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Introduction

Photopolymer compositions are currently regarded as one
of the most promising materials for forming photonic struc-
tures [1-15]. Their primary advantages include high diffrac-
tion efficiency (DE) and technological flexibility, which en-
able the creation of holographic diffraction structures (HDS)
with diverse geometries and parameters. Moreover, such
compositions can be modified by incorporating functional
additives, including liquid crystals (LCs) [5-10,15]. The
addition of LCs to photopolymerizable materials unlocks
further possibilities, such as controlling the DE of HDS
using an external electric field. Additionally, the presence of
LCs can induce unique effects, including shifts in angular
selectivity, as demonstrated in several studies [8,9,15]. These
properties make photopolymerizable compositions doped
with LCs particularly appealing for developing adaptive
optical systems and devices with tunable characteristics.

In recent years, alongside the study of single HDS,
multilayer inhomogeneous holographic diffraction structures
(MIHDS) have garnered increasing attention from the sci-
entific community [16-20]. These systems hold substantial
applied potential, particularly in spectral filtering tasks and
the generation of ultrashort laser pulse trains. The distinctive
features of MIHDS stem from their pronounced spectral-
angular selectivity, whose parameters can be finely tuned
by selecting the structure’s architecture and materials. In
particular, the angular selectivity of such structures may
manifest as multiple local maxima, with its profile mirroring
the selectivity characteristics of the first layer in the
multilayer structure [16,20]. This indicates the potential for
targeted control of the system’s spectral response through
variation of geometric parameters, such as the thicknesses
of buffer and diffraction layers.

Thus, developing methods for effectively controlling the
diffraction properties of MIHDS represents a key scientific
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and practical challenge. Addressing this challenge opens
new avenues for creating adaptive optical systems with
tunable characteristics, which could find applications in
modern light processing technologies, spectroscopy, and
laser physics.

One promising approach to this challenge involves using
photopolymerizable compositions containing nematic liquid
crystals as photosensitive media for forming MIHDS. In
several studies based on MIHDS with diffraction layers
made from polymer dispersed liquid crystal (PDLC) [19],
it was shown that external influences not only enable regu-
lation of diffraction efficiency but also give rise to selective
characteristics in the structure. For instance, applying a
voltage that suppresses diffraction of extraordinary waves
in the second layer of a three-layer HDS transforms the
angular selectivity of the beam diffracted in the first order,
imparting properties akin to those of a two-layer HDS
with an increased buffer layer density. This phenomenon
arises from changes in the number of local maxima in
the selective spectral response. From the perspective of
optical filtering, this effect can be interpreted as alterations
in the number and width of spectral channels, thereby
opening new possibilities for managing the system’s spectral
characteristics.

In turn, the study in [21] demonstrated that external field
effects on a diffraction layer formed in a photopolymer
material with liquid crystals (PPM-LC) enable not only reg-
ulation of diffraction efficiency but also angular selectivity.

However, the work in [19] analyzed only a specific case
involving diffraction layers based on optically homogeneous
PDLC. This meant that under an external electric field, the
LC director orientation changed synchronously throughout
the HDS volume. At the same time, if the LC volume
fraction in the composition exceeds 90% [8,15], the situation
becomes more complex. In such conditions, the LC director
orientation is primarily governed by the sample boundaries,
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Figure 1. Dependence of the LC director rotation angle on the applied external electric field along the depth of the PPM-LC layer (a)

and vector diffraction diagram for light b).

leading to optical inhomogeneity in the system. This
inhomogeneity significantly affects the structure’s diffraction
properties and must be accounted for in modeling and
analyzing light diffraction.

For multiplexed MIHDS, in which multiple diffraction
layers are sequentially formed at various recording angles,
substantial broadening of both angular and spectral selec-
tivity ranges has been observed [22]. Moreover, during the
creation of chirped structures, the angular selectivity width
increases severalfold compared to conventional HDS [23].

The aim of this study is to continue the series of
works [10-14] and present diffraction characteristics for
arbitrary propagation of light beams through multiplexed
chirped multilayer inhomogeneous holographic diffraction
structures formed using PPM-LC- and PDLC-based materi-
als, which exhibit smooth optical inhomogeneity along the
layer direction.

