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a  b  s  t  r  a  c  t

A  general  theory  of the  two-beam  coupling  between  a  pump  beam  and  a  signal  beam  in  photorefractive
materials  is  presented.  The  coupled  wave  equations  describing  the  non-linear  two  beam  coupling  are
derived,  based  on  Maxwell’s  wave  equation.  The  coupled  equation  for the intensities  of  the  two  beams  in
the photorefractive  crystals  with  the  absorbing  properties  have  been  derived  analytically.  The  intensity  of
the  signal  beam  increases  with  the increasing  crystal  thickness,  reaches  a maximum  and  then  decreases.
eywords:
o-directional and contra-directional two
eam coupling
oupling coefficient
hotorefractive materials
on-linear two beam coupling

The  influence  of energy  beam  coupling  coefficient,  oscillation  frequency  shift,  crystal  thickness,  absorp-
tion  coefficient  and  the  input  beam  intensity  ratio  on  the  signal  beam  intensity  have  been  studied  in
details.  The  effect  of  the  photoconductivity  of  the materials  on  the intensities  of  the  two  beams  in  both
the  co-directional  as  well  as  contra-directional  two  beam  coupling  cases  have  been  studied.

© 2010 Elsevier GmbH. All rights reserved.

ignal and pump beam intensities

. Introduction

After the discovery of photorefractive effect in the 2nd half of
he 20th century, the non-linear optical effects in photorefractive

aterials have become very challenging and fascinating area of
esearch since the last four decades. Photorefractive materials are
mongst the most promising materials and the two beam coupling
ometimes referred to as the two-wave mixing in photorefractive
aterials is a fundamental non-linear optical process responsible

or many applications, such as signal processing, optical communi-
ations, optical networks, optical computing, real-time holography,
mage amplification, laser beam steering, optical interconnections,
nd holographic memory [1–4]. The problem of two-beam cou-
ling in photorefractive materials is completely solvable for certain
pecial cases only under certain assumptions for the nature of the
ptical interactions [3].  Photorefractive beam coupling is the non-
inear interaction of phase and energy between two  beams in a
hotorefractive medium, where transfer of power from one beam
o another occurs [4–7]. Through the photorefractive effect the
nterference pattern of the two beams is transformed into a refrac-
ive index grating [8]. The index grating can be considered as a
ynamic volume grating, which is both formed by the beams and

iffracts them, leading to non-linear beam coupling. This results in
ransfer of energy and phase between the two interacting beams.
he most common theoretical description of the beam coupling

∗ Corresponding author.
E-mail address: 77.tarun@gmail.com (T.K. Yadav).

030-4026/$ – see front matter ©  2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.ijleo.2010.10.011
in photorefractive materials is known as the coupled wave theory
[9–13].

In two-beam coupling, where a transfer of power from one
beam to another occurs, different configurations are possible.
The configuration in which both the pump and signal beams
counter-propagate through the medium is referred to as counter-
propagating two-beam coupling [3]. The superposition of the input
beams results in a modulated intensity pattern in the medium,
as a result of which charge carriers are liberated from the donor
atoms and redistribute themselves due to drift or diffusion effects.
A charge imbalance ensues resulting in a modulated electric field
and thereby, altering the dielectric constant and conductivity of
the medium through the electro-optic effect. In general a phase
mismatch between the intensity pattern and the electric field mod-
ulation may exist, which determines, to a large extent, the coupling
(energy transfer) between the two  input beams [4].  This energy
transfer (beam coupling) between the beams in photorefractive
crystals takes place due to a permanent phase mismatch between
the refractive index grating and the incident light intensity grating.
Maximum energy transfer is obtained when the incident fringe pat-
tern and the photo-induced index change are shifted by �/2 (in the
case of diffusion only) [14].

The problem of two beam coupling in photorefractive materi-
als has being considered by a number of workers. In the present
paper we have theoretically analyzed the non-degenerate co-

directional and contra-directional two beam coupling inside the
photorefractive materials having photoconduction, absorbing and
non-absorbing properties under the slowly varying amplitude
approximation [8].  In the earlier published literature effects of the

dx.doi.org/10.1016/j.ijleo.2010.10.011
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:77.tarun@gmail.com
dx.doi.org/10.1016/j.ijleo.2010.10.011
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bsorption and input beam intensity ratio on the coupling effect
etween two beams have not been explored in details. More-
ver photoconductivity, oscillation frequency shift and dielectric
onstant of the materials in two beam coupling have not been con-
idered earlier. In this paper the above effects are considered in
etails.

