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Recording of holograms in a photorefractive crystal by light beams whose frequency difference
equals the frequency of an external ac electric field is studied in the case in which this
field is directed parallel to the fringes of the interference pattern. © 1996 American Institute of

Physics. [S1063-7761(96)00807-4]

1. INTRODUCTION

The nature of the photorefractive effect and its applica-
tion to recording, preserving, and processing information' is
actively being studied at present. There are several methods
of recording holograms in photorefractive crystals in which
one uses an external (dc or ac) electric field.!"? As a rule, the
direction of this field is chosen parallel to the wave vector of
the intensity grating q (i.e., perpendicular to the fringes of
the interference pattern). One of the methods of recording
that uses an external field is synchronous detection.>* This
mechanism produces grating if the recording is effected with
beams of different frequencies, while the frequency of the
external ac field equals the difference of the frequencies of
the recording beams and is far smaller than the reciprocal of
the time for recording the hologram.

References 5 and 6 discussed the possibility of using this
mechanism in the case in which the field is directed perpen-
dicular to the grating vector q. Reference 5 proposed and
studied theoretically the recording of holograms in a plane
photorefractive waveguide with an ac field applied perpen-
dicular to the surfaces of the waveguide. This recording ge-
ometry allows one to attain in the crystal considerably higher
intensities of the applied field than when one records in a
bulk crystal or in a waveguide with the external field parallel
to the grating vector. In the present case the maximum volt-
age between the electrodes will no longer be limited by sur-
face breakdown, but by bulk breakdown. The small distance
between the electrodes also enables one to obtain high elec-
tric field intensities inside the photorefractive medium at low
voltages between the electrodes. Reference 6 experimentally
realized recording of holograms in a bulk crystal by beams
of different frequencies in the case in which the ac external
field was perpendicular to the grating vector q. The signal
wave and the pump wave were focused by a cylindrical lens.
This recording method can be considered to model a plane
photorefractive waveguide. The present study theoretically
and experimentally examines the mechanism of recording
holograms with this interaction geometry.

A diagram of the interaction is shown in Fig. 1. The
pump wave and the signal wave, focused by a cylindrical
lens, create an interference pattern in the photorefractive
crystal. One applies an external ac electric field of frequency
) to the crystal parallel to the interference fringes. As in the
case of synchronous detection discussed earlier,* the fre-
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quency difference () between the waves creating the inter-
ference pattern equals the frequency of the external field.

Let us study the interaction mechanism of the waves in
the photorefractive crystal qualitatively (Fig. 2). We assume
that the external field varies as Ey(t)=E, sign[cos(w?)],
while instead of a traveling interference pattern one uses an
interference pattern that shifts jumpwise by half the period
A=2mlq when the direction of the external field changes.
The external field leads to drift of electrons from the illumi-
nated regions of the photorefractive crystal into the unillumi-
nated regions. The concentration of electrons in the conduc-
tion band at the maxima of the interference pattern is greater
than at the minima. Therefore the electrons will be concen-
trated opposite the maxima of the interference pattern in the
first half of the period of the external field in regions corre-
sponding to negative y coordinates (Fig. 2a). In the second
half of the period the direction of the external field is re-
versed, and the maxima and minima of the interference pat-
tern exchange places. As a result the negative charges will be
concentrated opposite the maxima of the new interference
pattern (shifted by A/2) in the regions corresponding to posi-
tive y coordinates (Fig. 2b). Thus, during the course of a
large number of periods of the external field, a grating cre-
ated by the field of the space charge is recorded in the crys-
tal.

2. THEORY

For theoretical analysis of the recording mechanism, we
use a well-known model of grating formation in a photore-
fractive crystal.” According to this model, the process is de-
scribed by a system of equations consisting of the kinetic
equation, Ohm’s law, the equation of continuity, and Pois-
son’s equation:

+

o =s(I+B)(Np—N*)—ynN*, (1)
j=eunE+kTuVn, 2
an_aN++1d_ . a3
ot o e V¥ )
div E=—e(n+N,—N")/ee,. 4

Here n, N,, N*, and N, are the concentrations of electrons,
acceptors, ionized and unionized donors, respectively; I is

© 1996 American Institute of Physics 50



w+Q
®E,

y
! (110)

I

_—
~—_

FIG. 1. Diagram of the two-wave interaction: a)
the pump wave with frequency w and the signal
wave with frequency w+(Q illuminate a photo-
refractive crystal (); b) the waves are focused
by the cylindrical lens (2). An external ac field
perpendicular to the grating vector is applied to
the crystal.

\/

the light intensity; s and 7y are the photoionization and re-
combination constants; E is the electric field; e>0 is the
charge of the electron; j is the electric current density; kp is
Boltzmann’s constant; T is the temperature; 3, is the thermal
ionization coefficient, w is the electron mobility; and & and
gy are the dielectric constants of the medium and the
vacuum.

