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We develop a theory describing two-beam energy exchange in a cholesteric liquid crystal (CLC)
stabilized in the planar state by a helicoidal polymer network. The CLC layer is placed between
photorefractive and non-photorefractive substrates and illuminated by two intersecting coherent
light beams. An interference pattern created by the incident beams induces a spatially periodic
space-charge electric field in the photorefractive substrate. The field penetrates into the adjacent
CLC layer and interacts with the charges trapped on the polymer fibrils forcing the fibrils to
move along the helicoidal axis. At new positions, the fibrils reorient the CLC director and
therefore induce a director grating. The light beams propagating across the cell couple within the
grating. We calculate the energy exchange between the coupled beams and the gain of the weak
light beam. We analyze the dependence of the gain coefficient on the parameters of the polymer
network and the CLC, and show that it can reach values greater than those obtained in typical
solid photorefractive crystals.

1. Introduction

Due to a high refractive index modulation of order 0.1-0.2 caused by the liquid crystal (LC)
director reorientation, a very strong energy transfer between coupled light beams is observed in
LC based systems.' The gain coefficient in such systems is more than two orders of magnitude
larger than that in typical solid photorefractive crystals.*> A whole set of analogous
photorefractive liquid crystalline systems is treated in the literature.*" In recent years the hybrid
organic-inorganic photorefractives, in which an LC sample is placed adjacent to a photorefractive
or photoconducting inorganic layers have been extensively studied.”" The photo-generated
charges contained in the inorganic layers create a space-charge field, which penetrates into the
LC layer and modulates the L.C director creating a director grating and in turn a refractive index
grating. As shown in Refs. 12-14, the Bragg regime can be realized in these systems, where the
coupled light beams generate only first order diffracted beams.

It has been proposed that the formation of a director grating in hybrid organic-inorganic
photorefractives is governed by the interaction of the space-charge field with the LC flexoelectric
polarization', rather than by static dielectric anisotropy coupling.'®'” It allowed for a description
of the experimental results obtained for both nematic'® and cholesteric LC cells.'®"

The gain of the two-beam energy exchange in hybrid organic-inorganic photorefractive cells
depends strongly on the director boundary conditions at the LC cell substrates, i.e., director pre-
tilt angle and anchoring energy. In the cells with a flexoelectric mechanism of the director
reorientation, the gain becomes negligibly small when there is no director pre-tilt at the LC cell
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substrates. This takes place in the planar state of the cholesteric liquid crystal (CLC) with the
CLC helical axis perpendicular to the cell substrates. However, in recent times, the stable CLC
planar states are obtained using polymer networks. Such polymer stabilization provides
additional functionalities to the CLC.** In particular, as was shown in Ref. 26, the polymer
network can exhibit translational motion in response to an external electric field, and due to the
coupling of the network with the LC this polymer network motion changes the CL.C helical pitch.

In the present paper, we speculate that the formation of the space-charge field in the
photorefractive substrate of the CLC cell may control translational motion of the polymer
network, and therefore affect the director grating formation. We study two-beam coupling
enabled by the director grating formed in the planar state of the CL.C due to the polymer network.

This paper is organized as follows. In Sec. 2 we introduce a model of the hybrid cell
with the CLC layer stabilized in the planar state by the polymer network, and derive and
solve equations for the CLC director profile under a space-charge electric field. In Sec. 3
we consider propagation and coupling of two light beams in the CLC cell with a director
grating, derive expressions for the exponential gain coefficient, and analyze the
influence of parameters characterizing the polymer network and CLC on the gain
coefficient. In Sec. 4 we present brief conclusions.

2. Director grating induced by the polymer network

Consider a CLC layer placed between photorefractive (inorganic crystal) and non-
photorefractive substrates, where the CLC is stabilized in the planar state by a helicoidal polymer
network with the helix axis perpendicular to the CLC layer substrates. The z-axis is directed

along the helix axis and the CLC layer is bound by the plane z==LI2  from the side of

photorefractive substrate and by the plane at z=LI2  from the side of the non-photorefractive
substrate (Fig. 1). Due to the anchoring, the CLC director and the polymer fibrils are initially
aligned in the same direction.

E =Ae explik r-iwt!

