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Abstract

The holographic kinetics of organic polymer thin films with low-saturated
absorption are considered both for self-diffraction and diffraction of a weak probe
beam in Raman-Nath conditions. The coupling effect between different diffracted
orders is taking into account. The coupling effect results in considerable increase of
the diffraction efficiency of self-diffracted beams compared with the diffraction of
the probe beam were shown. For the region of deep saturation the maximum
diffraction efficiency is higher than in the region far from the saturation. The
maximum of diffraction efficiency is reached for considerable shorter time in
grating recording kinetics in the region of deep saturation. This opens the
perspective of using those materials for novelty filter. The experimental results on
low-saturated dry bacteriorhodopsin films well agree the theoretical predictions.

Keywords: low-saturated recording materials, dynamic holography gratings, Raman-Nath
conditions, coupling effect of different diffracted orders.
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1. Introduction

In shown last decades, thin films on the base of

optical materials with nonlinear saturable
absorption can be successfully used for the real-
time applications such as phase conjugation,
image processing, and optical switching [1-3].
The large optical nonlinearities in the materials
are those due to saturable absorption with a
small value of the saturation intensity. In the
materials known as DuPont photopolymers [3]
and fluorescein-doped boric acid grass that has a
very small saturation intensity of ~I5mWcm™
[5], for which two- and four-wave mixing holo-
graphic experiments were studied both in the

steady state and in kinetics. The materials can be
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used with high efficiency in the polarization
holography [6], as, in particular, it was shown
for the layers of methyl orange introduced in a
matrix of polyvinyl alcohol [7]. The conven-
tionally used experiments exploit the Bragg-
conditions from thick holograms as well as
diffraction of probe beams, intensities of which
are much smaller than the ones of coupled
Recently Raman-Nath thin
gratings in self-diffraction conditions on low-

writing beams.

saturated bacteriorhodopsin films promise much
for real time analysis of object motion [8, 9].

In the present paper we develop the

modeling for comparable kinetics of self-
diffraction of recording beams and the
27
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diffraction of a weak probe beam in thin films
fulfill the Raman-Nath conditions. The two-
level mechanism of nonlinear absorption in
media with the low-saturated absorption is
considered. For the first time to calculate an
output intensity of any diffracted order of the
self-diffracted beams we take into account the
effect of interference between two writing
beams as well as between their different
diffracted orders. We obtain significant gain
both in the diffraction efficiency of the self-
diffracted beams and in the response time
rapidity, that show advantages of using low-
saturated absorption media for real-time
information processing. The modeling results
are compared with experiments provided on dry
bacteriorhodopsin thin films and display a good
agreement between developed modeling and
experiments for a low-saturated absorption

medium.

2. Theoretical modeling of Raman-Nath
holographic self-diffraction in thin
films

We consider time-depended holographic diffrac-
tion of laser beams from dynamic phase gratings
recorded in thin organic films. We compare
diffraction efficiency parameters for a probe

He-Ne
recording beam

He-Ne
probe beam

beam of weak intensity conventionally used in
holographic experiments and for intensive
recorded beams.

The scheme of holographic experiment is
shown in Fig.1. A beam from He-Ne laser is di-
vided on two beams with equal intensities I,
which are converged in the thin film under small
angel and interfered there. A probe beam of the
same wavelength but being not coherent with
the recorded beams appeares on the film at the
nearly Bragg angle. As the result of beam
diffraction from a transmission grating under
conditions of thin (Raman-Nath) films, one can
observe a number of diffracted orders, but we
detect and investigate only the first-order beams.
The main feature of beam self-diffraction lies in
the fact, that the diffracted orders of each recor-
ded beam are interfered, that leads to significant
increasing of their output intensities in com-
parison with the probe beam diffracted orders.

