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Abstract ; The theory of waveguides induced by gray solitons in closed-circuit photovoltaic crystals

is analyzed. The study shows that waveguides induced by gray closed-circuit photovoltaic solitons

are only a single guided mode for all soliton graynesses and all values of both the electric current

density and the ratio between the soliton peak intensity and the dark irradiance. The results

explain that the confined energy near the center of a gray closed-circuit photovoltaic soliton

increases with the electric current density and decreases with an increase in both the soliton

grayness and ratio between the soliton peak intensity and dark irradiance. Relevant examples are

provided where the photovoltaic crystal is assumed to be LiNbOj.
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0 Introduction

Photorefractive ( PR) spatial solitons have
attracted a great deal of attention in the last
decadet',
form at very low power levels (microwatt and
lower) and are stable in both (1+1) and (2+1)
Therefore,

considered to be among the prime candidates for

It is now well established that they

dimensions. such PR solitons are

the building blocks of all-optical switching devices
where light itself guides and steers light without
fabricated waveguides. Among the numerous types
of photorefractive soliton, the most commonly

used type is photorefractive steady-state spatial

[5-6]

solitons, 1. e., screening solitons and

[7-8]

photovoltaic (PV) solitons Recently, steady-

state screening-photovoltaic solitons have been
Lo in biased

which
change into screening solitons when the bulk PV

predicted"”” and observed

photorefractive- photovoltaic  crystals,
effect is neglected and PV solitons when the
external bias field is absent. Thus far, bright,
dark, and gray steady-state soliton domains have
been predicted. Of

waveguides induced by photorefractive solitons,

particular interest are

which can be wused in various waveguide

applications and in multiple configurations, such as

[11]
’

directional  couplers beam splitters (Y
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junctions )%, and nonlinear frequency

[13] " Recent theoretical and experimental

conversion
work have shown waveguides induced by bright
and dark screening solitons™*’, by bright and dark
photovoltaic solitons'® %, and by bright and dark

07 However, can

screening- photovoltaic solitons
a gray soliton in a closed-circuit photovoltaic
crystal induce a waveguide? This intriguing and
challenging question has not been investigated yet.

In this paper, we show the theory of
waveguides induced by gray solitons in closed-
circuit photovoltaic crystals, which exhibits that
waveguides induced by gray closed-circuit
photovoltaic solitons are only a single guided mode
for all soliton graynesses and all values of both the
electric current density and the ratio between the
soliton peak intensity and the dark irradiance. Our
analysis indicates that the confined energy near the
center of a gray closed-circuit photovoltaic soliton
increases with the electric current density and
decreases with an increase in both the soliton
grayness and the ratio between the soliton peak
intensity and the dark irradiance. Relevant
examples are provided where the photovoltaic

crystal is assumed to be LiNbO;.

1 Theory and analysis

To start, let us consider an optical beam that
propagates in a photovoltaic material along the =z
axis and is allowed to diffract only along the x
direction. For the convenience of the analysis, let
the photovoltaic material is LiNbO; with its optical

c-axis oriented along the x coordinate. In this
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case, the crystal’s refractive index perturbation is
given by'™ An. = —0. 57%r;; E.., where n. is the
unperturbed extraordinary index of refraction, ry;
is the electro-optic coefficient, and E.. is the space-
charge field induced in this photovoltaic material.
In paraxial approximation case, the expression for
the refractive index perturbation, An.= —0. 5n’r;,
E., leads to n? = n’-n‘rs E.., where n, is the
perturbed extraordinary refractive index (along the
On the other hand, the electric-field

component E of the optical beam satisfies the

c-axis ).

Helmholtz equation

VIE+ (kon)'E=0 (D
where b, = 2w/}, is the free-space wave vector and
do 1is the common free-space wavelength. By
expressing E in terms of slowly varying envelope
ps e, E=ip(x,2)exp (ikz), where k=kon. is
the propagation constant, we find that Eq. (1)

leads to the following evolution equation

3
igDz_‘_igDu*k()(ne;%ESC)QD:O (2)

where . =dgp/dz, etc.
The space-charge field E, can then be

obtained from the transport model of Kukhtarev et
al. Under steady-state conditions and for typical
photovoltaic crystals, the space-charge field E is

approximately given by

N S I
E.(x)=E, ToH+1 (3)
where E, = ky.Ny/ep is the photovoltaic field

constant, N, is the density of negatively charged
acceptors, x is the photovoltaic constant, p is the

electron mobility, 7y. is the recombination rate

.. . A A A
coefficient,e is the electron charge, J=J/s«kNq, J

is the electric current density, Ny is the total donor

density, § is the photoexcitation cross section, I is
the power density of the optical beam, and I, is the
so-called dark irradiance. Note that J can vary
continuously from zero (at R — co) to the
maximum value of J (at R—>0) , where R is the

external resistance™™.