. Theoretical description

Let us consider the interaction of two laser beams of same
requency inside the photorefractive medium. The electric fields
�

p and �EE of the two coupling waves can be written as,

�
p = �Ap(z) exp[j(ωpt − �kp · �r)] + c · c (1)

�
s = �As(z) exp[j(ωst − �ks · �r)] + c · c (2)

here |�Ap| = Ap, |�As| = As and ωp, ωs are the amplitude and angular
requency of pump beam and signal beam, respectively, and �kp, �ks

re the wave vectors of the two waves, j = √−1, and t and �r are the
ime and space coordinate, respectively.

When the two beam progressing in the medium then due to
nterference of these two beams interference pattern is formed and
he resultant intensity I of the interference pattern is written as,

 = |�Ap|2 + |�As|2 + A∗
pAse

j(˝t−�k·�r) + ApA∗
s e−j(˝t−�k·�r) (3)

n Eq. (3) �k is the resultant wave vector given by �k = �kp − �ks with
agnitude k = 2�/�, where � is the period of the fringe pattern

ormed due to interference between the two waves and  ̋ = ωp − ωs

s the oscillation frequency shift. The resultant intensity I can also
e expressed as,

 = I0 + I(r) (4)

here I0 and I(r) are, respectively, the constant and position depen-
ent parts of the resultant intensity and are given by,

0 = Ip + Is ≡ |Ap|2 + |As|2 (6)

(r) = A∗
pAse

j(˝t−�k·�r) + ApA∗
s e−j(˝t−�k·�r) (7)

t can be seen from Eq. (4) that the resultant intensity I contains
wo terms I0 and I(r); the first term I0 is constant and gives the
um of the intensities of the individual waves, whereas the second
erm I(r) is a spatially varying term with a spatial period �.  From
q. (3),  it is obvious that within the photorefractive medium the
esultant intensity suffers a spatial variation and thereby, generates
nd redistributes the charge carriers, as a result of which a space
harge field is created in the medium. The spatially varying space
harge field leads to formation of a refractive-index volume grating,
ia the Pockel effect [15], which has a spatial phase shift relative to
he interference pattern. The spatially changing refractive-index n
s given as [16],

 = n0 +
[

n1

2
exp(j˚)

Ap × As

I0
exp{j(˝t − �k · �r)} + c · c

]
(8)

here c·c represents complex conjugation and n0 is the refractive-
ndex in the absence of light, � is real and is a real and positive
umber. A scalar grating is considered for the sake of convenience.
he phase � indicates the degree to which the index grating is
hifted spatially with respect to the light interference pattern [17].
he expression for  ̊ and  ̊ related to oscillation frequency shift n1
an be written as [18,19],
 = ˚0 + tan−1(˝�) (9)

1 = 2�ns√
1 + ˝2�2

(10)
2 (2011) 1607– 1614

where ˚0 is a constant phase shift related to the non-local response
of the crystal under the interference fringe illumination and � is the
response time of the photorefractive medium and is given by the
relation [20],

� = ε

	p
(11)

where ε is the dielectric constant [21] and 	p is the photoconduc-
tivity of the photorefractive material, respectively. Expression for
the term n1 appearing in Eq. (10) is written as,

n1 = 2�ns	p√
	2

p + ˝2ε2
(12)

where �ns is the saturation value of the photo-induced index
change in the photorefractive materials. The parameters �ns and
˚0 depend not only on the grating spacing � and its direction but
its material properties also, e.g., the electro-optic coefficients and
therefore, on the applied electric field. In photorefractive medium
that operates by diffusion only (i.e., no external static electric field)
the magnitude of ˚0 is equal to �/2 [22,23] (e.g., barium titanate
(BaTiO3) crystal) with its sign depending upon the direction of the
c-axis.