We start from the wave equation:
g ’E 1 0*(As-E)
AE — = = 1
¢t ot c? or? )
where the dielectric susceptibility is presented in
the form: €=&+AE&. & is the average

dielectric susceptibility of the medium; Ag is the

light induced changes, which assumed to be
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Fig.1. Schematic setup for simultaneous measuring the kinetics of self-diffraction of recording
beams and diffraction of an independent probe beam. M1 and M2 are mirrors, BS is a beam
splitter, F is a filter, H is a thin film with recorded hologram, E1 and E2 are the recording beams,
D1 and D2 are photodetectors. The numbers in figured brackets designate the diffracted order

numbers of corresponding beams.
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small: |A6‘| << |E| Let's consider only linear

polarized beams, which have the polarization of
the electric field directed along the y-axis. We
will find the solution of the equation (1) in the
form of the Fourier series:

ED) (x,2,1) = e =k:2)

R (226 2)
4

Eé)’)(x,z,t) _ e—i(wr—kzz)z STC(Z’t)e—[/kxx (3)
[

Eggbe (x,2,1) = g iwi=k:2) ZE (Z,t)ewkxx (4)
¢

where E, and E, are the recorded beams; R, S

and P are the complex amplitudes of the
corresponding ~ waves.

k, =k,Z+lk X
direction of the ¢ -diffracted order of the beams.

Ag is spread out on the Fourier series as

Every wave-vector

determines the propagation

well:

Ae(x,1) =Y &,(1)e"™ (5)

K is the module of the grating vector. As
we use the interference light field in the form
I =21,[1+cos(Kx)] to record the dynamic
grating, where A =27/K 1is the space period of
the interference pattern, the wave-vector and the
grating vector are connected by the relation:

|K| =2k_. Applying the presentation (5), we
are able to take into account every grating with

the grating vectors K, =mK as well as the

wave diffraction from all these gratings. The
Fourier components &, corresponded to the
amplitude of the mK-gratings can be found from
the relation:

K /K
&,=— |Ae(x,1,t)-cos(mKx)dx (6)

m
T —z/K

To solve the wave equation (1) we use the

usual approach of slow variable amplitude. We

obtain the common equation, which describes

the changes of the wave complex amplitude for

any /( -diffracted order over the distance, in the

following form [10]:
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ai_f =—icos’ O(L* —1)E, +
0z '

i = . ()
:Z e E, ., explik x(m+n-1))
2 n,m

n#m

where z=z-k>/(2k,), 20 is the convergent

angle of writing beams, E, is used to designate

any complex amplitude R,, S, or P,. The last
term on the right side of the equation (7) descri-
bes the changes of E, wave amplitude due to in-

terference between all diffracted orders during
the wave propagation. The index ratio
m+n—{=0 determines the phase matching
condition between different diffracted orders;
the waves with the diffracted orders, which
satisfy this relation, are added in phase.

We restrict our consideration by the
transmission waves, the first- and the second-
diffracted orders, which are described by the
following indexes (see Fig.1): (=1 for the
{0}-order, (=3 for the {+1}-order, ¢ =-1 for the
{-1}-order and ¢=-3 for the {-2}-order. Then
the equation (7) will represent the set, which
connects 4 differential equations in the case of a
probe beam and 8 ones in the case of wave self-
diffraction. The sets include three gratings with
grating vectors K, 2K and 3K. From these sets
all real amplitudes and phases of waves can be
obtained.

The output intensity in the direction of the
first-order, which we are interested for, in the
case of the self-diffraction is determined as the
superposition of {+1}-diffracted order of the
wave E; and {-2}-diffracted order of the wave
E,, that have the same direction of the
propagation and are interfered (see Fig.1). This
intensity may be defined from the expression:

LY =R +5, =R +5% +
2RS scos(py—0_5)

(8)

where Rj;, S; are real amplitudes and ps;, o3 are
the phases of the corresponded waves.

In the case of the probe beam we have the
only one wave in the direction of the first order
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with the intensity:
g=p ©)
The presented description may be used to
calculate output intensities of any Raman-Nath
diffracted orders both in the case of self-
diffraction and only for probe beam.

3. Two-level model of nonlinear saturated
medium

The main mechanism of holographic grating
recording in many light sensitive organic
polymers, dyes as well as in bacteriohodopsin
films consists in light absorption with con-
sequent transformation of organic molecules,
which usually leads to transparency of the films.
The simplest model of absorption includes two
levels, the non-linear properties lie in the
dependence of the absorption value on the
intensity of light.