Theoretical Model of Light Diffraction on
MIHDS Based on PPM-LC

In describing the diffraction of plane monochromatic light
waves on MIHDS, the following conditions are assumed: the
aperture of the readout beam greatly exceeds the thickness
of each diffraction PPM-LC layer, the recording process
on the diffraction structures is fully completed, and the
investigated light diffraction processes occur in the already
formed structures.

At high LC contents (over 90%) in the photopolymer
matrix, the LC director orientation varies throughout the
depth of the diffraction layer and is determined by the
sample boundaries. The director rotation angle is obtained

by solving the Frederiks equation [8,15]:

@(r.E)

—12
SEEE) (% —i—y) = / (sin2 @u(r, E) — sin® (p) do,
0

(1)
where @, (r, E) and ¢@(r, E) characterize the maximum
LC director rotation angle relative to the y axis along the

layer depth with HDS, & (E) = L/%%&a — the electric

E Aen
coherence length, K33 — the LC elastic coefficient, d, —
the diffraction layer thickness, n — the layer number,

Ae" = g/ — e/ €}, and €/ are elements of the dielectric
permeability tensor of the PPM-LC layer, measured for
longitudinal and transverse director LC orientations.

When an external electric field is applied to the PPM—LC
layer, director rotation begins upon exceeding the critical
field strength known as the Frederiks threshold, given by:

T 4JTK33
— . 2
d, Ae (2)

EC =

Numerical solution of equation (1) for the applied electric
field magnitude enabled computation of the LC director
rotation angle distribution along the layer depth, as shown
in Fig. 1,a. Fig. 1, b additionally presents a vector diagram
illustrating light diffraction on extraordinary waves under
varying LC director orientation.

Analysis of Fig. 1,a reveals that the LC director rotation
angle varies along the diffraction layer depth and depends
on the applied external electric field magnitude. In turn,
changes in LC director orientation affect extraordinary
wave propagation, as visually depicted in Fig. 1,b. The
combination of these effects results in smooth optical
inhomogeneity within the medium under consideration.

Consider the description of the dielectric permeability
tensor for the PPM-LC material in the n-th layer of the
MIHDS. Its values arise from both the LC volume fraction
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Figure 2. Schematic of light diffraction on a multiplexed chirped MIHDS with PPM-LC.

and changes in the properties of the polymer and liquid
crystalline components [8]:

e" = (1—p) (eh] + AE}) +p (efc + Ajc),  (3)

Here, p — the LC volume fraction in the n-th layer, | -
the unit tensor of the respective layer, &), = (ny)* — the
dielectric permeability of the polymer matrix, &/, — the
LC dielectric permeability tensor, which depends on the LC
director orientation and is given by:

& = efl + Ae"CC, (4)

where C — the LC director, n =0..
of layers.

Changes in the dielectric permeability tensor are ex-
pressed via Fourier series expansion over the lattice spatial
harmonics. ~ Taking into account that A} < e and
Ag} .6 < &

.N, N — the number

N
Ae,Agg , + Z Ag} , cos(jKr),
j=1
N
Agjr = A&y 10 + Z A&} ¢ cos(jKr),
j=1

where r — the position vector, K — the grating vector, and
A}, and Ae’} ;- are defined as [8,11]

n n n oy
Ag} , = 2npAnf; 1,

A& 1o =2 (ot T+ (mon;, — no)CC)
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Consequently, expression (3) shows that the overall
change in the dielectric permeability tensor is determined
by the LC director orientation, which in turn depends on
the applied electric voltage magnitude.

For the mathematical description of the diffraction prob-
lem, it is assumed that a quasi-monochromatic light beam
with arbitrary polarization, characterized by the amplitude
profile E°, wave vector ko and unit complex polarization
vector eoforming an angle 6g with the optical axis of the
structure, impinges on the multilayer inhomogeneous holo-
graphic diffraction structure. A schematic representation of
the light diffraction process on the MIHDS consisting of N
layers is shown in Fig. 2.

