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Abstract. We study the diffraction efficiency of volume phase
gratings in Bi12GeO20, when the grating vector, lying on
a (111) plane, is at an angle with respect to the crystallo-
graphic direction. An external bias field parallel to the di-
rection is applied during recording, thus, the recording con-
ditions depend on the grating vector orientation. The ba-
sic parameters determining the diffraction efficiency are the
grating vector orientation, the rotatory power and the field-
induced linear birefringence (primary and secondary). Ana-
lytic expressions for the diffraction efficiency have been ob-
tained by taking into account all the above-mentioned param-
eters, provided that linearly polarized light is incident on the
crystal. In this configuration, the influence of the secondary
electro-optic effect (inverse piezoelectric and photoelastic ef-
fects) to the diffraction efficiency is actually stronger than
the influence of the primary effect. Experimental results are
given.

PACS: 42.65.Hw; 42.70.Mp

The electro-optic and optically active photorefractive piezo-
crystals of the sillenite class (Bi12GeO20, Bi12SiO20) are cur-
rently widely employed as image recording media for op-
tical signal processing and real time holographic interfer-
ometry [1–4]. In all device applications a phase grating is
recorded in the volume of the crystal [5–7], therefore it
is important to study the properties of the induced grating.
An important parameter, which strongly affects the diffrac-
tion properties, is the grating vector orientationG. How-
ever, the simultaneous presence of natural optical activity
and the electro-optic effect [8–16] complicates the theoretical
treatment of light-diffraction phenomena in a photorefrac-
tive crystal belonging to the 23 point symmetry group. The
complexity of the theoretical treatment is increased by the
presence of the secondary electro-optic effect [17, 18] which
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has to be taken into account since it is comparable, or even
greater in some cases [19, 20], to the primary electro-optic
effect.

The importance of the secondary electro-optic effect on
the photorefractivity of LiNbO3 was first shown by Izvanov
et al. [21]. Stepanov et al. [22] used this theory to calcu-
late the photoelastic contribution to the photorefractive effect
in cubic crystals. A study of the dependence of the com-
ponents of the impermeability tensor on an inhomogeneous
space charge electric field in cubic crystals was presented by
Shandarov et al. [23] followed by Anastassakis [24] and Frey
et al. [25]. Analytical solutions for the diffraction efficiency
and the two-beam coupling gain of arbitrarily cut cubic gy-
rotropic crystals were presented by Shepelevich et al. [26]
and Sturman et al. [27]. Recently Shepelevich et al. [28] have
applied the above-mentioned theory for the optimization of
the crystal thickness in order to obtain maximum gain. On
the other hand various experimental data for the diffraction
efficiency [29, 30] and the two-beam coupling gain [31, 32]
in the so-called Huignard configuration revealed that there is
strong qualitative and quantitative influence of the secondary
electro-optic effect on the diffraction efficiency and the two-
beam coupling gain, respectively.

Although the overall theoretical problem is solved now for
an arbitrary cut, there is a lack of published experimental data
for configurations other than Huignard’s. Another interesting
configuration is the so-called 111 cut. In this configuration
the crystal faces are cut parallel to the(111), (110), (11 2)
crystalographic planes, while light propagates parallel to the
[ 111 ] crystalographic direction. The 111 cut has only re-
cently been studied, by Shepelevich et al. [33]. In their work
Shepelevich et al. presented theoretical analysis and experi-
mental data for the two-beam coupling gain of a 111-cut sil-
lenite crystal, while the grating vector was arbitrarily oriented
on a (111) crystalographic plane. One important conclusion
of the above-mentioned paper is that in this configuration,
contrary to the Huignard configuration, the secondary electro-
optic effect “switches on” the polarization dependence of the
two-beam coupling gain.