In order to investigate the coupling between the two light waves
solution of the following scalar wave equation is required,

∇2E + ω2

c2
n2E = 0 (13)

where ω is the angular frequency and c is the velocity of light wave
and n is the refractive-index of the medium in which wave propa-
gation is considered. Both the beams are assumed to propagate in
the x–z plane. The above equation is solved for the steady state so
that the amplitudes Ap and As are taken to be time independent. The
above wave equation is solved under the slowly varying amplitude
approximation [9],∣∣∣∣d2Ap

dz2

∣∣∣∣ <<

∣∣∣∣ˇp
dAp

dz

∣∣∣∣ (14)

∣∣∣∣d2As

dz2

∣∣∣∣ <<
∣∣∣ˇs

dAs

dz

∣∣∣ (15)

where ˇp and ˇs are, respectively, the z-components of the
wave-vectors �kp and �ks inside the medium. Using the above approx-
imations and substituting the values of E and n from Eqs. (1) and
(8), Eq. (13) yields the following relations,

2jˇp
dAp

dz
= ω2

pn0n1

c2I0
e−j˚A∗

s AsAp (16)

2jˇs
dAs

dz
= ω2

s n0n1

c2I0
ej˚A∗

pApAs (17)

The energy coupling depends on the relative signs of ˇp and ˇs and
hence, the two-wave coupling phenomenon can be divided into
the two  categories as (i) co-directional two-wave coupling and (ii)
contra-directional two-wave coupling.

2.1. Co-directional two-wave coupling

In case both the beams enter into the medium from the same
side the couplings is known as co-directional two wave coupling
and in such a case ˇp and ˇs both are positive. Assuming the two
beams entering into the medium symmetrically with respect to the

normal (z-axis) to the crystal surface from the left side (z = 0), each
making an angle 
 with the normal one can write,

ˇp = ˇs = k cos 
 = 2�

�
n0 cos 
 (18)
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here n0 is the index of refraction of the medium and
 = 2�n0/� = ˝/c. Using Eq. (18), Eqs. (16) and (17) yield,

dAp

dz
= − 1

2I0
� |As|2Ap − ˛

2
Ap (19)

dAs

dz
= 1

2I0
� ∗|Ap|2As − ˛

2
As (20)

here the last terms in Eqs. (19) and (20) have been added to
ccount for the material absorption with  ̨ as the bulk absorption
oefficient of the photorefractive material and � as the complex
oupling constant given by,

 = j
2�n1

� cos 

exp(−j˚) (21)

here  ̊ is the angle between the interference pattern and the
ndex gratings. The amplitudes Ap and As are in general complex
uantities and can be written as,

p =
√

Ip exp(−j
p) (22)

s =
√

Is exp(−j
s) (23)

here 
 p and 
 s are the phases of the amplitudes Ap and As, respec-
ively. Using Eqs. (8), (22) and (23), Eqs. (19) and (20) gives us,

dIp
dz

= −�
IpIs

Ip + Is
− ˛Ip (24)

dIs
dz

= �
IpIs

Ip + Is
− ˛Is (25)

d
p

dz
= ˇ

Is
Ip + Is

(26)

d
s

dz
= ˇ

Ip
Ip + Is

(27)

here � and  ̌ appearing in Eqs. (24)–(27) are known as intensity
nd phase coupling constants, respectively, and are related to the
omplex coupling constant � by,

 = � + jˇ (28)

rom Eqs. (21) and (28) one can write � and  ̌ as,

 = 2�n1

� cos 

sin  ̊ (29)

 = 2�n1

� cos 

cos  ̊ (30)

here � is the wavelength of the laser beam and 
 is the half the
ngle between the beams inside the photorefractive medium. For
hotorefractive crystal that operates by diffusion only, ˚0 = �/2.
herefore, using Eqs. (12), (9) and (29), the nonlinear energy cou-
ling constant � can be written as,

 = �0

1 + ˝2�2
= �0	2

p

	2
p + ˝2ε2

(31)

here �0 is the coupling constant for the case of degenerate two
ave mixing (i.e.,  ̋ = ωp − ωs = 0) and is given by the expression,

