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Fluctuation in the intensity of the output signal beam of a photorefractive optical resonator can be

reduced significantly by employing pump beam positive feedback. The fractional intensity transfer

which is independent of time in the absence of fluctuation becomes time dependent in the presence of

fluctuation of the optical wave-mixing process. The influence of various controlling parameters on the

relative fluctuation of the output signal intensity has also been studied.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Since the discovery of photorefractive effect [1] it is one of the
most interesting subjects in the field of non-linear optics.
Capability of high optical non-linearity of photorefractive effect
with low power in milliwatt has attracted research interest
considerably from the last four decades, both experimentally as
well as theoretically [2–5]. This effect has many promising
applications in real time optical signal processing, optical neutral
network implementations, optical information processing sys-
tems, mass memories, optical phase conjugation, optoelectronic
correlators, two-wave mixing experiments for image amplifica-
tions, etc. [4–8].

The earliest work on temporal dynamics in two-beam coupling
concentrates on the transient behavior of the volume hologram
build-up or decay and temporal behavior during a photorefractive
process [9–18]. There are several possible sources of noise in
photorefractive systems. Randomly distributed charged particles
arising from the ionized dopants and defects produce inhomo-
geneities in the refractive index that scatter light [10]. Thermally
induced fluctuations in the space-charge field can produce noise
through the Pockels effect, the Kerr effect, or a combination of the
two, depending on the type of crystal [11–14]. Quantum noise can
also have an effect; however, it has been shown that this source is
typically negligible in comparison to the other sources [11–13].
Fluctuations in the pump beam are also contributed to the signal
beam noise. In addition, extraneous effects, such as random
ll rights reserved.
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mirror vibrations and thermally induced changes in the active
medium, can produce random cavity detuning and loss fluctua-
tions [15]. All of these noise sources must be considered in a
thorough examination of signal beam quality when photorefrac-
tive materials are used in resonator-based optical processing
systems.

One way to determine the internal photorefractive properties
of a medium is through careful analysis of its temporal behavior.
One of the main differences between the photorefractive effect
and other non-linear optical phenomena is that in the photo-
refractive effect the output usually shows a large temporal
fluctuation. It is generally believed that this fluctuation is due to
the presence of external noise, such as the vibration of an optical
bench and the flow of environmental air. However, even when we
perform the experiment in a dark room and make environmental
influences such as flowing air and vibration of the optical bench as
weak as possible, the fluctuation is still large indicating that the
fluctuation of the output in the photorefractive effect may result
from the intrinsic properties of the photorefractive effect rather
than from external noise [16]. One of the problems to be solved in
applications is the temporal fluctuation of the non-linear optical
effect. For example, a small thermal excitation of free charge
carriers and a very small temporal fluctuation of the total
light intensity will result in a large temporal fluctuation of the
photorefractive effect, which then induces a large fluctuation in
the output signal of the photorefractive wave-mixing systems
[16–19]. In order to improve the performance and application of
these nonlinear optical phenomena, it is desirable to have the
output signal as stable as possible.

Non-linear optical phenomena, such as second harmonic
generation, sum-frequency and/or difference-frequency generation,
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stimulated Raman scattering, two-beam coupling, and degenerate
four-wave mixing, etc., are related to wave mixing between the
pump and the signal beams [20–24] have wide ranged applications
in signal processing. One of the problems associated with the
applications of these non-linear optical phenomena is the temporal
fluctuation of the output signal resulting due to fluctuations of the
non-linear effects. For reducing the fluctuation of the output signal
beam in electrical amplifiers circuit or electrical networks, feedback
circuit method is the most well known method [25]. In this method,
some fraction of the output signal is feed to the input signal. After
applying the feedback method the final gain of the electrical
amplifier is reduced by a factor (1�Ab), where A is the gain of the
amplifier without the feedback circuit and b is the gain of the
feedback circuit. One can see that the relative fluctuation of the final
output from the amplifier can be reduced by the same factor
(1�Ab). This greatly improves the performance of the amplifier.
However, the minimization of the output by use of the above
feedback method makes it impractical for the non-linear optical
systems, which do not have high gain.