In the present work we calculate the diffraction efficiency
of a grating recorded in a 111-cut photorefractive crystal of
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the sillenite class in the presence of an external bias elec-
tric field. The grating vector is arbitrarily oriented on the
(111) plane and the external bias electric field is applied along
the [11 0] crystallographic direction during recording, thus,
the recording conditions do not remain constant as we vary
the grating-vector orientation. In order to keep the mathe-
matical analysis simple, the bias electric field is removed
during reading of the holographic grating. At first, the peri-
odic perturbations induced in the impermeability tensor by
the primary and the secondary electro-optic effects are an-
alytically calculated. Secondly, the space-charge amplitude,
a parameter in the previous calculations, is analytically cal-
culated for arbitrary grating-vector orientation. Finally, light
propagation and diffraction phenomena are taken into account
and the diffraction efficiency is analytically calculated. In
order to support our theoretical analysis diffraction efficiency
experiments are presented, accompanied with analysis, inter-
pretation and conclusions.

1 Electric-field-induced birefringence

In a photorefractive crystal the space-charge grating is built
up along a certain direction. The grating periodΛ is much
smaller compared to the crystal dimensions, therefore, we
treat the photorefractive grating as an infinite one. Under
static conditions the space-charge electric field is directed
parallel to the grating vectorG, so we can writeEsc as:

Esc= nEo
sccos(G · r) , (1)

where Eo
sc is the amplitude of the space-charge field andn

is the unit vector directed parallel to the grating vectorG.
Since all the crystals exhibiting linear electro-optic effects
are also piezoelectric, the piezoelectric coupling will produce
local deformation to them [32, 34]. Due to the photoelastic ef-
fect, the crystal deformation will in turn locally perturb the
components of the impermeability tensorBij . Consequently,
under the effect of the electric field of a holographic grating
space-charge electric field, the components of the imperme-
ability tensor of a photorefractive piezoelectric crystal acquire
the increments [23]:

∆Btot
mn = ∆Bp

mn +∆Bs
mn,

where

{
∆Bp

mn = ru
mnknk Eo

sc

∆Bs
mn = pE

mnklnlγkiepijnpnj Eo
sc,

(2)

whereni stand for the direction cosines of the unit vectorn,
p corresponds to the contribution of the primary electro-optic
effect, s corresponds to the contribution of the secondary
electro-optic effect;ru

mnk, pE
mnkl, epij, are respectively the com-

ponents of the electro-optic tensor, the photoelastic tensor and
the piezoelectric “stress” tensor of the crystal.γki is the in-
verse of the tensorΓ with components:

Γ E
ik = CE

ijklnjnl ,

whereCE
ijkl are the components of the stiffness tensor (at con-

stant electric field).
Since Bi12GeO20 belongs to the 23 symmetry class, only

the following independent coefficients exist [17]: one inde-
pendent electro-optic coefficientr = r231, one independent

piezoelectric coefficiente = e123, four independent photoe-
lastic coefficientsp1 = p1111, p2 = p1122, p3 = p1133, p4 =
p2323 and three independent elastic coefficientsc1 = C1111,
c2 = C1122, c3 = C2323. From (2) it is concluded that for
all crystals belonging to the 23 symmetry class the main
diagonal componentsBii of the impermeability tensor are
perturbed only by the secondary electro-optic effect since
∆Bp

ii = 0 (ru
iik = 0 ⇒ ∆Bp

ii = 0). On the other hand, the non-
diagonal components (B12, B13, B23) are affected by a com-
bination of the two effects: the primary electro-optic effect
via r (electro-optic coefficient) and the secondary electro-
optic effect viae, ci , pi (piezoelectric, elastic and photoelastic
coefficients).

Let us consider the case of a transmission holographic
grating with vectorG arbitrarily oriented on the (111) plane,
at an angleγG with respect to the crystallographic direction
[11 0] (Fig. 1). In this case, the direction cosines of the unit
vectorn on the[100], [010], [001] crystallographic axes can
be written as:

n1 =
√

2

2
cos(γG)−

√
6

6
sin(γG) ,

n2 = −
√

2

2
cos(γG)−

√
6

6
sin(γG) ,

n3 =
√

2

3
sin(γG) . (3)

By applying the general expressions presented in [22] to the
111 cut and after some lengthy but simple calculations, we
derive the analytical expressions regarding the induced per-
turbation of the components of the impermeability tensor
from (2) and (3):