Two intersecting coherent light beams and

= 1l - deat! . . . . ..
E, =Ae explik.r- iwt illuminate the hybrid cell. The bisector of the beams is directed along
the z-axis, and the wave vectors k. k, lay in the xz-plane. The polarization vectors of the beams,

B E-', lay in the xz-plane at the entrance plane of the CLC cell, 2 =—L/2 , but they can rotate

as the beams propagate across the cholesteric cell. The beams produce a light intensity
interference pattern in the photorefractive substrate,

el =1 +1] | 1 +%Z mexpligxy) +c.c.) |

B . (M

. m =2cos|2al AA /T +1,] : o
where the modulation parameter - G LT 20 s the angle between incident
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beams in the photorefractive substrate, are the intensities of the incident

q=k_ -k, . : :
beams, and =5 “* is the wave number of the intensity pattern.
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FIG.1. Schematic of the CLC cell, showing light beams incident from a photorefractive medium,
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together with associated wave- and polarization vectors. The quantities K, "* "' are defined

in the text. The horizontal lines to spanning the cell depict the CLC helical twist.
The light intensity pattern given by eq. (1) induces a space charge inside the photorefractive
substrate. The space-charge density is modulated along the x-axis with a period equal to

A=2T149 and gives rise to the space-charge field with a magnitude E.(q) , which penetrates
into the adjacent CLC layer. In particular, in an infinite photorefractive medium and for a

diffusion-dominated space-charge field E.(9) is as follows:*’
IE kT N °N
E(Q)=—st, E, =q=—, E =1-—|—
{454 e N, lééenq
E
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where E, is the diffusion field, is the saturation field, ~"“and "¢ are respectively the
acceptor and donor impurity densities, P is the dielectric permittivity of the photorefractive

material, e is the electron charge, and K, is the Boltzmann constant.

However, the photorefractive medium is rather semi-infinite and, in general, the
solution for the electric fields in the photorefractive substrate and the LC is actually a complex
coupled problem. Nevertheless, if we suppose that expression (2) remains valid at the CLC-
photorefractive medium boundary, we can use eq. (2) as the boundary condition for the electric



field in the CLC cell. Then, supposing that at the non-photorefractive substrate the electric
potential can be chosen to be a zero and solving the Poisson equation, we obtain the following
expressions for the electric field in the CLC bulk:"

E=iE +jE, E =E expligrl+cc, E, =E  expligxl+cc. 3)
where
E n(-L/2 ) igE n(-L/2 )
E = .-}f[il'}llt?f. - }sjnh §(z-112), E, = g E fq}at?lf - }cnsh G(z- L12).
2sinh gL 2gsinh! gL
{ ! ! (4)
j=qfé v£)/28  ml-L/2) . .
Here 1 TW'¢ e € , mi-1 is the modulation parameter at the entrance plane

z=-L/2 “ and © are the CLC static dielectric constants parallel and perpendicular to the
director.

We confine ourselves to just studying the influence of the polymer network under the space
charge field on the CLC director spatial profile. The polymer network is comprised of uniformly
distributed fibrils aligned during the polymerization in the same direction as the CLC director.
As in Refs. 26 and 28, we suppose that the ions (positive or negative) are trapped on the polymer
fibrils, which therefore can exhibit translational motion in response to the electric field. For the
CLC in the planar state, we can introduce the director in the form "~ CU¢h IR 0 . In the
absence of the space-charge field, the CLC director matches the orientation of the polymer fibrils,

/ =2 | 2

which is described by the angle %:(2) TIp )Xz +L12) where 7 is the initial cholesteric
Fly;z

pitch (i.e. before the fibril translation influences the CLC pitch). Under the component ~* " ' of

the photorefractive electric field (3), the charged fibrils move along the z-axis to new positions;
the translation of the polymer fibrils along the z-axis under this field is denoted by UlX.Z) The

- u(x,z) Z-u(x,z)

with the twist angle ” is moved to the

Plx,Z)

polymer fibril initially located at *

position Z where the twist angle of the CLC director is . Because of this translation, there
appears to be a difference in the twist angles of the CL.C director and the polymer fibril, such that

Mx,2)- ¢, 2-u(x,z) =g(x,z)- 2 ] 2-u(x, .
p(x,z)- ¢, 2-u(x,z) =gx,z)- 127/ p )< z+L u(x z}.. Due to the anchoring of the
director with the polymer fibrils, this difference influences the director spatial distribution. Thus,

following Ref. 26 we can write the contribution of the polymer network into a free energy

= [f W
functional of the CLC cell in the form Eos I fond , where
. o)
f o :lB' du(x,z) +l_.~1'g-'.i.x',z}— i[fz+£ 2)-u(x,z2)] - ]—CE_uf.t,z}
o2 de | 2| p |2 )

In eq. (5) the first term is the volume density of the polymer network elastic energy, the second
term is the surface energy of the CLC on the fibrils surface per unit volume, and the third term



describes the interaction of the photorefractive electric field with the fibrils due to the ions
trapped on the fibrils.