Moreover, the beam power
density I can be expressed in terms of the envelope
@ by use of Poynting's theorem, i.e., [= (n./2m)
‘ ¢ |7, where 70 = (uo /€)' is the vacuum intrinsic
impedance. For simplicity, let us adopt the
following dimensionless coordinates and variables:
E=z/(kxl)s s= x/x,, and o= (27701,;/71e YWEU,
width. By
employing these latter transformations and by
substituting Eq. (3) into Eq. (2), we find that the

normalized

where x, is an arbitrary spatial

envelope U obeys the following

EE T4 38 %
dynamical evolution equation
e 1 U= [UDHU

where 6 = (kyxy)? (nirs;/2) E,. To find the gray
photovoltaic soliton solutions of Eq. (4), let us

express the normalized envelope U in the following
fashion'®

U=p"?¢(s)exp [l(psﬂ%)} (5)
where I' is a real constant to be determined, v is a
nonlinear shift of the propagation constant, and
¢ (s) is a normalized function bounded between 0<C
¢ (s)<<1. The positive quantity p is defined as p=
I../14, where I.. =I(x—>=+c0,z). By substituting
Eq. (5) into Eq. (4), we find that the normalized
function ¢ (s) satisfies the following ordinary

differential equation

" _1;2_ (J_@SQZ)SQ:
© —2vp o 28 1+ o’ 0 (6)

where ¢”: d*¢/ds*, etc. Moreover, when p<C<C
1000, the maximum value of J is given by J,.. =~

p*'. For a gray soliton the boundary conditions are

$(0)=vm (0<m<<1), ¢(s>Fco)=1, ¢ (0)=
0, and ¢ (s>+co)=¢" (s>+0c0)=0. The m
parameter describes the soliton grayness, i. e. , the
intensity at the middle of the wave defined as
I1(0)=ml...
conditions ¢ (s>c=) =1 and ¢ (s—>o) =0 into
Eq. (6) leads to

I'=—20v+6(J—p)/(pt+1)] D)
By integrating Eq. (6) and by employing ¢(s—>o0) =
1, ¢'(s>00)=0, ¢ (0)=0, and ¢ (0) =m, we
find that
_ om 0 [(]*p)(lfm) +

m—1 (m—1)° (0+1

m(l+{{_:1‘0>pjglln<11+_'f);1)J 8)

N2 . 2 6(]7 )
()7 =20—8) (¢ 1>+2[y+—&pﬂ }

1—42 ]*p p+1 1+p¢2
(Jd)g >+23<1+p+1> , 1n< e ) ©
from which the gray envelope ¢ (s)

Substituting s—>co and the boundary

Vv

can be
determined by numerical integration. Note that the
set of parameters J, &, p, and m has to be
judiciously selected so that (¢/)2 >0 and I >0.
After the steady-state gray photovoltaic soliton has
formed. the space-charge field E, is present in the
photovoltaic material, and thus the refractive index
gives rise to a change. At this point, let us
consider a probe beam propagating in this soliton-
induced waveguide. The optical field E,, of the

probe beam is then expressed in terms of a slowly
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varying envelope ¢, i. e. . Eo, (x.2.1) =¢(x)exp
(iBz—iwt)» where B is the propagation constant
and w is the frequency of the probe beam. In this
case and from the Helmholtz equation, the wave

equation can be readily obtained and it is given by

Yt Tk (o) —f 190 (10)
where
7;(1):ﬁQ-O—A?z(r):;;C*%%f;ggEsc (11)

ky=2m/A, is the wave vector in vacuum, and A, is
the common free-space wavelength used. Note that
the values of unperturbed refractive index n. and
the electro-optic coefficient r;; are now subject to

Under

approximation conditions Eq. (11) leads to n® =n’

the new wavelength A,. paraxial

— nlry; E,.. Substituting the expression we have
just found for n® into Eq. (10) leads to