∆B11 = − 2e

3
√

6
Eo

scsin(3γG)
p1A1 + p2A2 + p3A3

D
,
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3
√

6
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D
,
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3
√

6
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p2A1 + p3A2 + p1A3

D
,
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[
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3D
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,

∆B13 = ∆B31 = Eo
sc

(
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×
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∆B23 = ∆B32 = Eo
sc

(√
2

2
cos(γG)−

√
6

6
sin(γG)

)

×
[
r + ep4

3D

{
4 sin2(γG)A2

+
(
2+cos(2γG)+

√
3 sin(2γG)

)
A3

}]
, (4)
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where the parametersA1, A2, A3, D are given by the
equations:

A1 =− (c1 − c2 −2c3) (c1 +2c2+ c3)

×
(

2

9
cos4(γG)+ 2

3
√

3
cos3(γG) sin(γG)

)

+ 1

9
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The birefrigent characteristics of the perturbed crystal can
be studied with the help of the optical indicatrix. For cubic
Bi12GeO20 the indicatrix is a sphere which, in the presence of
an electric field, is transformed into an ellipsoid. Referring to
the elliptic cross section of the indicatrix with the (111) plane
we can easily prove that the refraction index variation ampli-
tude of the crystal, along the principal axes (Ox ′, Oz′) of the
ellipse (Fig. 1), is given by the equations:

∆no
x′ =− 1

12
n3

o

{
2
(
∆B11+∆B22+∆B33−∆B12

−∆B13−∆B23

)
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2
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2
] 1

2
}
,
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12
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o
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)
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[
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2
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2
] 1

2
}
, (6)

whereno is the refraction index of the unperturbed crystal.
The angleψ between the principal axis Ox ′ and the[11 0]
direction is calculated as:

tan(2ψ)=√
3(∆B22−∆B11+2∆B13−2∆B23)

∆B11+∆B22−2∆B33−4∆B12+2∆B13+2∆B23
. (7)

2 Calculation of the space-charge field amplitude

For long grating periods (over 10µm) a holographic grating is
recorded in a Bi12GeO20 crystal by applying an external elec-
tric field to it (drift regime) [35, 36]. In this case, the recording
conditions are not constant for an arbitrary grating vector
orientationγG . Consequently, the induced space-charge con-
centration and the space-charge field amplitude depend on the
grating vector orientationγG [37].

In this study high voltage is applied to the(11 0) faces of
the crystal (Fig. 1). To calculate the space-charge field depen-
dence on the angleγG we assume that, during recording, the
externally applied electric field produces a spatial displace-
mentdo to the photoexited electron distribution. Also,do is
always parallel to the direction of the bias field and remains
fairly constant for any grating vector orientation.

The sum of the positive and the negative space-charge
distributions equals the total space charge distribution. There-
fore, the amplitude
o

sc of the total space-charge distribution

Fig. 1. Crystallographic orientation of the BGO crystal. The bias electric
field is parallel to the[11 0] direction, Ox′ and Oz′ are the axes of lin-
ear birefringence induced by the space-charge field with grating vectorG,
oriented at an angleγG to the[11 0] direction. The general direction of light
propagation is normal to the (111) plane. The angleθ represents the polar-
ization orientation of the readout beamA and is measured anticlockwise to
the [11 0] direction
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is [30, 37, 38]:


o
sc ∝ cos(γG) ,

do

Λ
 1 , (8)

thus, for sufficiently small displacements, the space-charge
amplitude is proportional to cos(γG).

On the other hand [32, 34], the effective static dielec-
tric constant relating the space-charge amplitude
o

sc and the
space-charge field amplitudeEo

sc is perturbed by the piezo-
electric effect. Thus, in order to calculate the functional re-
lationship between
o

sc and Eo
sc, the compressional and shear

deformation that arise from piezoelectricity should be taken
into account. In the case of a holographic grating, with grating
vector arbitrarily oriented on the (111) section, we obtain the
following equation by combining the crystal deformation [30]
with the expression for the dielectric response of a piezoelec-
tric crystal [17] and the Poisson equation:


o
sc = G Eo

sc

{
εεo + e2

9D

[
8
√

3(A1 − A2) cos(γG) sin3(γG)

− (A1 + A2 −2A3)
(
cos(4γG)+2 cos(2γG)

)
+3(A1 + A2 + A3)

]}
, (9)

whereεo, ε are respectively the vacuum primitivity and the
relative dielectric constant (for constant strain), andA1, A2,
A3, D parameters already defined in (5).