In this communication, the fluctuation in the intensity of the
output signal beam in a nonlinear optical photorefractive cavity
by employing a pump beam feedback method has been studied in
order to improve the performance and application of the optical
wave-mixing system of non-linear optical phenomenon to have
stable output i.e., without any fluctuation in the output signal. In
this method, a fraction of intensity of the output pump beam
is feedback to the intensity of the input pump beam by a positive
feedback i.e. the feed portion from the output pump is in
appropriate phase with the input pump beam and can be
applicable to any physical system where the pump beam is
available at the output terminal and the total energy of the
intensities of the pump beam and the signal beam is conserved.
The advantage of this pump beam feedback method is its
simplicity and the fact that the intensity of the output signal is
not reduced so that it is applicable to any optical wave-mixing
systems, such as second harmonic generation, sum-frequency
and/or difference-frequency generation, stimulated Raman scat-
tering, two-beam coupling, and degenerate four-wave mixing
where only a transmission grating is responsible for optical wave-
mixing. Effects of various controlling parameters of non-linear
optical media such as output pump phase fluctuation, decay
constant of the material, intensity feedback reflectivity and crystal
thickness of the material, on the relative fluctuation of the output
signal intensity in a nonlinear optical medium via photorefractive
two-beam coupling have also been studied in detail.
2. Theory

Let us consider a non-linear medium of thickness l placed
along the z-axis with one end at z=0 and the other end at z= l. The
signal and pump beams are taken to be propagating along the
z-axis. Let the intensities of the signal and pump beams be Is0 and
Ip0 at z=0; IsI and Ipl at z= l in the absence of fluctuation of the
wave-mixing process and It

s0 and It
p0 at z=0 and It

sl and It
pl at z= l at

any time t in the presence of fluctuation of the wave-mixing
process.

In the absence of fluctuation of the wave-mixing process the
sum of the input signal and pump intensities Is0 and Ip0 decays
exponentially due to material absorption and scattering as,

IsIþ IpI ¼ ðIsIþ IpIÞe
�al ð1Þ

i.e., the total output intensity of the signal and the pump beams is
exactly equal to their total input intensity multiplied by the linear
absorption factor. Where a is the decay constant and it includes
the effect of the absorption and scattering both. The energy
conservation [26] demands that the sum of the signal and pump
beam intensities at z= l in the absence and in the presence of the
fluctuation of the wave-mixing process must be equal i.e.,

It
slþ It

pl ¼ Islþ Ipl ð2Þ

Eqs. (1) and (2) yield the following expression,

It
slþ It

pl ¼ ðIs0þ Ip0Þe
�al ð3Þ

Temporal fluctuation of the nonlinear wave-mixing process
causes fluctuation of the output signal intensity. This fluctuation
of the output signal intensity It

sl can be reduced by a suitable
feedback.

Let the fractional energy transfer (energy transfer efficiency)
from pump beam p to signal beam s be Z0 for the ideal case
(without fluctuation) of wave-mixing process, i.e.,

Z0 ¼
I0sl

Ip0
ð4Þ

where I0sl is the difference of the signal beam intensities with and
without wave-mixing process at z= l, i.e.,

I0sl ¼ Isl�Is0e�al ð5Þ

Conservation of energy leads to the following relation,

I0slþ Ipl ¼ Ip0e�al ð6Þ

The fractional intensity transfer Z which is independent of
time in the absence of fluctuation (Z=Z0), becomes time
dependent in the presence of fluctuation of the wave-mixing
process i.e.,

Z¼ Z0þZt ð7Þ

where Zt is fluctuating part of the fractional intensity transfer and
is very small as compared to Z0. Now the energy transfer from the
pump beam to the signal beam can be written as,