In the initial state at zero space-charge field the homogeneous CLC twist does not produce
any flexopolarization; therefore, the flexoelectric effect contribution to the CLC free energy,
which may arise due to the CLC helix deformation will be of a second order in the space-charge
field. Neglecting also the direct action of the photorefractive and light fields on the CL.C director,

F=ff_ +f_1dVv '
we must minimize the total free energy functional r I fos where [ is the volume
density of the CLC elastic energy, which in the one-constant approximation is as follows,

K| g 2a
2

| |

f, =

cz p cx
: (6)

Then, minimizing the functional £ we obtain the Euler-Lagrange equations for the
u(x,z) @l x,Z)

fibril translation and the director angle

LI g 2
BM- —‘Li. #(x,2)- —[(z+L/2)- ux z)] +]?CE-' =0
) p -

* , ™

k| A8 CAND A oxz)- Ziz+ L12)- u(x.z)] =0.
L [ P (8)
Expressions for the polymer fibrils translation (%2} and the director angle At can

be decomposed as follows,

u(x,z)=ul(z)expligxl+c <. ©)
plx,z) =g, 2] +[g! z)explign] + L'.L'.]. (10)
uiz)

Substituting eqgs. (9) and (10) in egs. (7) and (8) we obtain equations for the magnitudes
and ¢17),

dulz) Al271” . . A27 . . 1
—- —| —| Ul zl - ——ygl Zl =- ——E,_
dz- E p B p 2B " a1
gl z)

A oy A2
—- | q +—‘q lzl- ——ulizl =0
4 K K p . (12)
In eq. (11) we can neglect contribution to the fibril translation magnitude 4(Z) from the
small angle  in comparison with contribution from the electric field and arrive at



d ul z)

Al27 , . 1cC
!., 3 - E‘ _— L Z' == EEE .
a7 jJ (13)

We accept “soft” boundary conditions at the photorefractive substrate £ =" Li2 assuming the
fibril anchoring and the director azimuth anchoring with the substrate to be weak and setting the

ulz=-L/2) =u

fibril translation magnitude at the substrate to be . The fibril translation causes
. . . ple=-L/21 =0
the director rotation at the photorefractive substrate from the initial angle * , and
. / . “gl(z) oz =0
for the director angle ¥ we accept the free boundary condition: " * (z)/ | L2 . As the

photorefractive field is localized near the photorefractive substrate, such boundary conditions
allow the photorefractive field to maximize its effect on the charged polymer fibrils, the CLC
director, and therefore on the CLC pitch. The experimental realization of these conditions may be
based on a modification of a technique suggested in Ref. 29, where a polymer network is
fabricated in the CLC mixture. Due to the photo-initiator embedded in one of the two alignment
layers coating the cell substrates, a polymer network is fabricated in the way that it is localized
close to one surface, but not touching this surface. We also refer to Refs. 30 and 31, where it is

shown that the LC director can easily slide over the substrate. At the non-photorefractive

substrate Z =L/2 e suppose “strong” fibril and director anchoring: u(z =L/2) :[',

¢(z =L/2) =0

It is plausible to assume the fibril translation magnitude at the photorefractive substrate “ o

|7 =- |
be proportional to the magnitude of the photorefractive field at this substrate, Eylz=-1/2 :

u, =DE, (- L/2) (14)

where D is a constant, which, in fact, depends on the charge localized on the polymer fibril and
elasticity of the polymer network in CLC.
Now taking into account boundary conditions for the fibril translation magnitude Y and eq.

(4) for Btz =-L 2'I‘the solution to eq. (13) takes the form
- glE_lgllm(-L/2)
ulzl = _5': ' ¢ sinhs(z+ L/2)+c sinhs(z- L/2)+c, coshqg(z- L/2)
2gsinhl gL sinh(sL)- ' L as)
where
C C cosh(gL] - C si .
C LR C —;u+Dmsh[qL}. c, :—M S:E—T«J.——‘L B.

2B(§ -5) © 2B (-5) 2B(G -5 p (16)



As it is seen from eqgs. (14) - (16) and (5), contribution to the fibrils translation magnitude
arises from the interaction of the photorefractive field with the fibrils in the cell bulk (terms with

coefficient © B) and at the boundary of the photorefractive substrate (terms with coefficient D).