Consequently, using (8) and (9), the amplitude of the
space-charge field can be calculated as:

Eo
sc = αEo cos(γG)

{
1+ e2

9Dεεo

[
8
√

3(A1 − A2) cos(γG)

× sin3(γG)− (A1 + A2 −2A3)
(
cos(4γG)+2 cos(2γG)

)
+3(A1+ A2 + A3)

]}−1
, (10)

where Eo is the bias electric field amplitude andα is sim-
ply a scaling parameter calculated by fitting the theoretical
curves to the experimental data (see forward, Fig. 7 and
(12)). The parameterα actually integrates the effect of the
modulation, the grating period and other “recording” param-
eters and is invariant to the grating vector orientation. In
Fig. 2 we plot the space-charge field amplitudeEo

sc versus
γG calculated from (10) with and without taking into account
the secondary electro-optic effect. The crystal parameters
r = 3.14 pm/V [9], 
o = 20.5◦/mm, e = 0.98 C/m2, p1 =
0.12, p2 + p3 = 0.19, p4 = 0.01, c1 = 12.84×1010 N/m2,
c2 = 2.94×1010 N/m2, c3 = 2.55×1010 N/m2 [22, 39, 40]
andε = 51.5 are used in the calculations. The external field
used wasEo = 6 kV/cm and the calculated value of the scal-
ing parameter wasα = 0.548. The two curves practically
coincide except for the range of−30◦ < γG < 30◦. In this
case, the secondary electro-optic effect flattens the cosine
peak of the curve, therefore, a fairly constant space-charge
field is induced in the crystal for this range of grating vector
orientation.

In Fig. 3, we plot the induced perturbations∆Bij in
the components of the impermeability tensorBij calculated
from (4). As it can be observed, the main diagonal com-
ponents of the impermeability tensor are perturbed only by
the secondary electro-optic effect and they are almost equal

Fig. 2. Theoretically calculated space-charge field amplitude as a function
of the grating vector orientationγG . (· · · )= the theoretical curve calculated
without taking into account the secondary electro-optic effect (e = 0 C/m2),
(—) = the theoretical curve calculated with the secondary electro-optic ef-
fect taken into account (e = 0.98 C/m2)

Fig. 3. Theoretically calculated perturbations∆Bij of the components of
the impermeability tensor as a function of the grating vector orienta-
tion γG . (· · · )= theoretical curves calculated without taking into account
the secondary electro-optic effect (e = 0 C/m2), (—) = theoretical curves
calculated with the secondary electro-optic effect taken into account
(e = 0.98 C/m2)

to each other (∆B11 ≈ ∆B22 ≈ ∆B33). This is due to the
fact that for Bi12GeO20 p1 ≈ p2 ≈ p3 and therefore the sums
(p1A1 + p2A2 + p3A3), (p3A1 + p1A2 + p2A3), (p2A1 +
p3A2 + p1A3) in the numerators of (4) are almost equal to
each other. On the other hand, the secondary electro-optic
effect has a minor contribution in the perturbation of the non-
diagonal components of the impermeability tensor (∆B12,
∆B13, ∆B23) and it could be easily neglected. Concluding,
the perturbation of the components of the impermeability
tensor is qualitatively different for the two effects, since the
secondary electro-optic effect perturbs the main diagonal
components of the impermeability tensor, while the primary
electro-optic effect perturbs only the non-diagonal compo-
nents ofBij .
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In Fig. 4, we plot the amplitude of the periodic variations
∆no

x′ , ∆no
z′ of the refractive index of the crystal versusγG

defined in (6), with and without taking into account the sec-
ondary electro-optic effect. As it is clearly seen, the presence
of the secondary electro-optic effect disturbs the symmetry
|∆no

x′ | = |∆no
z′ | obtained fore = 0 C/m2 (taking into account

only the primary electro-optic effect).
In Fig. 5, we plot the orientationψ of the principal axis