The two-level model shown in Fig.2. N,
and N, are the population densities of
the corresponding levels, the total density
of absorbed molecules is assumed to be
conserved Ny=N;+N,. The changes of the
population density on the level 2 due to light
absorption are described by the following
balance equation:

dN, I
2 g 20
a7y

where 7, is an absorption cross-section for the

1
N, _;Nz (10)

level 1, A, is a quantum yield of 1=2 transition,
T is the lifetime of the level 2.
The equation (10) has the solution of the

N,

hy T

Ny

Fig.2. The two-level model of nonlinear
absorption.

30

value N;/Nj in the form:
N,(,t) 1
N, 1+ 41

[l+ﬂ-[~exp{—£(l+ﬂ'1)ﬂ
T

(11)

The steady state solution is the following:

N1 12)
Ny, 1+p-1

A
where f =}2 Lz. The value of B is varied
v

depending on saturation intensity of used
materials. For example, a saturation intensity of
all types of bacteriorhodopsin films is nearly
10 mW/cm? and here p~4.5 [9].

To record holographic gratings the

interference field is applied. The spatial-
intensity modulation I(x) in the case of equal
input intensities has the form:

I(x)=21,[1+ cos( Kx)]. Using the Kramers-

Kronig relation we can determine the light-
induced changes in the refractive index An,
which is proportional to the relative population
density of the level 1: An(x’[o’[)ociNl Lot)

0
The value An obtained due to described
mechanism of light absorption (or Ae=2ny-An,
where 7, is the average refractive index of a
medium) is substituted to the holographic
equations, derived in the previous section 2. By
this way we obtain the closed modeling, that
includes spatial-distributed light-induced ab-
sorption in the medium, dynamic grating recor-
ding and diffraction of recorded waves (or a pr-
obe beam) on the grating.

According to the equations (11) and (12)
the modulation strength of the grating will
depend on both on the intensity of writing
beams and on a time. In Fig.3 we show changes
of the grating amplitude profiles both in the
kinetics and in the steady state. The upper
graphs correspond to the case of weak
modulation; the lower graphs correspond to the

saturation regime. As shown below the output
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Fig.3. Spatial profile of gratings in a material with low-saturation absorption. (a) The kinetics:
[,=200 a.u., Ig(t/r)=-4.5; -4, -3.6; -3.2; - 2.9 for the curves 1, 2, 3, 4, 5 correspondingly . (b) The
steady state: 1,=0.01; 0.06; 0.1; 1; 10 a.u. for the curves 1, 2, 3, 4, 5 correspondingly.

intensities of high-diffracted orders are small for
such gratings. At the same time the grating
profiles shown in the middle part will give
maximum intensities of diffracted beams.

4. Theoretical and experimental
holographic Kinetics in the case of dry
bacteriorhodopsin thin films

We provided the theoretical modeling
numerically to calculate intensities of first-order
holographic diffraction for both self-diffraction

of recorded beams and for a weak probe beam.
The graphs for steady state in dependence
with the intensity of the writing beams are
shown in Fig.4. One can see the diffraction
efficiency that is two times higher in the self-

Ukr. J. Phys. Opt. V3. Nal

diffraction conditions. Also there is the shift
between maximums of the curves. In Fig.3b we
depict the grating amplitude profiles, which give
these maximums. We obtained two different
gratings: the grating 2 for the self-diffracted
beams and the grating 3 for the probe beam,
which is achieved for higher intensity of the
writing beams.