ZIs0 ¼ I0slþet ð8Þ

where et is fluctuating part of the transferred intensity to the
output signal. The value of et is negligibly small compared to I0sl.
Eqs. (4) and (8) lead to,

et ¼ ZtIp0 ð9Þ

We take the input pumped intensity as

It
p0 ¼ Ip0�st ð10Þ

To make

ZðIp0�stÞ ¼ I0sl

st �
Ip0

I0sl

et ð11Þ

Now energy conservation leads
Fluctuating analogue of Eq. (6) can be obtained by replacing Ipl

by It
pl and Ip0 by It

p0 in Eq. (6) and using Eq. (10) as,

I0slþ It
pl ¼ Ip0e�al�ste

�al ð12Þ

Eqs. (6) and (12) yield the following expression

It
pl ¼ Ipl�ste

�al ð13Þ

In order to achieve condition required by Eq. (10), a fraction of
the output pump wave amplitude at

pl can be fed back to the input
pump wave amplitude ap0. If the effective coefficient of reflection
of all the feedback mirrors is r, the pump wave amplitude at the
input surface z=0 is given by,

at
p0 ¼ ainþrejdat�Dt

pl ð14Þ
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2.1. Analysis of fluctuation in the absence of phase coupling between

the mixing waves

First, we consider the case in which there is no phase coupling
between the mixing waves. In other words, the phase of the
mixing waves is not influenced by the wave-mixing process, such
as in photorefractive wave-mixing with a real coupling Coefficient
(i.e., no applied electric field existing in a photorefractive medium
with a diffusion of charge carriers), and in second harmonic
generation with perfect phase matching. For this case, the
fluctuation of the wave-mixing process only induces fluctuations
in the intensity of the mixing waves, whereas the phase of the
mixing waves is constant in time. For constructive interference to
take place between the input pump wave and the feedback
fraction of the output pump wave d must be an integral multiple
of 2p. Assuming Dt to be negligibly small (Dt-0) compared to the
response time e(t) of the nonlinear medium the Eq. (14) assumes
the form,

at
p0 ¼ ainþre2nipat

pl n¼ 0; 1; 2; 3; . . . : ð15Þ

Sinceat
pl ¼

ffiffiffiffiffi
It
pl

q
, Eqs. (15) and (13) give,

at
pl ¼ ainþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�al

q� �
ej2np ð16Þ

Taking positive and real ain and squaring Eq. (16) one obtains

ðat
plÞ

2
¼ a2

inþr2ðIpl�ste
�alÞþ2ainrð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�al

q
Þ

or

It
p0 ¼ ðainþr

ffiffiffiffiffi
Ipl

q
Þ
2
�2ainrð

ffiffiffiffiffi
Ipl

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�al

q
Þ�r2ste

�al ð17Þ

Taking

Ip0 ¼ ðainþr
ffiffiffiffiffi
Ipl

q
Þ
2

ð18Þ

From Eqs. (10) and (17) we get,

It
p0 ¼ ðainþr

ffiffiffiffiffi
Ipl

q
Þ
2
�st ð19Þ

Comparing Eqs. (17) and (19) we get

ð1�r2e�alÞst ¼ 2ainrð
ffiffiffiffiffi
Ipl

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�al

q
Þ ð20Þ

From Eq. (18) we have

ain ¼

ffiffiffiffiffiffi
Ip0

q
�r

ffiffiffiffiffi
Ipl

q
ð21Þ

Putting the value of ain from Eq. (21) into Eq. (20) gives,

ð1�r2e�alÞst ¼ 2
ffiffiffiffiffi
Ipl

q
ðr

ffiffiffiffiffiffi
Ip0

q
�r2

ffiffiffiffiffi
Ipl

q
Þ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�e�al

st

Ipl

� �s !
ð22Þ

Expanding the second term of the second bracket of the RHS of
Eq. (22) and keeping terms up to the first order only one obtains,

r2 ¼ R¼
Ipl

Ip0
e2al ð23Þ

The feedback reflectivity R is independent of st it means that if
we take R as Eq. (23) we can reduce the fluctuation of the output
signal intensity greatly, the output signal intensity fluctuation
with an order of magnitude less than that without the feedback.
For a feedback reflectivity smaller than that given in Eq. (23), the
feedback pump intensity is not large enough to compensate for
the fluctuation of the signal, but it can still reduce the fluctuation
of the signal. On then other hand for the feedback reflectivity
slightly larger than that given in Eq. (23) the feedback gives small
extra feedback pump intensity besides that compensate for the
fluctuation of the signal which slightly reduces the reduction
efficiency.
Similarly, assume that that there are n pump beams Ipi, where
I=1,2,3,y, n and one signal beam IS, which satisfy the following
energy conservation