The incident quasi-plane light wave at the interface is
represented as a superposition of eigenwaves [19]:

lZ/ el E"" (w, 1)

m=o,e

x expli[(wo + @]t —K§ - r]]dw + c.c |,

here wy — central frequency, ej — unit polarization
vector, k7' = kn'N7, k = 21/, 2 — wavelength, N7 —
wave normal, index mtaking values o and ecorresponds
to ordinary and extraordinary waves respectively, n} —
refractive index of the HDS.

Accounting for the optical inhomogeneity of the PPM-
LC-based medium, the propagation of the light field in the
interaction region is described within the two-dimensional
Bragg diffraction approximation using the slowly varying
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amplitude (SVA) method [14]:

o,e 0,1

2”;27 eET (o, )

-

t —
E(r.1) =3

r

xexp |i [ (wo+ w)t — /kf}’(r)rdr
0

do+cc.|, (5)

Here, the amplitudes E}'(w,r) are treated as slowly
varying functions computed based on the first-order SVA
equations, where j = 0, 1 corresponds to diffraction orders.

The refractive indices and polarization parameters of the
light waves involved in equation (5) are calculated using the
zero-order SVA equations [8]:

12 (- NN — 8500 ¢ = .

Under Bragg diffraction conditions for light on multilayer
inhomogeneous holographic diffraction structures containing
optically inhomogeneous PPM-LC layers, and in accordance
with the SVA method, the amplitudes of interacting waves
can be determined from the coupled wave equations
(CWEs) in partial derivatives [8,15,18]:

NIIVES " (0, 5) = il ()
X (r, E)E{""(w, 1) - exp [+i©O™"(r, E)],
i E

X (r, E)E{""(w,T) -exp [-i©O™"(r, E)],  (6)

here C7"(E) = w(e ”’As (r)eg)(centy cospry) /4 —
coupling coeﬂic1ents n}"" — normalized refractive index
profile of the first HDS harmonic, ©@""(r, E) — integral
phase mismatch, defined as [8,15]:

NPER (@, ) =

dy

" (r, E) = / AK™(r, E)dr, )

0

where AKm,n — kron.n _ krlnn + Km,n — AKm,npm,n o 100211
phase mismatch, p™"” — unit vector defining the direction
of the local phase mismatch AK™"™.

Given that the LC director rotation angle varies along
the depth of the diffraction layer under the influence of an
external electric field, the refractive index for extraordinary
waves entering the coupling coefficients varies at each point
in the sample as follows:

n{o(r, E) = none nj cos®(@"(r, E) & 070)
-1/2
+ nj cos?(@" (r, E) + 070) . (8)

The value ¢"(r, E) is determined from equation (1), while
no and n, correspond to the ordinary and extraordinary
refractive indices of the liquid crystals.

As demonstrated in [8,15], expression (7) exhibits
complex functional dependence, rendering equations (6)
analytically unsolvable in general form. However, applying
parabolic approximation to expression (7) enables obtaining
CWE solutions for each individual layer. Consequently, for
given extraordinary wave normal directions N%" the integral
phase mismatch parameter ©°"(r) can be represented
as [8,15]:

01(y1, E) = Oy +a1(E)y1 + b1 (E)y?,

®1(yn’E) =0,-1 +an(E)yn+bn(E)yl%’
at n=2,...,N, 9)

where 6y — initial integral phase mismatch value, a,(E) and
b,(E) — parabolic approximation coefficients determining
the phase shift variation character along the layer depth.
Parameter y, = 0...d, — current coordinate within the n-
th layer, satisfying the condition Q = Ad,,/A? > 1 for Bragg
diffraction regime.