0 = 4��ns

� cos 

(32)

he phase coupling constant � and  ̌ depends on ˝,  � and �0

hrough the relation,

 = ˝ε�0	2
p

2	p(	2
p + ˝2ε2)

(33)
2 (2011) 1607– 1614 1609

Substituting the values of � and  ̌ from Eqs. (31) and (33) into
Eqs. (24)–(27) yields the following steady state coupled wave equa-
tions as,

dIp
dz

= −
[

�0	2
p

	2
p + ˝2ε2

]
IpIs

Ip + Is
− ˛Ip (34)

dIs
dz

=
[

�0	2
p

	2
p + ˝2ε2

]
IpIs

Ip + Is
− ˛Is (35)

d
p

dz
=

[
˝ε�0	2

p

2	p(	2
p + ˝2ε2)

]
Is

Ip + Is
(36)

d
s

dz
=

[
˝ε�0	2

p

2	p(	2
p + ˝2ε2)

]
Ip

Ip + Is
(37)

Eqs. (34) and (35) are coupled equations for the intensities and
Eqs. (36) and (37) are coupled equations for the phases of the two
beams. The direction of energy transfer between the two beams
is governed by the sign of � which depends on the orientation of
the crystal axes. For positive � , Is is an increasing function and Ip is
a decreasing function of z for non-absorbing materials (  ̨ = 0) and
under such condition energy is transferred from the pump beam
(Ip) to the signal beam (Is). Eqs. (34) and (35) can be solved to give
the expressions for the intensities Ip(z) and Is(z) as,

Now, adding Eqs. (34) and (35) and integrating with respect to
z yields,

Ip(z) + Is(z) = {Ip(0) + Is(0)} exp(−˛z) (38)

Using Eq. (38), Eqs. (34) and (36) give the following differential
equations,

dIp
dz

− �0	2
p

I0(	2
p + ˝2ε2)

I2
p exp(˛z) +

(
�0	2

p

	2
p + ˝2ε2

+ ˛

)
Ip = 0 (39)

dIs
dz

+ �0	2
p

I0(	2
p + ˝2ε2)

I2
s exp(˛z) −

(
�0	2

p

	2
p + ˝2ε2

− ˛

)
Is = 0 (40)

where I0 = Ip(0) + Is(0). Eqs. (39) and (40) can be integrated to yield
the following equations,

Ip(z) = Ip(0)
(1 + m)  exp(−˛z)

m + exp(�0	2
p z/(	2

p + ˝2ε2))
(41)

Is(z) = Is(0)
(1 + m)  exp(−˛z)

1 + m exp(−(�0	2
p z/(	2

p + ˝2ε2)))
(42)

where m is the input intensity ratio given by,

m = Ip(0)
Is(0)

(43)

For extremely small intensity of the signal beam as compared
to that of the pump beam [Is(0) < < Ip(0)], i.e. m > > 1, Eq. (38) can be
written as,

Is(z) = Is(0) exp

[(
�0	2

p

	2
p + ˝2ε2

− ˛

)
z

]
(44)

Thus, it is evident from the above equation that in order to amplify
the signal beam one requires the condition (  ̨ < (�0	2

p z/	2
p +

˝2ε2)). From Eqs. (34) and (35) one can see that in the absence
of absorption (  ̨ = 0), the signal beam gains energy from the pump
beam which decays exponentially. In the presence of material
absorption (  ̨ > 0), the signal beam can still be amplified provided
the gain due to beam coupling is large enough to overcome the

loss. The intensity of the signal beam increases with the increas-
ing crystal thickness reaches a maximum and afterwards decreases
exponentially. The crystal thickness (L) corresponding to the inten-
sity maximum of the signal beam is obtained by differentiating Eq.
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35) with respect to z and equating the term dIs(z)/dz to zero, which
ields,

 = Lm = 	2
p + ˝2ε2

�0	2
p

loge

{
m[	2

p − ˛(	2
p + ˝2ε2)]

˛(	2
p + ˝2ε2)

}
(45)

s pointed out earlier, the direction of energy transfer is governed
y the sign of (�0	2

p /(	2
p + ˝2ε2)) and for positive (�0	2

p /(	2
p +

2ε2)) the energy is transferred from the pump beam to the sig-
al beam while for negative (�0	2

p /(	2
p + ˝2ε2)) the pump beam

ains energy from the signal beam which is undesirable for the
mplification of the weaker (signal) beam. For m exp(−�0	2

p L/(	2
p +

2ε2)) << 1, Is(L) becomes [Ip(0) + Is(0)]exp( − ˛L) and under this
ondition the signal beam takes practically all the energy of the
ump beam and decays exponentially afterwards due to material
bsorption.

