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In this paper we report the investigation of a beam coupling effect that occurs dur-
ing the formation (by UV curing) of POLICRYPS diffraction gratings. Along with
observations, we present a complete theoretical model which accounts for the main
experimental features of the effect. Numerical solutions confirm the observed
absence of any energy transfer process for unit ratio of the impinging beam inten-
sities. When this ratio is not unit, the transfer is instead present and tends to
equalize the beam intensities during the curing process; the capability of perform-
ing this equalization is strongly related to the grating diffraction efficiency. Fur-
thermore, in this case, numerical simulations enable also to visualize the final
(distorted) morphology of the fabricated structure.
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INTRODUCTION

In the last decades, realization and investigation of diffraction grat-
ings in liquid crystalline composite materials have attracted great
attention. In particular, Holographically formed Polymer Dispersed
Liquid Crystals (HPDLC) [1,2] and POlymer LIquid CRYstal Polymer
Slices (POLICRYPS) [3,4] holographic gratings have been investigated
also for their application oriented aspects, which involve light control
[5,6], holographic recording [7,8] and display technology [9-11]; in
these applications, the overall performances of obtained gratings play
a fundamental role. If gratings are fabricated by using a visible or UV
interference pattern for curing a monomer-liquid crystal pre-syrup,
the quality of samples can be strongly affected by occurrence of an
energy exchange between the interfering beams. Their modification
inside the sample during the curing process leads to the formation of
gratings with tilted or curved fringes and such deformations affect
the fundamental optical and electro—optical features of the grating.
These wave mixing effects, firstly observed in HPDLC formation
[12,13], proved to occur also during the fabrication of POLICRYPS
gratings [14].

In this paper we report on the main features of the two wave mixing
effect that can occur during the formation of POLICRYPS gratings,
along with a general theoretical model implemented to explain these
features. Furthermore, this model enables to visualize the morphology
of the fabricated grating.

EXPERIMENT

If we couple two interfering plane waves by means of a transmission
Bragg grating which has the same periodicity of their interference pat-
tern, the fields E; o(L) at the exit of the grating can be written as:

{El(L) = l:eXP(fiQDL)Elén\/ﬁ +EPVI =1 (1)
Ey(L) = iexp(ipr)EY\/n+ E5'v1—1

were E'", represent the electric amplitudes of the curing waves at the
entrance of the grating; 5 is the (time dependent) diffraction efficiency
and ¢, is an additional phase shift of the cured grating with respect to
the interference pattern, which can be due to several, different, effects.
From (1), the value of the ratio between the intensities I; (L), Is(L) of
the outgoing beams can be calculated as:

(L) _n+(1—nRo+2sin(¢pg)y/Ron(1 —n)

R(L) = Iz(L) nRo + (1 — ;/]) — 2Sil’1(§DL) RO’/I(l - '/I)

(2)
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where Ry is the intensity ratio at the entrance of the grating. Since
expression (2) indicates that, through ¢;, also setup instabilities can
be responsible for an induced phase shift, we designed an in situ con-
trol system that allows a monitoring of the stability of the setup,
shown in Figure 1.

This is the one used for curing POLICRYPS gratings [3], modified
by mounting a commercial metal-coated reflective diffraction grating
on the same steel disk which holds the sample. This reference grating
(see insertion in Fig. 1) is vertically separated by a 3 mm distance from
the sample aperture; in this way, it reflects and contemporarily dif-
fracts the peripheral parts of the impinging (15 mm-broad) beams.
Their angle of intersection is set in such a way that the reflected part
of one of them spatially coincides with the diffracted part of the second
one. The combined diffracted/reflected outgoing beam is spatially
separated from the incident one (by a slight vertical misalignment of
the reference grating) and then detected by a third photodiode PD3
placed above one of the two mirrors of the interferometer. Thus, the
intensity registered by PD3 turns out to be:

Iref =11 + 1+ 2v/111 SiIquref (3)

PD;

L, |
Ar Laser E ‘f’
T

|
M2 BE

FIGURE 1 Optical setup for UV curing of POLICRYPS gratings and contem-
porary stability check. P, polarizer; /2, half-wave plate; BE, beam expander;
BS, beam splitter; 20cur, total curing angle; M, mirrors; HS, hot stage; I, tune-
able aperture; S, sample; PD1, first beam photo-detector; PD2, second beam
photo-detector; PD3, diffracted /reflected beam photo-detector. In the insertion
it is shown the reference grating, put below the sample, used for the stability
check.
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where I o are the intensities of the reflected part of the first beam and
the diffracted part of the second one respectively, and ¢, is the phase
shift between the reference grating and the curing interference pat-
tern. In order to reduce all sources of vibration, reinforced posts and
mounts are adopted, while the interferometric part of the set-up is
placed on a thick steel plate and covered with a hermetic box made
of sound absorbing, thermo isolating material. For this setup, typical
values of the phase shift introduced by vibrations (measured by means
of Eq. (3)) does not exceed +4-5°, which represents the limiting accu-
racy of our experiment.