Substituting eq. (15) in eq. (12) and using boundary conditions for the director angle * (2) ,

we obtain a solution to this angle as follows,

|
2q , (17)

() _|E.(q)m(- L/2) (2

where
. (2. I g / ) )
flel =—— ﬁT_p_ Lil, _i[tf coshhiz+L/2)+d, sinhh(z- L/2)

sinhi gL)sinh{sL] K '

+—__sinhs(z+L/2)+ ._L. —sinhs(z- L/2)+= & coshq(z- L/2)],

ST - 1T 55 - N [ill - (18)

and

PSSR W =1L, €2 WO N rroryrg

cosh(hL)| s - h g -h
J = 1 , +i c,sinh{gl) s +c cosh(sL)|
* “cosh(hL)| h g'-h* h st - |

(19)

Egs. (10) and (17) - (19) describe the director grating induced in the polymer stabilized CLC
by the charged polymer fibrils translation under the photorefractive field.
For numerical calculations of the fibril translation and the director grating magnitudes we use

the polymer network parameters A=1.6X10" Jm~, B=10"Jm , C=45Cm and the initial CLC
L =104m " as for the CLC

= 0.371 om . . . .
: obtained in Ref. 26 for the cell with thickness
=41

£ :El.]and £

pitch ;

and set the elastic

constant to be K =810 N Ip order to evaluate a magnitude of the space-charge field E.(q) ,

we follow formula (2) and Ref. 12, where the photorefractive substrate SBN:Ce was used; the

. . e ) . L, =200
dielectric permittivity of the photorefractive layer is given by £py =20 at temperature

— - ni-L/2) . .
I' =300K | The value of parameter m{-L is taken to be equal to 0.2 corresponding to the

- . . AlL-L/217A-L/2) =01 L . .
incident wave amplitudes ratio "' - , which is typical for the experiments

on the two-beam energy exchange.

Below in Figs. 2 — 4 we present results of calculations of the fibrils translation magnitude and
the director grating magnitude for different values of the polymer network parameters. It allows
us to demonstrate an impact on these magnitudes of the fibrils anchoring strength with the CLC
director (A), the polymer network elasticity (B), the photorefractive field interaction with charged
fibrils in the cell bulk (C) and at the photorefractive substrate (D), as well as the CLC elastic
constant K.

parameters we use the following typical numbers



In Fig. 2a, we show a ratio of the fibrils translation magnitude at the photorefractive substrate

L L u,/p . . . :
to the initial cholesteric pitch, I , as a function of the grating spacing ‘% for different values
of the parameter . According to eq. (14), this ratio increases with an increase of the parameter
D and the \-dependence of this ratio reproduces the corresponding behavior of the z-

component of the photorefractive field E,. . The value of the parameter L is unknown, therefore

: : . . LU lp
using Fig. 2a we can choose its value to be such that the maximum of the ratio P does not

exceed 0.1. Therefore, for our further calculations, we use values ' not exceeding 610"V m*

u(z)/ p as a function of position in the cell for different

=2 um

In Fig. 2b, we present the ratio

values of parameter D for a director grating spacing A . It is seen that the polymer fibrils

u(z ], increases with an increase of parameter D, but the most

u(z)! p

translation in the cell bulk,

significant effect is only near the photorefractive substrate. The plots of the ratio as a
function of the position in the cell for different values of parameters A and B are shown in Figs.
3a and 3b, respectively.
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FIG. 2. (a) Ratio of the fibrils translation magnitude at the photorefractive substrate to the initial
cholesteric pitch versus the director grating spacing. (b) Ratio of the fibrils translation magnitude

107"V ' m? )=

to the initial cholesteric pitch as a function of position in the cell, A=2mm p (in
3 - solid line, 5 - dashed, 6 - dotted.