It
slþ

Xn

i ¼ 1

It
pil ¼ Is0þ

Xn

i ¼ 1

Ipi0

" #
e�al ð24Þ

Similarly, the sum-frequency or difference-frequency genera-
tion assumed in case of two pump beams. We can show that in
order to reduce the temporal fluctuation of the output signal to
the least level Ri can take the following form

Ri ¼
Ipil

Ipi0
e2al ð25Þ

That means that every output pump beam is feedback to the
input in the same way as in the case of one pump beam. We
analyze the reduction efficiency by using this method (taking
feedback reflectivity as Eq. (23)). For this purpose, substituting
Eq. (23) into Eq. (17) making use of Eq. (18), keeping terms up to
the second order of ste

�al/Ipl we get

It
p0 ¼ Ip0�st�

1

4

Isl

IplIp0
s2

t ð26Þ

the output signal intensity is

I0tsl ¼ Z It
p0 ¼ Z Ip0�st�

1

4

Isl

IplIp0
s2

t

� �

after solving the equation we get

I0tsl ¼ I0sl�Ztst�
ðI0tslþetÞI0sl

4IplI
2
p0

st ð27Þ

neglecting the third order term, we rewrite Eq. (27) as

I0tsl � I0sl�
1

I0sl

þ
1

4Ipl

 !
e2

t ð28Þ

Comparing Eqs. (8) and (28) we see that the fluctuation is
reduced from et (without feedback) to ðð1=I0slÞþð1=4IplÞÞe2

t (with
feedback).

In practice, because of the imprecise adjustment there exist
more or less a small phase deviation W of eidat

sl from the input
phase of ain, i.e. the phase of eidat

sl, and that of ain may not be
exactly in phase. Therefore, it is interesting to discuss the effect of
a small phase deviation W on the reduction efficiency. The
feedback reflectivity is still taken as R= Ipl/Ip0e2al. Eq. (16) now
becomes

at
p0 ¼ ainþ

ffiffiffi
R
p
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�al

q
Þejð2npþWÞ ð29Þ

Where the input pump amplitude is taken as

ain ¼ ap0�
ffiffiffi
R
p ffiffiffiffiffi

Ipl

q
ejð2npþWÞ ð30Þ

Here as before, ain is assumed to be real and positive.
Assumingap0 ¼

ffiffiffiffiffiffi
Ip0

p
eiW, we obtain

ain ¼

ffiffiffiffiffiffi
Ip0

q
cosy�

Iplffiffiffiffiffiffi
Ip0

p eal cosW ð31aÞ

siny¼
Ipl

Ip0
eal sinW ð31bÞ

Substituting Eqs. (31a) and (31b) and R in Eq. (29) and keeping
terms up to the second order of ste

�al/Ip, we obtain

It
p0 ¼ Ip0� cosy cosWþ

Ipl

Ip0
eal sin2W

� �
stþ

cos2W
4Ip0

�
cosy cosW

4Ipl
e�al

� �
s2

t

ð32Þ
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The output signal intensity reads as

I0tsl ¼ I0slþ
1

2
1�

Ipl

Ip0
eal

� �2

sin2W

( )
et�

1

I0sl

þ
1

4Ipl

 !
e2

t þa sin2We2
t

ð33Þ

I0tsl ¼ I0slþ
1

2
1�

Ipl

Ip0
eal

� �2

W2et�
1

I0sl

þ
1

4Ipl

 !
e2

t þaW2et ð34Þ

where

a¼
1

2I0sl

1�
Ipl

Ipl
eal

� �2

�
1

4I0sl

þ
Ip0e�al

8I0slIpl
þ

Ip0eal

8I0slIp0

 !
ð35Þ

Eqs. (33) and (34) reduces to Eq. (28) in the limit W-0. Eq. (33)
and (34) means that, in the presence of a small phase deviation W
of eidat

pl from the input phase of ain, the fluctuation of the output
signal intensity (in the approximation of the first order of
magnitude) can be reduced from et (without feedback) to