Ox ′ with respect to the[11 0] crystallographic direction ver-
sus the angleγG calculated from (7), with and without taking
into account the secondary electro-optic effect. Contrary to
the previous plots, the orientationψ is practically not affected
by the secondary electro-optic effect. This is due to the fact
that in (7) the perturbations∆Bii of the diagonal compo-
nents of the impermeability tensor cancel each other (they are

Fig. 4. Theoretically calculated perturbations∆no
x′ ∆no

z′ of the refractive in-
dex as a function of the grating vector orientationγG . (· · · )= theoretical
curves calculated without taking into account the secondary electro-optic ef-
fect (e = 0 C/m2), (—) = theoretical curves calculated with the secondary
electro-optic effect taken into account (e = 0.98 C/m2)

Fig. 5. Theoretically calculated orientationψ of the principal Ox′ axis as
a function of the grating vector orientationγG . (· · · )= theoretical curves
calculated without taking into account the secondary electro-optic effect
(e = 0 C/m2), (—) = theoretical curves calculated with the secondary
electro-optic effect taken into account (e = 0.98 C/m2)

almost equal). Therefore, the orientationψ depends on the
non-diagonal components (∆B12, ∆B13 and∆B23) of the im-
permeability tensor, which in turn are perturbed mainly by the
primary electro-optic effect.

3 Outline of the procedure followed for the analytical
calculation of the diffraction efficiency

Assuming a non-depleted readout beam, the electric field am-
plitude of the diffracted beam is obtained by the vector sum-
mation of diffracted electric field amplitudes, which result
from successive cross sections along the crystal depth. The
crystal geometry presented in Fig. 1 is used to describe for
the following analysis. The angle between the grating vector
and the[11 0] crystallographic direction isγG and the probe
beam is incident at the Bragg angle. Since the spatial fre-
quency of the grating is low, both the probe and the diffracted
beams are assumed to propagate in they ([111]) direction. In
order to keep the mathematical analysis simple we consider
that no bias field is applied to the crystal during the reading
process. Since the induced grating is weak, the propagation
of light in the crystal can be studied assuming that the crys-
tal presents optical activity without linear birefringence. Also,
the linear birefringence is taken into account in order to calcu-
late the diffracted amplitude, but is neglected for studying the
propagation of the direct and the diffracted beams [9]. When
plane polarized monochromatic light is transmitted through
an isotropic crystal presenting optical activity, the plane of
polarization is rotated by an angle
o per unit length.

A linearly polarized beamA (Fig. 1) vibrating at an
angleθ with respect to the direction[11 0] is used to read
the grating. The incident light polarization plane will ro-
tate through an angle
ol in the anti-clockwise direction on
traversing a thicknessl of the crystal. The readout beam
is diffracted by a thin elementary grating of thickness dl
situated at a depthl from the entrance face of the crys-
tal. The elementary diffracted amplitude components, along
the Ox ′ and Oz′ principal axes, rotate further through an
angle
o(L − l) (whereL is the crystal thickness) while prop-
agating through the remaining crystal thickness. By inte-
grating all the elementary diffracted amplitude components
emerging from the crystal over the crystal thickness, we ob-
tain the total diffracted amplitude and, hence, the diffraction
efficiency [30, 37]:

η= R+ Q cos(2θ+φ) , (11)

where:

R = π2L2

4λ2

[
(∆no

x′ +∆no
z′)2 + (∆no

x′ −∆no
z′)2sinc2(
oL)

]
,

Q = π2L2

2λ2

[
(∆no

x′ )2 − (∆no
z′)2
]
sinc(
oL) ,

φ = 
oL −2ψ . (12)

Thus, for an arbitrary grating vector orientation, the dif-
fraction efficiencyη is a cosine function of the readout
beam polarization angleθ with amplitudeQ, dc levelR and
phaseφ. The input polarization angleθmax required to ob-
tain maximum diffraction efficiencyη = R +|Q| is directly
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related to the phaseφ and the sign of the amplitudeQ by the
equation:

θmax =



−φ

2 = ψ− 1
2
oL , Q > 0 ,

−φ

2 +90◦ = ψ− 1
2
oL +90◦ , Q < 0 ,

(13)

as it can be readily obtained from (11).