.2. Contra-directional two-beam coupling

When the beams enter into the medium from the opposite
ides the coupling is known as contra-directional two-beam cou-
ling. Contrary to the case of the co-directional two-beam coupling,
here the sum of the beam intensities is a constant of integration

or the non-absorbing medium, in the contra-directional two-beam
oupling, the difference of the beam intensities is a constant of
ntegration. In addition, the forms of the coupled equations which
overn the wave amplitudes also differ from those of the co-
irectional coupling case, leading to the qualitative differences in
he energy exchanges between the two beams in the two cases.
nder such condition Eqs. (16) and (17) yields a set of coupled
quations as,

dIp
dz

= −
[

�0	2
p

	2
p + ˝2ε2

]
IpIs

Ip + Is
− ˛Ip (46)

dIs
dz

= −
[

�0	2
p

	2
p + ˝2ε2

]
IpIs

Ip + Is
+ ˛Is (47)

he above two equations can be solved for the non-absorbing
edium (  ̨ = 0) for which the difference of the two beam inten-

ities [Is(0) + Ip(0)] is a constant and for such a case these equations
ave the solutions [1],

˛=0
p (z) = f (z) − C (48)

˛=0
s (z) = f (z) + C (49)

here C and f(z) are given by,

 = {Is(0) + Ip(0)}
2

(50)

 (z) =
√

C2 + B exp

(
− �0	2

p z

	2
p + ˝2ε2

)
(51)

ith the value of B given by,

 = Is(0)Ip(0) (52)

he constants B and C can be more conveniently expressed in terms
f initial intensities of the beams 1 and 2, i.e., Ip(0) and Is(L) as,

 = Ip(0)Is(L)
Ip(0) + Is(L)

2 2 2 2
(53)
Is(L) + Ip(0) exp(−(�0	p L/(	p + ˝ ε )))

 = 1
2

I2
s (L) − I2

p exp(−(�0	2
p L/(	2

p + ˝2ε2)))

Is(L) + Ip(0) exp(−(�0	2
p L/(	2

p + ˝2ε2)))
(54)
Fig. 1. (a) and (b) Intensity variation of the signal beam with the crystal thickness
for  constant values of m (=10), �0 (=10),  ̨ (=0.1),  ̋ (=0.001), ε (=10) and m (=10),
�0 (=10),  ̨ (=0.1),  ̋ (=0.1), ε (=10) with different values of 	p , respectively.

In the case of absorbing medium (  ̨ > 0) the closed form solutions of
Eqs. (46) and (47) are not available in general, however, very good
approximate solutions [1,2] are given by,

I˛
p (z) = I˛=0

p (z) exp(−˛z) (55)

I˛
s (z) = I˛=0

s (z) exp[˛(z − L)] (56)

3. Results and discussion

3.1. Co-directional two-beam coupling

It is clear from Eqs. (41) and (42) that for the co-directional two
beam coupling, the intensity of the signal beam is an increasing
function of z while that of the pump beam is a decreasing function of
z for the positive value of coupling coefficient (�0	2

p L/(	2
p + ˝2ε2))

in non-absorbing materials. In such a case the signal beam gains
energy from the pump beam which decays exponentially. Variation
of the intensity of the signal beam with the crystal thickness for con-
stant values of m (=10), �0 (=10),  ̨ (=0.1),  ̋ (=0.001), ε (=10) and
m (=10), �0 (=10),  ̨ (=0.1),  ̋ (=0.1), ε (=10) with different values of
	p = 0.01, 1, 1.5, and 2 are shown in Fig. 1(a and b), respectively. The
intensity of the signal beam increases with the increasing crystal