1

2
1�

Ipl

Ipl
eal

� �2

W2

( )
et

(with feedback). Noting Ipl=Iple
alo1, term

1

2
1�

Ipl

Ip0
eal

� �2

W2

is a very small value for a small phase deviation W.
Fig. 1. Relative fluctuation of the output signal beam intensity ‘DI0sl=I0sl ’‘with decay cons

(fixed ft and l).
2.2. Analysis of fluctuation in the presence of phase coupling

between the mixing waves

We consider the case in which there exist phase coupling
between the mixing waves. In other words, the phase of the
mixing waves is influenced by the wave-mixing process, such as
in photorefractive wave-mixing with a complex coupling coeffi-
cient and in second harmonic generation with phase mismatch-
ing. For this case, the fluctuation of the wave-mixing process
not only induces the fluctuation of the intensity of the wave
mixing but also induces the fluctuation of the phase of the mixing
waves. Thus the phase of the pump and signal beams at output
surface fluctuates in time around a mean value. Now adjusting
the cavity phase d to make the mean phase of eidat

pl and that
of ain in phase, from Eq. (13), we rewrite Eq. (14) in the limit of
Dt-0 as

at
p0 ¼ ainþ

ffiffiffi
R
p
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipl�ste�a=l

q
Þejð2npþft Þ ð36Þ

where n=0,1,2,3,y, ft is the small fluctuating phase of
at

pl relative to its mean phase. Here, we also assume ain to be
real and positive. As in case I, we take the feedback reflectivity
as R= Ipl/Ip0e2al and the input pump amplitude as
ain ¼

ffiffiffiffiffiffi
Ip0

p
�

ffiffiffi
R
p ffiffiffiffiffi

Ipl

p
(the case without the fluctuation of the

intensity and the phase). Substituting ain and R into
Eq. (36), and keeping terms up to the first order of ste

�al/Ipl,
tant ‘a’ for different values of (a) ft (fixed R and l); (b) l (fixed ft and R); and (c) R
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we obtain

It
p0 ¼ Ip0�st�4Iple

al 1�
Ipl

Ip0
eal

� �
sin2 ft

2

þ2 1�
Ipl

Ip0
eal

� �
sin2 ft

2
st ð37Þ

The output signal intensity reads

I0tsl ¼ I0sl 1�4
Ipl

Ip0
eal 1�

Ipl

Ip0
eal

� �
sin2 ft

2

� �

þ2 1�
Ipl

Ip0
eal

� �
1�2

Ipl

Ip0
eal

� �
sin2 ft

2
et ð38Þ

or,

I0tsl ¼ I0sl 1�
Ipl

Ip0
eal 1�

Ipl

Ip0
eal

� �
f2

t

� �

þ 1�
Ipl

Ip0
eal

� �
1�2

Ipl

Ip0
eaL

� �
f2

t

2
et ð39Þ

It is noted that the fluctuation of the signal intensity is mainly
dependent on the term

Ipl

Ip0
eal 1�

Ipl

Ip0
eal

� �
f2

t ð40Þ
Fig. 2. Relative fluctuation of the output signal beam intensity ‘DI0sl=I0sl ’ with phase fluc

(b) l (fixed a and R); and (c) R (fixed a and l).
Noting 0oðIpl=Ip0ealÞo1, we obtain that the maximum of

Ipl

Ip0
eal 1�

Ipl

Ip0
eal

� �
f2

t

is 0:25f2
t atðIpl=Ip0Þe

al ¼ 0:5.The maximum value 0:25f2
t is a

very small value for a small fluctuation ft. From Eq. (39) it is
to be noted that for a small fluctuation ft, the fluctuation
of the output signal intensity is very small. Therefore, the
relative fluctuation of the output signal intensity in the
optical photorefractive wave mixing system is given by
relation as,

DI0sl

I0sl

¼
Ipl

Ip0
eal 1�

Ipl

Ip0
eal

� �
f2

T

2
ð41Þ

From Eq. (23) into Eq. (41), we get

DI0sl

I0sl

¼ Re�alð1�Re�alÞ
f2

t

2
ð42Þ

Eq. (42) represents the fluctuation in the intensity of the
output signal beam relative to its mean intensity in the nonlinear
optical wave-mixing systems.
3. Results and discussion