The spatial variation of wave vectors K""(r) within each
layer, accounting for smooth optical 1nh0m0gene1ty can be
approximated using a linear dependence represented as a
Taylor series expansion [8,15]:

at n=1,

en e,n dki’n e, e NN/ €N
K" (r) = K"+ i =K' + k"N
r=0
dnef’n en_ /€,n dNeIn
= r| +k5"n"; o r_01‘ , (10)
r=0 -

en
where wave vectors k'*", wave normals b fN’ and

extraordinary wave refractive index n’" are taken at r = 0.
Substituting the wave vectors from equation (10) into the

expression for local phase mismatch AK™"(r), the vector

component AK™"(r) = AK]""yois determined as:

AK™" - yo = AKJ" + 11y, (11)

where yo — unit vector, AKj"" — y-component of vector
AK(""(r)taken at r = 0, and coefficient #; can be expressed
as [8,15]

ty = k" | (voNg™) (yoVng") — (yoNT") (yoVny™")
4 Domg" )G Ing) oV mi V]
(N7g'y0) (NV:i'yo)
where mj " — unit vector of the hodograph described by the

end of wave vector k%", Vngy — refractive index variation.

Ultimately, the 1ntegra1 phase mismatch ©"™"(r, E)used in
CWEs (6), accounting for the vector component AK™"(r)
from expression (11), can be represented in analytical form
as [8,15]:

™" (r,E) = /AK”””(r)dr = /(AK”””yo)d(yoy)

/AK’"”dy = AK;""y —|— 2y, (13)

2
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Comparing the integral phase mismatch expressions from
formulas (9) and (13), the following relation can be derived
with high accuracy:

Ogtart = 0, an(E) = AK(r)n’n,

by(E) =17/2, where n=1...N

Thus, interlayer interactions are determined by the integral
phase mismatch elements @ 1. To solve equations (6), it
is necessary to approximate parameter ©""(r) in each layer
and determine coefficients a, and b, from expression (9)
by minimizing the integral mean square approximation
error [8,15]:

1
er'(y) = —= ,
dﬂ\/f (Qm’n(y) - (H)m’n(yn’ E))2 dyn
0
here ©®™"(y) — integral phase mismatch parameter from
expression (6), ©™"(y,, E) — approximating function of

the n-th layer determined by equations (9).

After deriving analytical expressions for integral phase
mismatch and wave vectors along the photopolymer-liquid
crystal structure layers, formulas describing the spatial am-
plitude distributions of light fields for zero and first diffrac-
tion orders at the output of the multilayer inhomogeneous
holographic diffraction structure can be obtained [8,15]:

d
Ei(n) = e7"E]"(n) exp /k”’"dr
0

n

d
z/k”dr ,
0

+ ee,nEe n
1

Ej(&) = e "E;" (&

o\f~

+ey"Ey"( ky"dr |,

n) exp {
) exp [
n) exp [
where Em " — polarization vectors, &
aperture coordlnates

The transformation process of plane light waves passing
through multilayer media is conveniently described using the
matrix method. This requires transitioning from amplitude
distributions of frequency Fourier components of diffracting
beams to their corresponding angular spectra:

:ésélzna&)aéli

o0

Ej(0) = /Ej(l)exp[ikj-l@]dl,

— 00

where [ = &), &1, angle 0 characterizes the direction of plane
wave components E¢(0) relative to wave normals.
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Thus, the transformation of frequency-angular spectra
(FAS) of light beams on extraordinary waves passing
through MIHDS with embedded PPM-LC layers reduces
to sequential multiplication of transfer function matrices of
all layers by the input optical field vector [8,18]:

E°" =T"E, (14)

where TVN=TeN.Ae-N-L.pe.N=-1. . AenTen = Aelpel

matrix transfer function of the entire MIHDS,

Ee,N — [Eé’z(a)’ 6):| ,
ET (,0)
. l%n (©.0)

T (o, 6)]
75" (@, 6)

Tii" (@, 0)

— matrix transfer function,

Ey(w, 0)
0

E =

A®" — transition matrix for the buffer layer accounting for
phase shift under equal refractive indices of diffraction and
buffer layers. It can be expressed as [19]:

1 0

A®" = exp [_ 0 exp [,,AK ,n}

i (ky"yo)t]

where 7, — buffer layer thickness.
Elements of matrix T¢" are expressed as [8]