For the sample preparation, we utilize 5CB nematic liquid crystal
diluted in NOA-61 Norland Optical Adhesive. Sample cells, with a
nematic concentration below 30%, by weight, are made by using
Indium Tin Oxide (ITO)-coated glass slabs and have a L = 15um
thickness. Gratings are cured at room temperature by illumination
with the interference pattern formed by two laser beams at
Ag = 351nm. The total impinging intensity is maintained constant
at Iy = 4, 1mW/cm?, this value being optimal from the viewpoint of
the final diffraction efficiency [3]. The fringe spacing of the inter-
ference pattern is A = 0,417 um, corresponding to a pronounced Bragg
regime (p = 2/3/A%; ~ 110) [15].

RESULTS

Experimental results strongly depended on the value of Ry,: With
Ry =1, no beam coupling is observed (Fig. 2). For Ry # 1, the wave
mixing takes place and tends to equalize the intensities of the two cur-
ing beams inside the sample. The effect, well pronounced for Ry ~ 0.5,
becomes weaker for Ry < 0, 3. It is worth noting that all beam coupling
effects take place in the very beginning of the curing process, when dif-
fusion processes are noticeable [16]. Finally, the real additional phase
shift of the diffracted waves, given by () = (@1 (¢) — @per(t) +
@rer(t = 0)), is reported in Figure 3, for two different values of Ry:
Figure 1. Figure 1(a) represents the switching curve of the POLI-
CRYPS grating.

It is evident that ¢;;(¢) increases with increasing deviation of R,
from its unit value. In conclusion of this section, we can state that
the observed two wave coupling effect exhibits the following features:

e It depends on the phase shift between the impinging interference
pattern and the grating that is being cured;

o It does not take place if the two interfering beams have the same
intensity;
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FIGURE 2 Temporal behavior of the intensity ratio of the two beams, used to
cure the POLICRYPS, transmitted through the sample. No energy transfer
takes place in case of initial unit ratio of the beams.

o If the initial ratio Ry of the beam intensities is different from the
unit value, the beam coupling takes place and tends to equalize
the intensities of the beams outgoing from the grating;

e When it occurs, the effect is the weaker the further Ry deviates from
the unit value;
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FIGURE 3 Phase shift of the diffracted waves, in case of stable interference
pattern, for different initial ratio of the two impinging intensities.
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e The diffraction efficiency of the fabricated grating decreases with
the deviation of Ry from the unit value;

e The additional phase shift of a probe light wave diffracted by the
cured grating increases with the deviation of R from the unit value.

THEORETICAL MODEL

Starting from the experimental evidence, in a previous paper [17] we
have reported an approximate theoretical model. First of all, we have
excluded a photorefractive origin of the observed phenomenon. In our
case, indeed, measurements of sample conductivity showed a negli-
gible presence of free charge carriers before the curing process started,
and no variation after curing. We have then coupled the system of
Helmholtz equations, which describe the spatial evolution of the cur-
ing beams inside the sample, to a material equation that, in order to
depict the grating formation in the medium stated that the rate of
the first spatial Fourier component of the optical permittivity is pro-
portional to the intensity of the curing interference pattern. Approxi-
mate analytical solutions of the obtained system, although enabling
to satisfactory explain all observed features, were limited to predict
the occurrence of the wave mixing effect. In this paper, we present a
new, non approximated, theoretical approach which consists in coup-
ling the Helmholtz equations for light propagation in periodic media
to a detailed chemical diffusive model for the grating formation in
liquid crystalline composite materials [18]. We start by writing the
Helmholtz equations:

OB, o
i mﬂ [c(¢)]Ee (4)

OEs _ 2m .
8—C = mFl [c($)]E1

Here i is the imaginary unit; { and ¢ are the normalized coordinates for
the z and x axes respectively, namely { = gz, ¢ = qx, where q = 27/A is
the grating vector; Ag is the wavelength of the curing radiation; f the
refraction angle of the curing beams inside the medium; F1[¢(&)] stands
for the first component of the Fourier transform of the dielectric con-
stant across the grating Fj[¢(¢)] being its complex conjugate. ¢(¢) is
the profile for the dielectric constant of the medium; in our sample.