4 Experiment

In this section we present the experimental procedure and
discuss the anisotropic optical properties of volume phase
gratings that are induced in a BGO crystal and are arbitrarily
oriented on a (111) plane. A schematic diagram of the experi-
mental set-up is given in Fig. 6. A collimated beam of quasi-
monochromatic light obtained from a Xe-Hg high-pressure
white lamp illuminates a Ronchi grating. The lenses L1 and
L2 form an image of the grating in the BGO crystal. The aper-
tures a1, a2 in the diaphragm D transmit the±1 diffracted
orders of the grating. A second diaphragm D′ with a single
aperture a′ lies in the image plane of D, and a photomulti-
plier (PM) is placed after D′. By changing the interference
filter (IF) we can use different wavelengths, the Bragg condi-
tion being automatically satisfied for all wavelengths without
any modification of the experimental arrangement. A variable
grating vector orientation is achieved by rotating the Ronchi
grating.

During the recording process we use green light (546 nm),
polarizer P is removed, and high voltage (6 kV/cm) is applied
to the crystal. On the other hand, during the reading process
we use red light (645 nm), polarizer P is put back in place, no
high voltage is applied to the crystal and aperture a1 is closed.
In our experiments we use an undoped 10×9×5 mm BGO
crystal. The crystal is illuminated over its entire surface.

In Fig. 7 the amplitude|Q| and the dc levelR of the
diffraction efficiencyη versus the grating vector orientation
γG are shown. Besides the experimental points referring to
the amplitude|Q| and the dc levelR, two sets of theoretic-
ally calculated curves, using (12), are drawn. In the first set
the contribution of the inverse piezoelectric (e = 0.98 C/m2)
and, consequently, the secondary electro-optic effects are
taken into account. On the other hand, in the second set,
the secondary electro-optic effect is not taken into account
(e = 0 C/m2). Clearly, there is a discrete difference both
in magnitude and in shape between the respective curves
of the two sets. The most interesting is that the amplitude
|Q| of the diffraction efficiencyη is equal to zero if we
do not take the secondary electro-optic effect into account

Fig. 6. The experimental set-up. (IF): interference filter, (L1, L2): lenses,
(D, D′): diaphragms, (P): graduated linear polarizer step motor controlled,
(+HV): high voltage, (PM): photomultiplier

Fig. 7. Comparison of the experimentally measured diffraction efficiency
amplitude |Q| and dc level R with the theoretically calculated ones as
a function of the grating vector orientationγG .� = the experimental points
for R, (—) = the theoretical curve forR calculated with the secondary
electro-optic effect taken into account (e = 0.98 C/m2), (· · · ) = the the-
oretical curve forR calculated without taking into account the secondary
electro-optic effect (e = 0 C/m2), • = the experimental points for|Q|,
−· ·− = the theoretical curve for|Q| calculated with the secondary electro-
optic effect taken into account (e = 0.98 C/m2), |Q| = 0 if we do not take
the secondary electro-optic effect into account in our calculations

(e = 0 C/m2 ⇒ |Q| = 0). The dc levelR of the diffraction
efficiencyη is not greatly affected by the presence of the sec-
ondary electro-optic effect, and reaches maximum for grating
vectors oriented at about±20◦ to the crystallographic direc-
tion. The fit between the theoretical results and the experi-
mental data is very satisfactory when we take inverse piezo-
electric and, consequently, the secondary electro-optic effect
into account.