+1
on Ce,nce,nds
Ty = —ﬁ /exp [6m' (1 —y) + 8" (1 —y)?]
/
><CD<Z +1, 2b62 (1— )>dy(1+y),
cord, T
Tt =S [ exp (1) + 81 <y
—1
d V1
><<1>(§,1 b52 (1— ))dy,
cerd,
o' =i 1vln/eXlo [6m (1= y) + 8% (1 = y)’]
—1
><<1><%,1 b52"1(1— )) dy,
Ce nCendZ +1
T = =i fexp [am(1 — y) + 8%n(1 -]

—1

d/
« ® <— +1,2a8?2 (1 —y2)> dy(1+y),
a Vo
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®(a,b;c) — confluent hypergeometric function of  In this system, group normal vectors are denoted as ;™"
the first kind, for n=1, T{;"=0 and T3; =0, characterizing light wave propagation direction. Parame-

6= dn(mvo —novi)/2v1, nj =n;" = £sin0;;/,

vy =vi" =cos0, 07 -~ angles between group
normals Ne " and the yax1s
m =n(—a + bvy/vo) — iAK'd, /25,
m' = &(—a’/2 + b'vi Jvo) — iAK'd,) 28,
W — b/vl B a_ _ t;,‘vlvo
v 27 (mvo + novi)?’
P . t§32v1 . t;‘vg
a' = i, b=i—,
(mvo +nov1) (mvo +nov1)
b vy
n:ﬂ(a_ﬂ)’ poo i
Vo 2vg (mvo — nov1)
o= _Grer d =—c?.

(va - 7)0”1)2,

In the special case of plane wave interaction in MIHDS
based on HDS with uniform profiles, the transition matrix
elements reduce to known expressions [15].

Theoretical Model of Light Diffraction on
MIHDS Based on PDLC

Within the proposed mathematical model, the diffraction
characteristics of light passing through multiplexed, chirped
multilayer inhomogeneous holographic structures containing
encapsulated polymers with liquid crystals are investigated.
The diffraction scheme for PDLC fully corresponds to the
scheme presented for photopolymer materials with liquid
crystals shown in Fig. 2.

Additionally, the phase profile ¢!(r) of the chirped
structure for each layer will be accounted for according to
the methodology described in [23]

PL(r) = @ + Vo't +0, 5V, (15)
where V" =K} is the average value, 0, 5V2¢"
quadratic coefficient of the grating vector magni-
tude Kvariation.

The developed mathematical model characterizing light
diffraction on multiplexed chirped multilayer diffraction
structures with EPLC relies on a system of coupled
wave equations expressed through partial derivatives. This
system enables computation of amplitude profiles of
light beams E;’”"’h interacting with each diffraction struc-
ture [24,25):

N’;Z)m’nh VE(V)L,m,nh (l’) —

iCl;,m,nh E111,m,nh (l') exp(l-AKn,m,nhr)
NY N EP™™ (r)=—

icg,m,nh Eg,m,nh (l‘) exp(l-AKn,m,nhr)

ter E;""" describes the spatial amplitude distribution of light
beam profiles. Parameter C';™" defines amplitude coupling
coefficients. Parameter n) i characterizes the normalized
amplitude profile of the diffraction structure refractive index,
while the phase mismatch vector is specified through
AK™™ = K 4 R ™MK py, — number of the
corresponding HDS.

The coupling coefficients C’?"™™ included in the coupled
wave equation (16), as shown in [24], can be expressed as:

CLmn = Lt el A, e
anU (17)
9
C”»m»nh _1 w en m,n, AE n m,ny,
1 4 ann T 0 n,n; €1

where 7™ — unit polarization vector for each light

beam, w — angular frequency of the transmitted radiation,
parameter Ag™"™ defines the amplitude of the first harmonic
perturbation of the dielectric permeability tensor, n;"™"™ —
refractive index for each light beam.

As demonstrated in the study [23], the refractive indices
n?™™ and corresponding polarization vectors €;"™" are
determined from the equation

2 /.
[(nq,m,nh) (I _ N;%,ln,ﬂhNn,Wl,nh) _ Aen,m,nh:| eq,m,nh — 0’

J J

(18)
where vector N defines the direction of the optical
beam wavefront propagation, Ae™™ — tensor characterizing
the medium’s dielectric permeability in the absence of
perturbations.