thickness and reaches its maximum value 1.0443 for 	p = 0.01 and
1.0645 for 	p = 1, 1.5, 2 then decreases due to material absorption.
It can be seen that if the oscillation frequency shift  ̋ (=0.001) is
very lower we  cannot differentiate the effect of photoconductivity
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Fig. 2. (a)–(d) The variation of intensity of the pump and signal beam with oscillation
frequency shift for constant values of m (=1), �0 (=10),  ̨ (=0.5), L = 2, ε (=100) (a and
b)  and m (=1), �0 (=10),  ̨ (=0.5), L = 2, ε (=100) (c and d) with different values,
respectively.
2 (2011) 1607– 1614 1611

on the intensity of the signal beam, the graphs are coincided for
	p = 1.0, 1.5 and 2 (Fig. 1a) but if the increment in the oscillation
frequency shift is 100 times more than that of the previous value,
the amplification of signal beam is effected by the photoconduc-
tivity (Fig. 1b). When the oscillation frequency shift increases, the
effect of photoconductivity becomes stronger and stronger.

Fig. 2(a and d), respectively, show the variation of intensity of
the pump and signal beam with oscillation frequency shift for con-
stant values of m (=1), �0 (=10),  ̨ (=0.5), L = 2, ε (=100) (Fig. 2a and
b) and m (=1), �0 (=10),  ̨ (=0.5), L = 2, ε (=100) (Fig. 2c and d) with
different values of 	p = 0.5, 1.0 and 1.5, respectively. The intensity
of the pump beam decreases with the increase of oscillation fre-
quency shift, reaches its minimum value afterwards increases and
finally reaches its initial value again whereas the intensity of the
signal beam increases with the increase of oscillation frequency
shift, reaches its maximum value afterwards decreases and finally
reaches its minimum value again. Both the curves are symmetric
about  ̋ = 0 line. In such a case the signal beam gains energy from
the pump beam which is an inherent feature of two  beam coupling
in photorefractive materials. It is interesting to note here that as we
go from lower to the higher value of input intensity ratio (m = 1 to
m = 100), the decrement in the intensity peak height (Ismax  = 0.7357
for m = 1 and Ismax  = 0.3716 for m = 100) of the signal beam is
observed. Thus one can say that the coupling between two  beans is
stronger for lower value of input intensity ratio (Fig. 2b) than that
of the higher values (Fig. 2d).
Fig. 3(a and b), respectively, show the variation of the intensity
of the pump and signal beam with the photoconductivity of the
photorefractive materials for constant values of m (=10), �0 (=10),
L (=2),  ̋ (=0.2), ε (=10) with different values of  ̨ (=0.2, 0.5, 0.8, and

Fig. 3. (a) and (b) The variation of the intensity of the pump and signal beam with the
photoconductivity of the photorefractive materials for constant values of m (=10),
�0 (=10), L (=2),  ̋ (=0.2), ε (=10) with different values of ˛, respectively.
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Fig. 5. (a)–(d) Intensity variation of pump beam and signal beam with crystal thick-
ness  for the constant value of m (=100), �0 (=10),  ̨ (=1.0), ε (=10),  ̋ (=0.1) with
ig. 4. (a) and (b) Intensity variation of the pump and signal beam with the photo-
onductivity of the photorefractive materials for constant values of m (=1), �0 (=10),

 (=2),  ̋ (=0.2), ε (=10) with different values of ˛, respectively.

.0), respectively. It can be seen that the intensity of the pump beam
ecreases with the increase of the photoconductivity of the materi-
ls (Fig. 3a) whereas the intensity of the signal beam increases with
he increase of the photoconductivity of the materials and after a
ertain value it becomes saturate (Fig. 3b).

The variation of the intensity of the pump and signal beam with
he photoconductivity of the photorefractive materials for constant
alues of m (=1), �0 (=10), L (=2),  ̋ (=0.2), ε (=10) with differ-
nt values of  ̨ (=0.2, 0.5, 0.8, and 1.0) are shown in Fig. 4(a and
), respectively. Intensity of the pump beam decreases with the

ncrease of the photoconductivity of the materials (Fig. 4a) whereas
he intensity of the signal beam decreases with the increase of
he photoconductivity of the materials and after a certain value
t becomes saturate (Fig. 4b). Here, it is interesting to note that the
ransfer of energy from pump beam to the signal beam is much
ffective in the case when m = 1, than that of the case when m = 10.
hus one can say that the coupling between the two  beams is much
trong if the intensity difference is very small.