The relative fluctuation in the intensity of the output signal
beam ðDI0sl=I0slÞ depends on the phase fluctuation in the output
pump beam (ft), crystal thickness of the material (l), decay
constant (a) due to the effect of the absorption and scattering and
tuation in the output pump beam ‘ft’ for different values of (a) a (fixed R and l);
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feedback reflectivity R= Ipl/Ip0e2al of the mirrors (Eq. (42)). The
variations of relative fluctuation of the output signal intensity
ðDI0sl=I0slÞ with a for different values of ft (fixed R=80% and l=1), l

(fixed ft=101 and R=80%) and R (fixed ft=101and l=1) are shown
in Figs. 1(a)–(c) respectively. It can be seen from Fig. 1(a) that for
R=80% and l=1, the relative fluctuation in the intensity of the
output signal beam initially decreases with decay constant up to
the certain value of decay constant (ao0.3) and afterwards it
increases with increasing value of decaying constant which arises
due to absorption and scattering of the light beam. However, it
can be seen that the relative fluctuation in the intensity of the
output signal beam of the non-linear photorefractive crystal with
respect to its mean intensity can be suppressed to larger extent by
decreasing the fluctuation in the phase of the output pump beam
to the lowest order. From Fig. 1(b) it is obvious that the relative
fluctuation of the output signal beam intensity increases rapidly
with increasing value of decay constant of the material and
reaches to a maximum value at a certain value of decay constant
afterwards it becomes saturated. However, it is also to be noted
that for higher values of l, the relative fluctuation output signal
beam intensity increases sharply with its maximum value at a
very small value of decay constant. Fig. 1(c) shows that with
increasing value of decay constant of the material, the relative
fluctuation of the output signal beam intensity increases and
reaches a maximum value at the certain value of decay constant
(ao 3) afterwards it becomes saturated. From Fig. 1(c) one may
Fig. 3. Relative fluctuation of the output signal beam intensity ‘DI0sl=I0sl ’ with the crystal t

and R); and (c) R (fixed a and ft).
conclude that the fluctuation in the intensity of the output signal
beam at the output surface of the nonlinear optical cavity in the
photorefractive materials can be minimized greatly to quite low
level by having higher value of intensity feedback reflectivity of
the cavity mirrors which could exist at a very low value of decay
constant.

Figs. 2(a)–(c) respectively show the variation of relative
fluctuation of the output signal beam intensity ðDI0sl=I0slÞ with ft

for the different values of a (fixed R=80% and l=1), l (fixed a=1
and R=80%) and R (fixed a=1 and l=1). From Fig. 2(a) it is obvious
that for a given value of decay constant (a), the fluctuation in
intensity of the output signal beam increases rapidly with
increasing value of phase fluctuation in the output pump beam
(ft). However, the relative fluctuation in the intensity of the
output signal beam of the wave-mixing system can be reduced to
the minimum level by decreasing the value of decay constant
to the lowest possible level. It is also to be noted that for the
different values of R, any two DI0sl=I0sl vs. ft curves do not coincide
(Fig. 2(c)) whereas, DI0sl=I0sl vs. ft curves with different values of a
coincide for a=0.2 and a=0.4 (Fig. 2(a)). Thus one can conclude
that for the value of decay constant a=0.2 and a=0.4, the
fluctuations in the intensity of the output signal beam is not
affected by the material absorption and scattering of the light
beam. Similar variations of DI0sl=I0sl vs. ft can be seen from Fig. 2(c).
In this case also, as the intensity feedback reflectivity (R) of the
cavity mirrors increases, the fluctuation in the intensity of the
hickness of the material ‘l’ for different values of (a) a (fixed R andft); (b) ft (fixed a
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output signal beam decreases from �0.019 for R=10% to �0.012
for R=90%. This means that the fluctuation in the intensity of the
output signal beam relative to its mean intensity can be greatly
suppressed by increasing the value of intensity feedback
reflectivity (R>90%) of the cavity mirrors.