The magnitude of the fibrils translation decreases with an increase of parameter A, which is
caused by retarding of the fibrils motion due to their anchoring with the L.C director. At the same

time, magnitude (Z) increases with an increase of parameter B connected with the term

describing the polymer network elasticity. For the fixed fibril translation at the photorefractive

substrate, . , an increase of the network elasticity leads to a more slowly decreasing

displacement of the fibrils in the cell bulk. However, a contribution to the magnitude Uz) from

terms describing direct interactions of the photorefractive field with charged fibrils in the cell
bulk [terms in eq. (16) with coefficient C] is negligibly small due to the rapid decay of the
photorefractive field with distance from the substrate. Therefore, impact of the network



parameters A and B on uz) i provided mainly in the form of ratio A/B that is seen at the

comparison of Figs. 3a and 3b.
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FIG. 3. Ratio of the fibrils translation magnitude to the initial cholesteric pitch as a function of
position in the cell for different values of parameters A and B. (a) A (in -‘r”?") = 1.6%10_ golid
line, 1-6-10°_ dashed, 1-6>10" _ dotted, B= ]UI'F”?-I; (b) B (in 1M ) = 10°_ solid line, 10 -
dashed, 10" - dotted, A=1.6>10"Jm". p =610V "'m”

b
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The plots of the director grating magnitude described by the angle * " as a function of
position in the CLC cell for different values of the parameters D, A, B, and the CLC elastic
constant K are shown in Fig. 4a, 4b, 4c, and 4d, respectively.
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() (d)

FIG. 4. Director grating magnitude as a function of position in the CLC cell for different values
of the parameters D, A, B and elastic constant K. (a) D (in ]E""'i‘"""”'-) = 3 - solid line, 5 -
dashed, 6 — dotted; (b) A (in M ) = 1.6>10_ golid line, 1-6 10"~ dashed, 1-610" - dotted,
B=10Jm" D =6>10"V"'m’, (© B (in M) =10"_ solid line, 10" - dashed, 10" - dotted,
A=1.610"Jm ', D =610"V"'m", (@) K (inV) = 810" _ 5olid Tine, 810" - dashed,
8107 _ dotted.

One can see from Figs. 4a and 4c that as in the case of the fibrils translation magnitude u(z)

. . . rlzl . . .
the director grating magnitude " increases with an increase of the parameters D and B.
vl z) . .
Dependence on the parameter A, as we can see from egs. (17)-(19) and Fig. 4b, is more

complicated: the magnitude “" increases with an increase of A in points near the
photorefractive substrate, but rapidly decreases as the distance increases from the substrate. We

ozl
also can see from Fig. 4d that smaller elasticity, K, of the CLC promotes greater values of " o

As in the case of the fibrils translation magnitude the terms with coefficient C give negligibly

I : vl z) : :
small contributions to the magnitude “' therefore, at further study of the light beams coupling
on the director grating we do not take into account these terms in egs. (17)-(19).

3. Beams coupling and gain of the signal beam

The incident light beams propagate in the CLC cell, where the director grating is induced by
the polymer fibrils translation. The electric field of the light beams in the CLC satisfies the wave
equation

VxVxE, - ZZE, =0
c , (20)

where ¢ is the CLC dielectric tensor in the optical frequency regime. In the planar CLC it has the
form
£ +£ COS @ (e /2)sinZg 0
E=|(e /2)sin2p ¢ +esin@ O
0 0 :
f (1)

£ =E- ¢ £, . . . .
Here , and are the principal values of the dielectric tensor at optical frequency
along and perpendicular to the LC director.

In our case, the director angle ¥ is described by eq. (10). Substituting eq. (10) into eq. (21)

. . . vzl .
and neglecting second order and higher terms in the small angle , one can rewrite the
dielectric tensor ¢ in the following way:
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g=¢glzl+|# lzlexpligx] +c.c

, (22)
£ +e cos g, (& /2)sin2¢, O -sindg, coslg, O
£ =|le /2)sin2¢, ¢ +&5sin"g, O £, =¢,¢(z)| cos2g sin2g, 0
0 0 ¢ 0 0 0

, . @)

where !is a dielectric tensor of the CLC without the director grating.
The electric field vector E, in eq. (20) is a superposition of the electric vectors of the two

light beams, E, =E, +E-'. We study a case when the wavelength of incident light beams /s
outside of the cholesteric gap and the waveguide regime takes place. In this regime the condition

c=pin - . . .
~>pn.-n,) holds, where “, " are respectively the ordinary and extraordinary wave

refraction indices, and the eigenmodes of electromagnetic waves are nearly circular.*” Then in the

CLC with dielectric tensor "', the Cartesian components of each light beam can be written in the
form of the superposition of two waves with opposite circular polarization,'

E, =lA/2)(e" o iy gt ot et
E, =il A/2)(e" o i gl b el
E, =i n -:.'1 .L' rF 1
il £ o CF (24)
and
E, =(A/2)e" it et
E, =i(A /2)e" vt g bt
E oo Mt C cE,, 1
£ £ F (25)
where ' """ are the refractive indices for waves with the left and right circular polarizations,
. =1 2 £, 60 g e .
respectively; * L 2" denotes the beams, ' are the beams’ incidence angles.
We set the wave vectors of the light beams to be symmetric with regard to the cell normal, so
r =y —=ir . . . . . .
that “* =% = Since the angle ‘¢ is small, the refractive indices for waves with the same
circular polarization may be regarded as equal, ho =, =0 , = =
s lzlexpligy) +c.e. . . , . .
The term - P "t in eq. (22) is responsible for the coupling between the light

beams in the CL.C. We follow a procedure outlined in Ref. 33 and used in our previous papers.'®*?