+8[]p¢<JZ;n>}L

2022y
o () [

where the normalized propagation constant z, the

@

iR (12)

new normalized length s, and normalization factors

o, and g, are respectively defined as

77@2 — G

‘ 26t 05/ 20 (

s=+/2010:5 (14)
ne A

WZ%T (15)

o= [T (16)
ne 733

In what follows, we will find the modes of the
waveguide, ¢ (s), in a waveguide induced by a
gray photovoltaic soliton. First, let us solve Eq.
(9) numerically for various values of p and find the
soliton wave forms ¢ (s). We then solve Eq. (12)
for ¢ (s) by a numerical shooting method and
transfer it to ¢(s) s so that both ¢(s) and ¢(s) can
be shown on the same plot. Note that the
cigenvalue 7 must be in the range between
8(J—p)/(1+‘o) and 5(]_pm)/(1+pm) to fulfill
the condition that the propagation constant of a
guided mode, B, lies between the maximum and
the minimum values of the refractive index n. (x)
times the wave vector k,. To illustrate our results,
let us consider the LiNbQO; crystal with the
following parameters n.=2. 2, r;3 =30X10" " m/
V, and E, =40 KV/cm. Let us also assume that
A0=10.5 pm and x, = 40 pm. First, consider the
various values of p that affect the soliton-induced

waveguide. Fig. 1(a) shows the normalized field

profiles of such gray photovoltaic solitons ¢ (s) and
the normalized field profiles of guided modes ¢ (s)
for three different values of p when J=1, m=0. 2,
0. 735.
energy near the center of the gray photovoltaic

and 6,0, = It reveals that the confined
soliton decreases with an increase in p. Second,
consider the various values of m that affect the
soliton-induced waveguide. Fig. 1 (b) depicts the
normalized field profiles of gray photovoltaic
solitons ¢ (s) and the normalized field profiles of
guided modes ¢ (s) for three different values of m
when J =10, p=30, and o516, =0. 735. Evidently,
the confined energy near the center of the gray
photovoltaic soliton decrease with an increase in
m. Third, consider the various values of J that
affect the soliton-induced waveguide. Fig. 2 depicts
the normalized field profiles of such gray
photovoltaic solitons ¢(s) and the normalized field
profiles of guided modes ¢ (s) for three different
values of J when p=30, m=0.2,and 6,06, =0. 735.
As is clearly apparent from this figure, the
confined energy near the center of the gray
photovoltaic soliton increases with J. Moreover,
Fig. 3 shows the number of guided modes and the
propagation constants as a function of p at m=0. 2,
0.5, and 0. 8 when J = 0 and g,0,= 0.735.
The number of guided modes at each pis given by the

1.0
EY
< 0.5
0 i
-1.5 -10 -05 0 0.5 1.0 1.5
s
(a)y(s) is normalized to the maximum of y(s)
1.0
2 0.5

.

0 . .
-1.5 -10 -05 0 0.5 1.0 1.5

(b)y(s) is normalized to the maximum of y(s)

Fig. 1 Normalized field profiles of gray photovoltaic solitons
and the normalized field profiles of guided modes

for different p and m
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Fig. 2 Normalized field profiles of gray photovoltaic solitons
and the normalized field profiles of guided modes
for J=0,2 and 20
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Fig.3 Propagation constants of the guided modes of the

waveguides induced by gray photovoltaic solitons
number of intersections of the dash-dot vertical line
with the curves of the propagation constant in
Fig. 3047,

(the example given in Fig. 2). A close examination

The dash-dot line corresponds to p= 30

Figs. 1 ~ 3 indicates that waveguides induced by
gray photovoltaic solitons are always single guided
mode for both all soliton graynesses and all values
of both p and J. Fig. 3 also shows that the
propagation constant decreases with an increase in

both p and m.

2 Conclusion

In conclusion, we have presented the theory of
waveguides induced by gray solitons in closed-
circuit photovoltaic crystals. We have found that
gray
photovoltaic solitons are only a single guided mode

waveguide induced by closed-circuit

for all values of the set of parameters m, p, and J.

Our analysis indicates that the confined energy

near the center of a gray closed-circuit photovoltaic

soliton increases with J and decreases with an

increase in both m and p.
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