Figs. 3(a)–(c) respectively present the variation of relative
fluctuation in the intensity of the output signal beam (DI0sl=I0sl)
with l for the different values of a (fixed R=80% and ft=101), ft

(fixed a=1 and R=80%) and R (fixed a=1 and ft=101). It can be
seen from Fig. 3(a) that the fluctuation in the intensity of the
output signal beam relative to its mean intensity increases
with the increasing value of the crystal thickness. For higher
values ofa, the relative fluctuation in the intensity of the output
signal beam increases more rapidly compared to the lower value
ofa. It is evident from Fig. 3(b) that the relative fluctuation
of the output signal beam intensity (DI0sl=I0sl) increases with the
increasing value of the crystal thickness and the fluctuation in
the intensity of the output signal beam is minimum for a very
small phase fluctuation in the output pump beam. From Fig. 3(c) it
is obvious that with the increasing value of the crystal thickness,
the relative fluctuation of the output signal beam intensity
increases.

Figs. 4(a)–(c) respectively depict the variation of relative
fluctuation in the intensity of the output signal beam (DI0sl=I0sl)
with R for the different values of a (fixed l=1 and ft=101), ft

(fixed a=1 and ft=101) and l (fixed a=1 and l=1). It can be seen
Fig. 4. Relative fluctuation of the output signal beam intensity ‘DI0sl=I0sl ’ with the intensi

andft); (b) ft (fixed a and l); and (c) l (fixed a and ft).
from Fig. 4(a) that for a given value of decay constant (a), the
relative fluctuation in the intensity of the output signal beam
with respect to its mean intensity increases exponentially with
increasing the value of intensity feedback reflectivity. It could
also be conclude from Fig. 4(a) that the relative fluctuation in
the intensity of the output signal could be suppressed at
the output terminal by taking the higher values of the
decay constant (a>1) and feedback reflectivity (R490%).
Fig. 4(b) shows that for a given value of phase fluctuation in
the output pump beam at the output surface of the
photorefractive medium, the relative fluctuation in the intensity
of the output signal beam at the output surface initially
decreases with the increasing the value of R and reaches to
the minimum value at a certain value of intensity feedback
reflectivity and afterwards it increases rapidly with R. For a given
value of R, the relative fluctuation of the output signal beam
intensity is found to be lowest for very small fluctuation in the
phase of the output pump beam. This means that the temporal
fluctuation of the output signal beam intensity relative to its
mean intensity can be reduced appreciably at the optimum value
of feedback reflectivity which greatly improves the performance
and application of the wave-mixing system. From Fig. 4(c) it is
clear that the fluctuation in the intensity of the output signal
beam decreases initially with R and reaches to a minimum value
at a certain value of R and afterwards it increases very rapidly
with R.
ty feedback reflectivity ‘R’ of the cavity mirrors for different values of (a) a (fixed l
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4. Conclusion

Minimization of fluctuation in the intensity of the output signal
beam of the non-linear optical wave-mixing system formed by
photorefractive materials by employing pump beam feedback
method via the positive feedback of the output pump to the input
pump is possible. This method could be applicable to any type of a
systems, such as second harmonic generation, sum-frequency and/or
difference-frequency generation, stimulated Raman scattering, two-
beam coupling, and degenerate four-wave mixing where only a
transmission grating is responsible for the optical wave-mixing
system. It has been found that in the optical wave-mixing system
with a transmission grating, the total energy of the pump and the
signal beam is conserved. Using such a method, the temporal
fluctuation in the intensity of the signal beam at the output surface
of the non-linear cavity can be significantly reduced without reducing
its mean intensity by use of positive feedback of a fraction of the
intensity of the output pump beam to the intensity of the input pump
beam. The advantage of this pump beam feedback method is its
simplicity and the fact that the intensity of the output signal is not
reduced due to the positive feedback. Moreover, smaller input pump
intensity is needed as compared to a system without feedback. The
curves DI0sl=I0sl vs. R for the different values of ft suggest that the
relative fluctuation in the intensity of the output signal beam
decreases with increasing value of the intensity feedback reflectivity.
Decrease in fluctuation of the output signal intensity is small for very
small fluctuation in the phase of the output pump beam. This means
that the temporal fluctuation of the output signal intensity can be
reduced to a minimum value at the optimum value of feedback
reflectivity which greatly improves the performance and application
of the wave-mixing system. It is also found from the curves DI0sl=I0sl vs.
a for the different values of ft that for a given value of phase
fluctuation of output pump beam, the relative fluctuation in the
intensity of the output signal beam of the non-linear optical wave-
mixing system can be minimized to a minimum level by decreasing
the value of decay constant to the lowest possible order.
Acknowledgements