A=Alz] A=Alzl
It involves setting electric field magnitudes in egs. (24), (25) A=Atz ,'Jl-' 4 z_’ and
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assuming these magnitudes vary slowly across the cell. We define beam 1 to be the signal and

beam 2 to be the pump, with the consequence that the pump magnitude H | == |"_1L: | Substituting

the electric fields given by eqgs. (24) and (25) into the wave equation (20) we adopt the
undepleted pump approximation”, for which the signal has a negligible effect on the pump

: . . Alz)
magnitude. In this case, the pump magnitude Atz may be regarded as constant and therefore

Alz) Alz)
the set of coupled equations for the electric field magnitudes Alz and Alz) reduces to a single
Alzl
equation for the signal beam magnitude Alz ,
ZAlzl=-islz) A
(i s (26)
where
o £ P , T, ) |
S50zl =— —glzlsing|—(n" -n")y+—|tz+L/2] .
TN )
cn'+n I | 27)
The solution to eq. (26) has the form:
Alz)=A(L2)-iA, [ SlZ)dz
o (28)
The signal energy gain caused by the CLC layer is defined as
AlLa)|
e
4 :'_ S , (29)
where
AlL2) =A(-L2)- i, [ slz)dz
e (30)

Substituting eq. (30) into eq. (29) and using egs. (27) and (17) for ¢(2) , we arrive at the
following expression for the signal gain:

v e cosl 28) 2 . | ’
G=fh+Z % [E. (@)]cos! 2¢ | u’z,f[z}sjn‘[:fn' - n" }+£](Z+£}H -
cnt+n” q C p 2

(31)

Evaluating the integral in eq. (31), we can express the result in terms of the exponential gain

r=Lig|
coefficient :
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w ¢ |E.(q)|cost2e) A D {27/ p,)qcosh(qL) )
cnn” q K s°- h* sinh(sL)sinh({ L]

I :l]n [1+
L
Y‘ tsinh(sL)- ssin{tL) s tsinh(hL)- hsin{tL) cosh(sL) ]

SUHL h h*+t° cosh(hL) | |’ 32)

where | =(ew/c)(n -n"")+47/ p .

For numerical calculations of the gain coefficient, we use the above mentioned parameters of
the polymer network and the CLC TL205/CB15, a mixture of cyclohexane-fluorinated biphenyls
and fluorinated terphenyls with a chiral agent 4-cyano-4’-(2-methylbutyl)-biphenyl.*** The
incident light beams have wavelength A = 532 nm, ordinary and extraordinary refractive indices

of the mixture TL205/CB15 are o =227 ang M :1'744, respectively.'” Additionally, using
expressions describing the refractive indices for the waves with the opposite circular

polarization? we estimate the parameters in eq. (32) 1 - N7 =0.005 apq

n'+n" =J2(n’ +n’) cosl 20 =1

. We also can set
. . . . . TiAl .

In Fig. 5 the gain coefficient versus the grating spacing, , is presented at different
values of the parameters U, A, B, and K. As it is seen from eq. (32), the gain coefficient increases
with an increase of D, its dependence on the grating spacing is shown in Fig. 5a for several
values of the parameter D setting parameters A, B, and K to be constant and equal to the values

obtained in Ref. 26. The gain coefficient has a maximum approximately at a grating spacing

=715 1 .
A =2.90MM and can reach values that are greater by one order of magnitude or more than those

obtained in solid photorefractive inorganic crystals.