The phase mismatch described by expression (17) reflects
deviation from ideal Bragg diffraction conditions and arises
from several factors. These include changes in the frequency
(or wavelength) of the incident radiation, deviation of the
light beam incidence angle from the optimal value, and
effects of external fields such as electric, magnetic, or me-
chanical, which introduce additional structural distortions.
These factors significantly impact diffraction characteristics
and must be accounted for in theoretical modeling and
investigation of multilayer structure optical properties.

In this work, the primary focus is on analyzing the impact
of external electric fields on the diffraction characteristics
of the structure under consideration. Within the adopted
model, phase mismatch is assumed to depend linearly on
two key parameters: the incidence angle and frequency of
the probe radiation, consistent with findings in [26].

An external electric field applied to the recorded holo-
graphic diffraction structure in an encapsulated polymer-
liquid crystal composite medium induces reorientation of
the liquid crystal droplet directors. This reorientation causes
substantial transformation of the system’s optical parame-
ters, determining changes in its diffraction and polarization
properties. As established in [27], the dependence of the
director rotation angle in liquid crystal microcapsules on the

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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applied field can be described by:

Pext(1, E) = %arctg [cos(Z(po)/(ez(E) + sin(2¢9))],
(19)

where parameter

e(E) = E(r)R\/A&(5, 762 + 2, 1in)

describes the electric field influence on the orientation of
bipolar droplets containing liquid crystals, parameter R de-
fines the droplet radius with LCs, 6 determines the droplet
eccentricity, parameterAg¢ — effective dielectric anisotropy
characteristic of bipolar droplets [27], A1 = RW, /K33 char-
acterizes the interaction between the droplet surface and
LCs, whereW, reflects the degree of azimuthal surface
anchoring, K33 defines the Frank elastic constant value.
Angle ¢, specifies the angle between the electric field
strength vectors E and LC director C in the absence of
electric field.

The refractive indices n:f’m’"”(rE) entering expression (17)
can be determined based on the LC capsule director rotation
condition [28]:

(5. )
I/ZZCN LC

[(ne)2sin*(ely (x, E)E05) +(nfc)? cos? (@ (1, E)£67)]

(20)

The conducted analysis shows that variations in refractive

indices in EPLC structures under applied electric field lead

to substantial changes in the coupling coefficient magnitudes
presented in equation (17):

Cym e (r, E)

_ 1 m - m,
= Zme'f’”’ (r,E)-Ae(E)el™ " (r,E)

21
e (r, E) &N

_ 1 a RN
= ot (r E) - AE(E)e ™ (v, E)

Vectors €™ (r, E) used in (21) can be determined
from expression (18), taking into account the conditions
from (20).

Application of an external electric field induces angular
orientation of liquid crystal microcapsule directors, giving
rise to a phase mismatch vector. According to theoretical
derivations in [26], this vector can be expressed as:

AK™™ (x, E) = K™ 4 Ke™ (r, E) — K™ (22)

The angular change in director orientation in liquid crystal
microcapsules is spatially uniform throughout the sample
depth. This fact indicates that the magnitude of phase
distortions remains constant, independent of the diffraction
structure’s geometric thickness. Thus, phase mismatch
variations can be described by expression (22).

Optics and Spectroscopy, 2025, Vol. 133, No. 10

Determination of director angular orientation in a liquid
crystal microcapsule can be performed by solving the
equation establishing director orientation as

s1n(ﬂ/2 - (pext(r’ E))
sin(¢go) ; (23)
cos(/2 — Pext(r, E))

where @y — initial director orientation angle.
The perturbed dielectric permeability tensor for PDLC
layers has the form [28,29]

C'(r,E) =

enm(r, E) = (1-p)

el + Z Agpmm (r)]

m=0,e

+p

Ele+ Y AGE(r, E>] , (24)

m=0,e

where Ael™" and Agj"" (r, E) — changes in the dielec-

tric permeability tensor for polymer and LC components.
The change in the dielectric permeability harmonic

amplitude of the liquid crystal component is determined as

Agpe" (v, E) = 2(non (r) — nenie (r))

T

1
x / / C'(r, EYC'(r, E)pl@)q(p)dadp,  (25)

where @ and @ — angles characterizing liquid crystal
molecule orientation within the ellipsoidal capsule, and
director direction C"(r, E) is described by formula (23).