M.K. Maurya and T.K. Yadav of the authors are thankful to the
Banaras Hindu University, Varanasi, India and UGC, New Delhi for
providing financial support in the form of fellowship.

References

[1] Cui H, Zhang BZ, She WL. J Opt Soc Am B 2008;25:1756–62.
[2] Sturman BI, Chernykh AI, Kamenov VP, Shamonina E, Ringhofer KH. J Opt Soc

Am B 2000;17:985–96.
[3] Hong J, Campbell S, Yeh P. Proc SPIE 1989;56:1151.
[4] Psaltis D, Brady D, Gu XG, Lin S. Nature 1990;325:343.
[5] Hong J, Campbell S, Yeh P. Opt Sot Am Dig Ser 1989;12:WJ3.
[6] Psaltis D, Farhat N. Opt Lett 1985;10:98.
[7] Soffer BH, Dunning GJ, Owechko Y, Marom E. Opt Lett 1986;11:118.
[8] Lee LS, Stoll HM, Tackitt MC. Opt Lett 1989;14:162.
[9] Montemezzani G, Zhou G, Anderson DZ. Opt Lett 1994;19:2012–4.

[10] Gu C, Yeh P. Opt Lett 1991;16:1572–4.
[11] McGraw R, Phys Rev A 46 (1992) 181 & 1820.
[12] Fisher Robert A, Reintjes John F. Nonlinear Opt III Proc SPIE 1992;626:38–48.
[13] Chang TY, Hong JH, Vachss F, McGraw R. J Opt Soc Am B 1992;9:1744–51.
[14] Song QW, Banerjee PP, Liu JJ, Ghosh AK. J Mod Opt 1992;39:1977–83.
[15] Graham R. Phys Rev A. 1982;25:3236–58.
[16] Yeh P. Introduction to photorefractive nonlinear optics. New York: Wiley; 1993.
[17] Xie P, Taj IA, Mishima T. J Opt Soc Am B 2001;18:479–84;

Xie P, Mishima T. IEEE J Quantum Electron 2001;37:1388–95;
Xie P, Mishima T. Appl Opt 2002;41:1113–9.

[18] Marciante JR, Roh WB. J Opt Soc Am B 2002;19:254–60.
[19] Kiruluta Andrew, Pati Gour S, Kriehn Gregory, Silveira Paulo EX, Sarto

Anthony W, Wagner Kelvin. Appl Opt 2003;42:5334–50.
[20] Ashkin A, Boyd GD, Dziedzic JM, Smith RG, Ballman AA, Levinstein JJ, Nassau

K. Appl Phys Lett 1966;9:72–4.
[21] Gunter P, Huignard JP, editors. Photorefractive materials and their applica-

tions—III. New York: Springer-Verlag; 2007.
[22] Boyd RW. Nonlinear optics. Boston, MA: Academic; 1992.
[23] Gunter P, Huignard JP. Photorefractive materials and their applications—I.

Top Appl Phys 1988;61.
[24] Gunter P, Huignard JP. Photorefractive materials and their applications—II.

Top Appl Phys 1989;62.
[25] Bode HW. Network analysis and feedback amplifier design. New York: Van

Nostrand; 1945.
[26] Esayan AA, Zozulya AA, Tikhonchuk VladmirT. Sov J Quantum Electron

1991;21:1225–30.


	Minimization of the fluctuation in the signal beam intensity of a nonlinear optical medium with a transmission grating
	Introduction
	Theory
	Analysis of fluctuation in the absence of phase coupling between the mixing waves
	Analysis of fluctuation in the presence of phase coupling between the mixing waves

	Results and discussion
	Conclusion
	Acknowledgements
	References