In Fig. 8 the maximum diffraction efficiencyηmax versus
the grating vector orientationγG is shown. Both theoretical
and experimental results show that the optimum conditions

Fig. 8. Comparison of the experimentally measured maximum diffraction
efficiency with the theoretically calculated one as a function of the grating
vector orientationγG . • = the experimental points, (—)= the theoretical
curve calculated with the secondary electro-optic effect taken into account
(e = 0.98 C/m2), · · · = the theoretical curve calculated without taking into
account the secondary electro-optic effect (e = 0 C/m2)
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for the hologram readout are achieved when the holographic
grating is oriented at about±20◦ with respect to the crys-
tallographic direction. In this case, the maximum diffraction
efficiencyηmax increases about twice compared with its value
atγG = 0◦.

Finally, in Fig. 9 the input polarization angleθmax, re-
quired to obtain maximum diffraction efficiency, versus the
angleγG is shown. Equations (7) and (13) are used for the
calculations. The fit between the theoretical results and the
experimental data is excellent when we take the secondary
electro-optic effect into account (e = 0.98 C/m2) and very
poor when the secondary electro-optic effect is not taken into
account (e = 0 C/m2). From the theoretical point of view,
θmax is determined by the orientationψ of the Ox ′ refrac-
tive axis and the sign of the diffraction efficiency amplitude
Q. Although the angleψ remains practically unaffected by
the presence of the secondary electro-optic effect (see Fig. 5),
the amplitudeQ is greatly affected by the presence of the
secondary electro-optic effect, sinceQ = 0 for e = 0 C/m2

(see Fig. 7).

5 Conclusions

We have analyzed the anisotropic optical properties of vol-
ume phase holographic gratings induced in a BGO pho-
torefractive crystal. The grating vector is considered to be
arbitrarily oriented on the (111) crystallographic plane and
a bias field is applied parallel to the[11 0] direction dur-
ing grating recording. The primary, along with the secondary,
electro-optic effects are taken into account. A non-depleted
readout beam is assumed and energy transfer effects are
neglected. Explicit analytic expressions are deduced for the
space-charge field amplitudeEo

sc, the induced perturbations
∆Bij in the components of the impermeability tensor, the
respective perturbations∆no

x′ , ∆no
z′ of the refractive index,

the orientationψ of the principal Ox ′ axis and, finally, for

Fig. 9. Comparison of the experimentally measured input polarization angle
θmax, required to obtain maximum diffraction efficiency with the the-
oretically calculated one as a function of the grating vector orientation
γG . • = the experimental points, (—)= the theoretical curve calculated
with the secondary electro-optic effect taken into account (e = 0.98 C/m2),
· · · = the theoretical curve calculated without taking into account the sec-
ondary electro-optic effect (e = 0 C/m2)

the diffraction efficiencyη. Although the theoretical analy-
sis is quite complex, it is still possible to deduce simple
and elegant analytic expressions. The diffraction efficiency is
a simple sinusoidal function of the reading vector polarization
orientation.

The physical parameters that determine the diffraction ef-
ficiency are the polarization orientation of the readout beam,
the crystal thickness, the rotatory power and the field-induced
birefringence (primary and secondary). The diffraction effi-
ciency is strongly affected by the presence of the secondary
electro-optic effect. If we neglect the role of the secondary
electro-optic effect, we are led to the false result that the
diffraction efficiency is independent of the polarization orien-
tation of the readout beam (Q=0). Our results agree favorably
with the results of Shepelevich et al. [33].

On the other hand, the functional dependence of the dif-
fraction efficiency versus the grating vector orientation is
a complex function of the configuration [29, 30, 33]. Spe-
cifically, the diffraction efficiency amplitudeQ and the dc
level R are intricate functions of the grating vector orien-
tation γG . The functional dependence ofQ and R to γG is
determined by the configuration (i.e. the crystal geometry)
and the crystal parameters (i.e. the rotatory power etc.). An
alteration of the configuration results in a respective quali-
tative and quantitative modification of the functional depen-
dence ofR and Q. Therefore, it is possible to obtain a de-
sired functional dependence of the diffraction efficiency ver-
sus the grating vector orientation by properly choosing the
configuration.
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