Use of matrix analysis apparatus provides the theoretical
basis for studying the interrelationship between zero- and
first-order diffraction light fields in the n-th layer of a
multilayer diffraction structure.

The resulting light field distribution at the output of
multiplexed chirped MIHDS can be obtained by sequential
multiplication of transmission matrices describing diffraction
and buffer layers by the input optical field, as shown in [19]:

EN,m — (Tllyml + .. T]f\/,m,N/x NI T’i\’,m,Nh) EO, (26)

where
[Ey " (E, AK)

- EY(E, AK)]

defines the output optical field, Ejv "™(EAK) shows the
frequency-angular spectra at the output of the N-th layer
of multiplexed MIHDS,

n,m

ThN,m,ﬂh — TN,m,m;,AN—l,mTN—l,m,n/, o Al,mTl,m,n/,

is the matrix transfer function for the entire MIHDS for the
n;, hologram,

Ty (E. AK)

. T} (E, AK)
T3 (EAK)

)" (E, AK)
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— matrix transfer function for the n-th layer and n,
hologram with matrix function elements 7;'"™"[0, 0] char-
acterizing light field coupling between different diffraction
PDLC layers. Considering that the buffer layer with
thickness #, induces phase shift and has a refractive index
nearly identical to the holographic diffraction structure, the
transition matrix A™” can be represented as [16]:

1 0
nm _ —1 11,1, 1 . n,m,npty
A - exp[ l(kl yo)tﬂ] |}) exp [_IAIZ,, h }‘| (27)

These model components enable not only calculation of
light intensity attenuation in the multilayer structure but also
integration of structural inhomogeneity effects and those
induced by external electric fields in each diffraction layer

n.m.n, 1 iAK(1—gq)

Tn,m.nh _ _ibj " exp( 1 )F

01,10 — 2 (».;(Hq)}z 1
)

cosh [

—1
e
_<1 - L/‘S ’ /cs ’2’ w(9)>dQ>

B 2 1 exp iAK(1—q)
Trmn — 1\ )A f ( i 1 2Fy
00,11 2 sinh[M}
1 2

—<1 S LT w(q)>dq),

where parameter ,F; — Gaussian hypergeometric function

— n,m,p
value, v; = cos(0),"",

(28)

sinh(cs (1 — g)/2sinh(cs(1 + q)/2)
cosh(cs) cosh(c(s — 1)) ’

w(q) =

parameter 0,"" defines angles between group normals
N7/"™ and the y axis corresponding to diffraction layer
thickness,

B (E) = [dC " (B)] [ oom

A = [es cosh(c - 1) cosh(c(s —1))] "

Within the proposed model, parameters c, s
and rentering expression (28) quantitatively characterize
three key aspects of spatial distribution: the degree
of inhomogeneity (c), asymmetry level (s) and shift
magnitude (7). For each individual layer of the
multilayer structure, these parameters are determined
by approximating the normalized spatial distribution n;(y)
using the approximating function

ni(y, c,s,1) =ch e(sy —1)].

The obtained analytical expressions for transfer func-
tions (18) enable quantitative description of selective optical
properties of multiplexed chirped MIHDS sensitive to
variations in external conditions, including electric field
strength, incidence angle, and frequency composition of
readout radiation. It should be noted that changes in

external electric field strength on the structure alter the
phase mismatch vector amplitude, as shown in [27]:

AKn,m,nk — AKV[,I‘)‘[,H}Z (9) _|_ AKn,m,nh (0)) +AKn,m,nh (E)’
(29)

where modules AK™"™"(6) and AK™™" (w) quantitatively
characterize the degree of phase synchronism violation
arising from variations in angular and spectral characteristics
of readout radiation.

Deviation from phase synchronism conditions under
electric field strength influence can be determined as:

AR (E) = o, [y (E)(NG" " o)
i (E) (NP y0)] + (K™ yo).