.2. Contra-directional two-beam coupling

Variation of the intensity of pump beam and signal beam with
rystal thickness for the constant value of m (=100), �0 (=10), ˛
=1.0), ε (=10),  ̋ (=0.1) with different values of 	p = 1.0, 	p = 1.5,
p = 2.0 and 	p = 0.4 are shown in Fig. 5(a and d), respectively.
s expected the pump beam loses its energy whereas the signal
eam gains energy in going from one surface of the crystal to the
ther surface. It can be seen that the intensity of the signal beam

ncreases with increase of crystal thickness and reaches its maxi-

um  at certain crystal thickness (L = 1.486 for 	p = 1.0, L = 1.6184
or 	p = 1.5 and L = 1.6763 for 	p = 2.0) then decreases due to the

aterials absorption. Here it is interesting one that if we  select the

different values of 	p , respectively.
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Fig. 6. (a)–(c) Intensity variation of pump and signal beams with photoconductivity
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f the materials for the constant value of m (=10), L = 1.0,  ̨ (=1.0), ε (=10),  ̋ (=0.1)
ith different values of �0 respectively.

aterial of higher photoconductivity 	p ≥ 1.0 the intensity peak
eight shifted towards the higher value of crystal thickness but
here is no change in intensity peak height (I = 0.0913). But if the
hotoconductivity of the material 	p ≤ 0.4 (Fig. 5d) the signal beam
oes not gain energy while pump beam loses its energy, conse-
uently one can say that either there is no coupling between pump
nd signal beam or absorption of the material is much stronger than
hat of the coupling effect.

Variation of the intensity of pump and signal beams with pho-
oconductivity of the materials for the constant value of m (=10),

 = 1.0,  ̨ (=1.0), ε (=10),  ̋ (=0.1) with different values of �0 = 5,
0 = 10 and �0 = 20 are shown in Fig. 6(a–c), respectively. Inten-

ity of the pump beam decreases whereas signal beam intensity
ncreases with the increase of the photoconductivity of the mate-
ials. It can be seen that if we increase the value of �0 the intensity
eak of the signal beam shifted towards the materials of lower
2 (2011) 1607– 1614 1613

photoconductivity (	p = 0.6745 for �0 = 5, 	p = 0.4335 for �0 = 10
and 	p = 0.2938 for �0 = 20) but there is no change in intensity peak
height of the signal beam (I = 0.2438).

4. Conclusions

We  have observed that for small input signals with large input
intensity ratio (m » 1), the signal beam amplification requires the
condition the coupling coefficient always be greater than the
absorption coefficient of the materials. The photoconductivity play
an important role in case of non-degenerate two  beam coupling but
degenerate two  beam coupling is unaffected by the photoconduc-
tivity of the materials. The intensity of the signal beam increases
with the increasing crystal thickness and reaches its maximum
value then decreases due to material absorption. If the oscillation
frequency shift is very lower nearly equal to zero (degeneracy)
wave we  cannot differentiate the effect of photoconductivity on
the intensity of the signal beam but if the oscillation frequency
shift is larger than that of the previous value, the signal beam
intensity affected by the photoconductivity of the materials. When
the oscillation frequency shift increases, the effect of photocon-
ductivity becomes stronger and stronger. Here it is interesting
one that if we  select the material of higher photoconductivity
	p ≥ 1.0 the intensity peak height shifted towards the higher value
of crystal thickness but there is no change in intensity peak height
(I = 0.0913). But if the photoconductivity of the material 	p ≤ 0.4
(Fig. 5d) the signal beam does not gain energy while pump beam
loses its energy consequently one can say that either there is no cou-
pling between pump and signal beam or absorption of the material
is much stronger than that of the coupling effect. If we  increase the
value of �0 the intensity peak of the signal beam shifted towards
the materials of lower photoconductivity but there is no change in
intensity peak height of the signal beam.
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