50+
25F
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FIG. 5. Gain coefficient versus grating spacing for several values of parameters U, A, B, and K.
(@) D(n 107V My =3 _solid line, 5 — dashed, 6 — dotted, A=16>10"Jm™, B=10"Jm ,
K =8x10" N () B (in M) =10°_ solid line, 10'- dashed, 10" - dotteq, “1=1-6°10° "
dotted, A=1.6x10 Jm', B=10"Jm " D =6x10""V ', (d) A (in Jm ') = 1.6X10_ g0]id line,

1.6%10°_ gashed, 1.610" _ dotteq, B=10 /M K =8x10" N D =6x10"V 'm",

Plots in Figs. 5b, 5c, and 5d show the influence of parameters B, K, and A on l "H,
respectively. The gain coefficient increases with both an increase of parameter B (Fig. 5b) and a
decrease of parameter K (Fig. 5c). It can be understood that because the translation of the fibrils
in a more elastic polymer network (i.e. polymer network with greater parameter B) and in a less
elastic CL.C (i.e. in CLC with smaller parameter K) induces greater perturbations of the director
field (see Figs. 4c and 4d). However, the influence of parameter A (Fig. 5d) is more complex:

. . . . . Al .
dependence of the gain coefficient on parameter A is nonmonotonic. At first, increases

: : : : Y .
with an increase of A, then after reaching maximum value decreases with a further
increase of A. This is connected with a competition of two processes in the behavior of the

. . . ezl . . .
director grating magnitude * : with an increase of parameter A the maximum of the function

plz), : : rlz) .
! increases, but at the same time the area of considerable values of " decreases (see Fig.

4b). Note that as calculations show the gain coefficient increases with an increase of the CLC
pitch, although the influence of the pitch is weak.

4. Conclusions

We have developed a theoretical model describing the energy gain of a weak signal beam
interacting with a strong pump beam at a diffraction grating in a hybrid photorefractive-
cholesteric cell stabilized in the planar state by the polymer network. Two incident interfering
light beams induce the space-charge field in the photorefractive substrate. This field penetrates
into the CLC cell and interacts with the charged movable fibrils of the polymer network.
Translation of the fibrils under the spatially periodic space-charge field leads to the spatially
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periodic director deformation (director grating). We show that the dominating contribution into
the director grating magnitude arises from the fibril translation at the photorefractive substrate.
Direct interaction of the photorefractive field with the charged fibrils in the CLC bulk gives
negligibly small contribution, because of the fast decrease of the field with distance from the
substrate.

Coupling of the light beams on the induced director grating leads to the energy gain of the
weak signal beam. We calculated the gain coefficient versus the grating spacing and analyzed the
influence of the polymer network parameters and the CLC elasticity on the gain. In particular, it
is shown that the polymer network with stronger elasticity and the CLC with less elasticity
promotes an increase of the gain coefficient. We found out that the dependence of the gain
coefficient on the director anchoring with the polymer network has a nonmonotonic character and
an optimal value of the anchoring energy. Finally, we show that the gain coefficient in the CLC
in the planar state can reach values, which are at least one order of magnitude higher than those
obtained in solid photorefractive crystals.
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	Expressions for the polymer fibrils translation and the director angle can be decomposed as follows,
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	Substituting eq. (15) in eq. (12) and using boundary conditions for the director angle , we obtain a solution to this angle as follows,
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	Below in Figs. 2 – 4 we present results of calculations of the fibrils translation magnitude and the director grating magnitude for different values of the polymer network parameters. It allows us to demonstrate an impact on these magnitudes of the fibrils anchoring strength with the CLC director (A), the polymer network elasticity (B), the photorefractive field interaction with charged fibrils in the cell bulk (C) and at the photorefractive substrate (D), as well as the CLC elastic constant K.
	In Fig. 2a, we show a ratio of the fibrils translation magnitude at the photorefractive substrate to the initial cholesteric pitch, , as a function of the grating spacing for different values of the parameter . According to eq. (14), this ratio increases with an increase of the parameter and the -dependence of this ratio reproduces the corresponding behavior of the z-component of the photorefractive field . The value of the parameter is unknown, therefore using Fig. 2a we can choose its value to be such that the maximum of the ratio does not exceed 0.1. Therefore, for our further calculations, we use values not exceeding .
	In Fig. 2b, we present the ratio as a function of position in the cell for different values of parameter D for a director grating spacing . It is seen that the polymer fibrils translation in the cell bulk, , increases with an increase of parameter D, but the most significant effect is only near the photorefractive substrate. The plots of the ratio as a function of the position in the cell for different values of parameters A and B are shown in Figs. 3a and 3b, respectively.
	
	(a) (b)
	FIG. 2. (a) Ratio of the fibrils translation magnitude at the photorefractive substrate to the initial cholesteric pitch versus the director grating spacing. (b) Ratio of the fibrils translation magnitude to the initial cholesteric pitch as a function of position in the cell, . (in ) = 3 - solid line, 5 - dashed, 6 - dotted.
	
