

Normalised intensity

2 =0.4926, F = 0.6909, b = 0.1547, and B = 0.8635
and b) 2 = 0.5074, D = 0.5641, d = 0.1545, and
H = 0.7055. With these values, the normalised in-
tensity profiles of the bright soliton in the crystal P
and the dark soliton in the crystal P are obtained by
solving Eqgs. (15) and (16) as shown in Fig. 2(a) (solid
curve) and Fig. 2(b) (solid curve), respectively. When
the input intensity of pump beam of the crystal P
increases, for example, m increases from 1 to 5, but
the other parameters remain unchanged, not only the
bright soliton in crystal P changes (see dash line in
Fig. 2(a)), but also the dark soliton in the crystal P
varies (see dash line in Fig. 2(b)). The two curves are
calculated at 2 = 0.9798, F' = 0.6906, b = 1.1827,
B =0.3121 and £ = 0.0202, D = 0.5648, d = 0.0784,
H = 0.9918. By the same token, when the input in-
tensity of pump beam of the crystal P increases, for
example, m increases from 1 to 0.2, but the other pa-
rameters remain unchanged, not only the dark soliton
in the crystal P changes (see dot line in Fig. 2(b)), but
also the bright soliton in the crystal P varies (see dot
line in Fig. 2(a)). The two curves are calculated at
2 =0.1626, F = 0.6914, b = 0.0945, B = 1.1059 and
Q2 = 0.8374, D = 0.5639, d = 0.4297, H = 0.4228.
The above results imply that for a bright-dark soli-
ton pair, one soliton can affect the profile of the other
soliton by the light-induced current. In other words,
the two solitons in a bright—dark holographic screen-
ing soliton pair can affect each other.

1.0

0.81

0.6 1

0.4+

0.2 1

Normalised intensity

-5 0 5
]

Fig. 2. Bight—dark separate holographic screening soliton pairs in a biased series SBN crystal circuit showing

(a) bright soliton profiles in the crystal P and (b) darkt soliton profiles in the crystal P.

3.2. Bright—bright holographic screening soliton pair

Then we consider the case of bright—bright holographic screening soliton pair, i.e., where both two crystals

support holographic screening bright soliton. The bright soliton profiles in the bright—bright soliton pair can be
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obtained by use of a similar way to the above and
determined by the following equation:

U = F'sech (Bs)exp {ibln [sech (Bs)]}
x exp (—iv€). (17)

Similarly, for the crystal P, we have

U = Fsech (B5) exp {ibIn [sech (B5)] }

X exp (—iﬁé) , (18)
where F' = [3G/(2§)]'/2, B = (G/b)  b=[-3h +
(97 +837)'/%)/(2), » = (I — 1)G/(2b) + Py, and
Py, =8 — go.

Equations (17) and (18) predict that a bright—
bright soliton pair can exist in a biased series PR
crystal circuit. We consider the case of a bright—
bright holographic screening soliton pair formed in
the configuration shown in Fig. 1(a). In this con-

figuration, we have Ex = E, = 10* V/m For the
|

Normalised intensity

two bright solitons, we have p = I /I, = 0 and
p = foo/fp =0. Let m = Ip/fp =1, then we will
have 2 = 2 = 0.5, F = F' = 0.6909, B = B = 0.8573,
and b = b = 0.1569. With these values, the normalised
intensity profiles of the two bright solitons in the crys-
tals P and P are obtained by solving Egs. (17) and
(18) which are shown in Fig. 3(a) (solid curve) and
Fig. 3(b) (solid curve), respectively. When one of the
input intensities of pump beams changes, for example,
m increases from 1 to 50, but the other parameters
remain unchanged, we have 2 = 0.9804, F' = 0.6906,
B =0.3113, b = 1.1887 and 2 = 0.0196, F' = 0.6917,
B =1.1964, b = 0.0808. It can be found that not only
the bright soliton in that crystal changes as shown
by dash line in Fig. 3(a), but also the bright soliton
in the other crystal varies as shown by dash line in
Fig. 3(b) if one of the incident beams of the two crys-
tals changes. In other words, the two bright solitons
in a bright-bright holographic screening soliton pair
can affect each other.

Normalised intensity

Fig. 3. Bright—bright separate holographic screening soliton pairs in a biased series SBN crystal circuit, showing
(a) bright soliton profiles in the crystal P and (b) bright soliton profiles in the crystal P.

3.3. Dark—=dark holographic
soliton pair

screening

Finally, we consider a dark—dark holographic

screening soliton pair. The two dark soliton profiles

in a dark—dark soliton pair can be obtained in a simi-
lar way to the above and determined by the following
expressions:

U = Dtanh(Hs)exp {idIn [cosh (Hs)|}
x exp (—iof), (19)
U= ﬁtanh(H ) exp {icfln {cosh (H@)} }

X exp ) (20)

where D = (G/g)Y/?, H = [2G/(3d)]'/?, d = [3Py +
(9P 4 8¢°)'/?]/(2g) and o = 2G/(3d) + Py.
Equations (19) and (20) predict that there can
exist a dark—dark soliton pair in a biased series PR
crystal circuit. We consider the case of a dark-dark
holographic screening soliton pair formed in the con-
figuration shown in Fig. 1(c). In this configuration,
we have By = Ep = —10* V/m. Let p = p = 0.03
and m = I,/I, = 1, then we will have 2 = 2 = 0.5,
D=D=05641, d = d = 01522 and H = H =
0.7107. With these values, the normalised intensity
profiles of the two dark solitons in the crystals P and

P are obtained by solving Eqs. (19) and (20) (see solid
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line in Fig. 4(a) and solid line in Fig. 4(b) respec-
tively). When one of the input intensities of pump
beams changes, for example, m increases from 1 to 50,
but the other parameters remain unchanged, we have
2 =0.9804, D = 0.5639, d = 1.1822, H = 0.2549 and
2 = 0.0196, D = 0.5648, d = 0.0784, H = 0.9921.
It can be found that not only the dark soliton in that

1.0

0.81

0.61

0.4

Normalised intensity

0.2 1

0

-5 0 5

crystal changes as shown by dash line in Fig. 4(a), but
also the dark soliton in the other crystal varies as in-
dicated by dash line in Fig. 4(b) if one of the incident
beams of the two crystals changes. In other words, the
two dark solitons in a dark—dark holographic screening

soliton pair can affect each other.

1.0

0.8

0.6 1

0.4

Normalised intensity

0.2+

0

-5 0 5
3

Fig. 4. Dark—dark separate holographic screening soliton pairs in a biased series SBN crystal circuit, showing

(a) dark soliton profiles in the crystal P and (b) dark soliton profiles in the crystal P.

4. Conclusions

In this paper, we show theoretically that a sepa-
rate holographic screening soliton pair can be formed
in a series PR crystal circuit consisting of two PR crys-
tals and a biased voltage resource connected in a chain.
Because both bright and dark holographic screening
solitons are possible to exist in each crystal, there are
three types of separate holographic screening soliton
pairs: dark—dark, bright—dark and bright—bright. As

a separate holographic screening soliton pair forms in
a biased series PR crystal circuit, because the two PR
crystals are connected electronically, changing the in-
put intensity of pump beam of a crystal leads not only
the characters of the soliton formed in that crystal but
also the characters of the other soliton formed in the
other crystal to change. That is to say, the two solitons
in a separate holographic screening soliton pair can in-
teract with or affect each other by the light-induced
current.
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