(&) = ewa(&) + ep(v($) + (<)) (5)
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where o(¢) =C/T, v(¢) =P/T and u(¢) = M/T are the normalized
concentrations of liquid crystals (C), polymers (P) and monomers (M)
respectively (T stands for the total molecular concentration), so that

a(&) +v(&) +u) =1 (6)

Furthermore, were we have assumed that the dielectric constant of
polymer and monomer is the same and it is ¢p; for the liquid crystal
dielectric constant we have used

2n, + n, 1/2
N = —3

where n, and n, are respectively the ordinary and the extraordinary
refractive indices of the nematic liquid crystal. Taking into account
Eq. (6), expression (5) becomes:

€(¢) = ena(&) + ep(1 - a(S))

and finally we get

€(&) = Aco(é) +ep (7
where Ac = ¢p — ¢. In this way,
F1[e(&)] = AeF1[(a(8))] (8)

The system of coupled equations that govern the whole process is
therefore given by

dﬂ(f,éﬂ)_ 2 _ 2/32 U _wrl/2
dc _Bag[(l V) 35(1—1/)] W n ®)
d G 2
PELD _Swima -+ M4+ 2] ao)
dO’(f,Q‘E) o 0 2/3 0 o
=B - g ()] i

OE1({,1)  2miAc
9  Algcos BFI [o]cEs (12)

OE2({,t1)  2miAc
9  Algcos ﬁFl [o]E (13)
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w ==

where N stands for the least number of monomer molecules which are
needed for the formation of an immobile polymer chain. Furthermore,
we have introduced a dimensionless time

© = [kp /ke(keg WI)'/?]t
and parameters B, G and y defined as:

4nDk* _  (gWolk))'?
(gWol)'/2A? kT

_ I
T ey/Irmsmd)

where t is the time, I is the initiator concentration, k, and k; are the
chemical prolongation and termination constants for the polymer for-
mation reactions, g represents the activation probability of the initiator
molecules when acted on by the radiation; D is the monomer diffusion
constant; Wo =1; +1Is with I; = E; E; and I, = E; Ej intensities of
the two interfering beams; m = 2(v/I112/(I1 + I3)) is the visibility of
the fringes.

NUMERICAL SOLUTIONS

Equations (9)—(14) represent a time dependent, spatially 2D system; to
solve it, we have implemented a central derivative scheme for Eqs. (12)
and (13) concerning light propagation and we have coupled them to
the numerical scheme described elsewhere [16]. Our code can display
now the time evolution of diffraction efficiency during curing, the time
evolution of the intensity of both curing beams as well as the
morphology of the forming grating. First of all we have realized the
theoretical equivalent of Figure 2, by choosing B=1 and G = 0.2,
which correspond to the experimental situation presented in Ref. 14.
Results of this characterization are presented in figure 4.

It is possible to see that the model confirms the experimentally
observed absence of energy transfer process for unit ratio of the
impinging beam intensities. When this ratio is not unit, the transfer
is instead present and tends to equalize the beam intensities during
the curing process. The advantage of available numerical solutions
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FIGURE 4 Numerical simulation of the temporal behavior of the intensity
ratio of the curing beams, transmitted through the sample. Again there is
no energy transfer in the case of initial unit ratio of the beams.

is also the possibility of verifying the final morphology of the realized
grating. In this way it is possible to appreciate the consequences of
the investigated phenomena on the morphology of the fabricated
structure. The calculated difference is dramatic: with an initial beam
ratio different from unity, an energy transfer effect occurs, which
produces a weaker grating with slanted fringes, as the one shown in
Figure 5(b).

The energy transfer, which is present for Ry # 1, tends to equalize
the beam intensities during the curing process; moreover the capa-
bility of the system to equalize the beam intensities is strongly related
to its diffraction efficiency: the higher is the diffraction efficiency,
the better will be the realized equalization of the beam intensities.
In Figure 6 it is presented the Final Diffraction Efficiency of the
produced grating calculated as a function of the initial intensity ratio
of the curing beams R,. It is possible to appreciate that, like experi-
mental values reported in Figure 7, the final diffraction efficiency
(DE) decrease drastically when the beams are unbalanced and the
beam exchange process takes place.

In conclusion, we have presented the observation of a beam coup-
ling effect occurring during the UV curing of POLICRYPS diffraction
gratings, along with a complete theoretical model which accounts for
the main features of this effect. The model confirms the experi-
mentally observed absence of an energy transfer process for unit ratio
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FIGURE 5 Numerical simulation for the behavior of polymer concentration
v(&,{) as a function of the normalized spatial coordinates ¢ and { when the
curing process can be considered completed; (a) corresponds to Rg = 1, while
(b) corresponds to Ryp = 1/2.
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FIGURE 6 Numerical Simulation of the dependence of the steady state value of
the diffraction efficiency versus the initial intensity ratio of the curing beams.

of the impinging beam intensities. When this ratio is not unit, the
transfer is instead present and tends to equalize the beam intensities
during the curing process; in this case, the model enables also to visua-
lize the distorted morphology of the fabricated structure. The capa-
bility of performing the above mentioned equalization is strongly
related to the grating diffraction efficiency: the higher it is, the better
the equalization of the outgoing beam intensities is realized.

50 T — T T — T T

a5l ]
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35[ ]
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FIGURE 7 Experimental dependence of the final value of the diffraction
efficiency on the initial intensity ratio of the curing beams.
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