	The magnitude of the fibrils translation decreases with an increase of parameter A, which is caused by retarding of the fibrils motion due to their anchoring with the LC director. At the same time, magnitude increases with an increase of parameter B connected with the term describing the polymer network elasticity. For the fixed fibril translation at the photorefractive substrate, , an increase of the network elasticity leads to a more slowly decreasing displacement of the fibrils in the cell bulk. However, a contribution to the magnitude from terms describing direct interactions of the photorefractive field with charged fibrils in the cell bulk [terms in eq. (16) with coefficient C] is negligibly small due to the rapid decay of the photorefractive field with distance from the substrate. Therefore, impact of the network parameters A and B on is provided mainly in the form of ratio A/B that is seen at the comparison of Figs. 3a and 3b.
	
	(a) (b)
	The plots of the director grating magnitude described by the angle as a function of position in the CLC cell for different values of the parameters D, A, B, and the CLC elastic constant K are shown in Fig. 4a, 4b, 4c, and 4d, respectively.
	Substituting eq. (30) into eq. (29) and using eqs. (27) and (17) for , we arrive at the following expression for the signal gain:
	(31)
	where .
	In Fig. 5 the gain coefficient versus the grating spacing, , is presented at different values of the parameters , A, B, and K. As it is seen from eq. (32), the gain coefficient increases with an increase of , its dependence on the grating spacing is shown in Fig. 5a for several values of the parameter D setting parameters A, B, and K to be constant and equal to the values obtained in Ref. 26. The gain coefficient has a maximum approximately at a grating spacing and can reach values that are greater by one order of magnitude or more than those obtained in solid photorefractive inorganic crystals.
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	FIG. 5. Gain coefficient versus grating spacing for several values of parameters , A, B, and K. (a) (in ) = 3 - solid line, 5 – dashed, 6 – dotted, ,; (b) B (in ) =- solid line, - dashed, - dotted, ,, ; (c) K (in) = - solid line, - dashed, - dotted, , ; (d) A (in ) = - solid line, - dashed, - dotted, , , .
	Plots in Figs. 5b, 5c, and 5d show the influence of parameters B, K, and A on , respectively. The gain coefficient increases with both an increase of parameter B (Fig. 5b) and a decrease of parameter K (Fig. 5c). It can be understood that because the translation of the fibrils in a more elastic polymer network (i.e. polymer network with greater parameter B) and in a less elastic CLC (i.e. in CLC with smaller parameter K) induces greater perturbations of the director field (see Figs. 4c and 4d). However, the influence of parameter A (Fig. 5d) is more complex: dependence of the gain coefficient on parameter A is nonmonotonic. At first, increases with an increase of A, then after reaching maximum value decreases with a further increase of A. This is connected with a competition of two processes in the behavior of the director grating magnitude : with an increase of parameter A the maximum of the function increases, but at the same time the area of considerable values of decreases (see Fig. 4b). Note that as calculations show the gain coefficient increases with an increase of the CLC pitch, although the influence of the pitch is weak.
	4. Conclusions
	We have developed a theoretical model describing the energy gain of a weak signal beam interacting with a strong pump beam at a diffraction grating in a hybrid photorefractive-cholesteric cell stabilized in the planar state by the polymer network. Two incident interfering light beams induce the space-charge field in the photorefractive substrate. This field penetrates into the CLC cell and interacts with the charged movable fibrils of the polymer network. Translation of the fibrils under the spatially periodic space-charge field leads to the spatially periodic director deformation (director grating). We show that the dominating contribution into the director grating magnitude arises from the fibril translation at the photorefractive substrate. Direct interaction of the photorefractive field with the charged fibrils in the CLC bulk gives negligibly small contribution, because of the fast decrease of the field with distance from the substrate.
	Coupling of the light beams on the induced director grating leads to the energy gain of the weak signal beam. We calculated the gain coefficient versus the grating spacing and analyzed the influence of the polymer network parameters and the CLC elasticity on the gain. In particular, it is shown that the polymer network with stronger elasticity and the CLC with less elasticity promotes an increase of the gain coefficient. We found out that the dependence of the gain coefficient on the director anchoring with the polymer network has a nonmonotonic character and an optimal value of the anchoring energy. Finally, we show that the gain coefficient in the CLC in the planar state can reach values, which are at least one order of magnitude higher than those obtained in solid photorefractive crystals.
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