To explain the shift we calculate Fourier
coefficients for the dynamic grating in
dependence on the input intensity for the steady
state. The graphs are shown in Fig.5. One can
see the shape of the first-order diffraction
efficiency for the probe beam matched with the
shape of the first coefficient Fourier &;. And the

values ¢, &; determine the diffraction efficiency
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la(lg )

Fig.4. Steady-state diffraction efficiency of the
first-order versus of the recording intensity.
Solid curve is for the self-diffracted beams,
dash curve is for the probe beam.

of the probe beam for the second-order and
third-order diffraction accordingly. At the same
time, the curve 4 is the sum of g+g,. As the
even Fourier coefficients are positive and odd
ones are negative, the sum maximum is shifted
in the area of less intensity in comparison with
€,. The Fourier coefficient g, determines the
{+1}-order of the wave E,, and the coefficient ¢,
determines the {-2}-order of the wave E,. The
shape of the curve 4 fully agrees with the
intensity  dependence of the first-order
diffraction efficiency of self-diffracted beams
(see Fig.4). That proves the fact that first-order
output intensity in the self-diffraction condition

n. % 15

05| : N

-2 -1 0 1 2

lg(lo)

Fig.5. Fourier coefficient values as a function of
the recording intensity: ¢4 (the curve 1), g, (the
curve 2), g3, (the curve 3), g1+¢; (the curve 4).

is the interference of {+1}- and {-2}-orders of
both recording beams.

In Fig.6 we calculate the kinetics of the
different
intensities of recorded beams. Like in the steady
state, the diffraction efficiency of the self-dif-
fraction is more than two times higher in compa-

first-order diffracted beams for

rison with the probe beam diffraction. We also
observed the shift between maximums discussed
above. The important results appearing in the
fact of obtaining the jump in the diffraction
efficiency regardless of the value of the input
intensity of recorded beams, that is the peculiar
low-saturated

properties of materials with

0.0 s 1 L 1

Ig{t/ t)

Fig.6. Diffraction efficiency kinetics of the first-order self-diffracted beams (solid curves) and first-order
diffracted probe beam (dash curves): 1,=200 a.u.(the curves 1 and 2); 1,=0.1 a.u. (the curves 3 and 4).
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Fig.7. Experimental holographic kinetics for dried BR film. (a) Kinetics of the first-order self-diffracted
beam at different intensity of the recordin% beam lp. 1 — ;=25 mW/cm? 2 — 1,=60 mW/cm?;
3 — 1,=140 mW/cm? 4 — =200 mW/cm®.(b) Kinetics of the first-order diffracted beams at
1,=200 mW/cm?. 1 - first-order self-diffraction beams; 2 — first-order diffracted probe beam.

absorption. The jump for high input intensities is
rapid and is achieved over a fast period of time.
That opens the perspective to employ such
materials in novelty filters.

The experimental holographic kinetics for
the first-order diffraction are shown in Fig.7 for
dry BR films. In Fig.7a there are changes of the
output intensities of self-diffracted beams in
dependence on input intensities Ip. One can see
while increasing Iy, the maximum value of the
output intensity is increased as well. The
comparative kinetics for the probe beam
diffraction and the self-diffraction are shown in
Fig.7b. There is a good agreement with the
theoretical results shown in Fig.6. In the
experiments we observed the significant
difference between the diffraction efficiency of
the probe beam and the diffraction efficiency of
the self-diffracted beams,

observed the shift between their maximums.

as well as we

By this way our developed theoretical
modeling explains the experimental results
obtained in BR films. These kinds of modeling
can be applied for light sensitive organic thin
films that possess the properties of nonlinear
low-saturated absorption.

Ukr. J. Phys. Opt. V3. Nal

5. Conclusion

Recording dynamic holographic gratings in the
saturation region has considerable interest in the
area of optical information processing. In this
work the numerical model of the holographic
grating kinetics of both self-diffraction of
recording beams and diffraction of an
independent probe beam in the region of
saturable absorption is developed. Modeling is
performed for a two-level nonlinear absorbed
saturated medium. For low-saturated material,
the refractive index spatial distribution leads to
higher-order diffracted beams. We obtain that
interference of higher-order diffracted beams in
self-diffraction
significantly higher diffraction efficiency in
diffraction of an

conditions result in the
comparison with the
independent probe beam on the same grating.
Increasing the input intensities of writing beams
the rapidity of the response in higher diffracted
orders is increased as well, that displays the
perspective of using the materials with the low-
saturation absorption in real-time information
processing, in particular, in novelty filters. The
numerical results agree well with experimental
ones on the bacteriorhodopsin films.
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