The diffraction efficiency of multiplexed chirped MIHDS
is defined as the ratio of energy flux density in the
diffracted beam to the energy flux density in the incident
radiation propagating along the normal to the interface.
Considering that each monochromatic plane wave with com-

plex amplitude EZJV - corresponds to a specific Poynting
vector SI;/ " integration over all frequency-angular spectra
yields the integral expression for calculating total diffraction

efficiency:
= (S ) /S ), (30)
where yo — unit vector along the sample thickness,

2

SN,m,nh _ NN,m,m,
1 1 (2.7'[)2

ff(Ellv””Ellv””’*)dwde,

c2

N,m,n, __ wgN,m,n, N,mpN,m,*
Sy = N | &5 EY ) dwdo.

Within subsequent numerical modeling, the interaction
of plane quasi-monochromatic waves with unit amplitude
and spatially inhomogeneous multiplexed chirped MIHDS
containing composite photopolymer matrices with liquid
crystals is considered. The input optical field amplitude is
defined as E = §(w, 0), and its intensity as

| (B°E™)dwdo = 1.
With these notations, expression (20) can be transformed
as:

N, myNmm N,m |2
N,m,ny __ El El _ |E1 |
" = =

1 1

= [E{""" 0B, (31)

where E}"" (w, 0) is an element of the output optical field
matrix EN'™ obtained by multiplying the transition matrices
of all layers of the multiplexed chirped MIHDS.

Numerical Modeling

This subsection presents results obtained from numerical
modeling based on the developed analytical models of light

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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Figure 3. Dependence of selective response of chirped multiplexed MIHDS formed (@) in PPM-LC and (b) in PDLC with applied

voltage across all diffraction layers.
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Figure 4. Dependence of selective response of chirped multiplexed MIHDS formed (@) in PPM-LC and (b) in PDLC with applied

voltage to the second diffraction layer.

diffraction on MIHDS. Investigations focused on diffraction
characteristics of multiplexed MIHDS formed from PPM-
LC and PDLC.

Numerical modeling examined two-layer (N = 2) and
three-layer (N = 3) HDS with uniform refractive index pro-
files, in which two chirped diffraction structures W; = —11°
and ¥, = 11° were sequentially recorded at angles (N, = 2)
at wavelength 1 = 633 nm with angles between recording
beams of 20 = 20. The thicknesses of the diffraction and
buffer layers are d, = 20um and 7,120 um respectively.
AO = 0 — O — readout angle relative to Bragg diffraction
conditions.

From Fig. 3, a, it follows that when applying electric field
strength above the critical Frederiks threshold with different
polarities to all layers, a shift in selective response occurs:
to the right for positive polarity and to the left for negative
polarity, followed by DE reduction. For the structure shown
in Fig. 3,b, the applied voltage polarity does not cause
angular selectivity shift unlike the structure in Fig. 3,4,
though DE reduction still occurs.

Figure 4 demonstrates that applying voltage to the second
diffraction layer of a two-layer structure suppresses diffrac-

Optics and Spectroscopy, 2025, Vol. 133, No. 10

tion, consequently transforming the selective response to
that of a single-layer structure, while retaining pronounced
maxima characteristic of two-layer structures without zero-
valued minima. This holds true for structures formed both
in PPM-LC and PDLC.

Conclusion

This work presents for the first time generalized analytical
models describing light diffraction on multiplexed chirped
MIHDS for arbitrary light beam propagation, formed in
photopolymer material with nematic liquid crystals as well
as in polymer-encapsulated liquid crystals.

The effect of applied voltage on layers of multiplexed
chirped MIHDS formed both in PPM-LC and PDLC has
been demonstrated. It was shown that applying voltage
of different polarities to all layers of PPM-LC structures
results in selective response shifts in opposite directions.
This fact demonstrates the potential for creating a spectral
filter controllable both in level and wavelength, with each
local maximum representing a separate channel.
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It should also be noted that the chirping method enables
broadening only the local maxima themselves, while mul-
tiplexing increases only their number. However, applying
both methods simultaneously allows both broadening of an-
gular selectivity for individual local maxima and increasing
their quantity.
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