Using the usual condition for a photorefractive medium
n<N,<Np and neglecting the diffusion current kz7TuVn in
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FIG. 2. Transverse cross section of the photorefractive crystal for the first
(a) and second (b) halves of the period of the external field.
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comparison with the drift current e unE, we transform the
system of equations (1)—(4) to the form

o 14y —n— "2 giv B+ L divnB)=0, (5)
— —-n— iv —— div(nE)=0,
YN4 ! eNy YNa

JdvE
™M= div(nE). 6)

Here 7,,=¢egy/ o is the Maxwell relaxation time, and o is the
conductivity of the crystal.

In the interaction geometry being studied, the radiation
intensity I(x,y,t) and the electric field have the form

m(1)
I(x,y,t)=I(y)| 1+ > exp(igx)+c.c.|, @)
E(X,y,t):EO Sign[cos(ﬂt)]+Esc(x9)’9t)7 (8)
where () is the frequency of the external field,

Ey=(E(,,E,) is its amplitude, E, is the field of the space
charge, m(t)=|m|exp(i{)t) is the contrast of the interfer-
ence pattern, and ¢ is the spatial frequency of the grating.
Certain properties of the field distribution of the space
charge can be derived from the symmetry of the interaction
without solving the system of equations (5)—(8). Let us con-
sider separately the cases in which the direction of the exter-
nal field is perpendicular and parallel to the lattice vector.
In the former case, if the transverse distribution of the
light intensity Io(y) is symmetric, then the potential of
the field of the space charge &(y) (E,.,=—3d¢/ox,
E,.,=—d¢/dy) is antisymmetric. Consequently the x com-
ponent of the field E ., (y) is an antisymmetric function,
while the y component E,(y) is symmetric. The diffraction
efficiency of the hologram is proportional to the square of
the overlap integral of the intensities of the waves and the
modulation of the refractive index due to the interaction:
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f E (y)Io(y)dy.

This integral vanishes for the x component of the field:

J Escx()’)lo(}’)dyz()-

Therefore it is necessary that the y component of the field of
the space charge produce the modulation of the refractive
index, which is achieved by choosing the polarization of the
incident light and/or the orientation of the crystal.

Yet if the external field is parallel to the grating vector
and the transverse profile of the light intensity /y(y) is sym-
metric, the potential of the field of the space charge ¢(y) is
also symmetric. Consequently the overlap integral vanishes
for the y component of the field of the space charge:

| Eoianay=o.

Therefore in recording the hologram it is necessary that the x
component of the field produce the modulation of the refrac-
tive index.

We solve Egs. (5)—(8) for the special case in which the
drift length of an electron lz=E,,u/yN, and the Debye
screening radius /,=E(,€€y/eN, are much smaller than ei-
ther the period of the interference pattern A=2m/q or the
dimensions of the Gaussian beam waist W. These conditions
are satisfied by the Bi;,TiO,, crystal used in the experiment.
We perform the following calculations for a small contrast
(m<1) of the interference pattern. Upon taking account of
the assumptions that we have made and averaging over the
period of the external field, we transfrom Egs. (5)—(8) into a
differential equation:

— (%o,
M 5 5;2“1‘1’

B e oy d¢ al,
=(lp+ B)(a—yrqztp) + Ty 3};‘("1(!)Eoy(t)> By
—ig(m(t)Eo,(t))1o. 9

Here (...) denotes averaging over the period of the external
field.

Equation (9) was numercially integrated for an intensity
distribution I(y) =exp(y*/4W?) and a value of the parameter
B./1,(0)=0.0001.

The diffraction efficiency of the hologram % is

e Ly T LBy
7] 2 eff x fl()(y)dy 9

where n is the refractive index of the crystal, \ is the wave-
length of the light, d is the length of the crystal in the direc-
tion of propagation of the light, and r . is the effective elec-
trooptic coefficient.

Figure 3 shows the theoretical relationship of the diffrac-
tion efficiency 7 to the spatial frequency g of the hologram
for an external field parallel to the grating vector (Eo,=E,,
E(,=0), and perpendicular to the grating vector (Ey,=0,

(10)
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FIG. 3. Dependence of the diffraction efficiency 7 on the spatial frequency
q of the grating for an external field perpendicular to the grating vector,
E, L q (curve I) and parallel to the grating vector, E, Il q (curve 2). The
graphs are normalized to the value of the diffraction efficiency as ¢—0
when the holograms are recorded with a field perpendicular to the grating
vector. The calculations used the following values of the parameters:
Ig/A=1/A=0, B,/1,(0)=0.0001.

Eo,=E,). Both graphs are normalized to the value of the
diffraction efficiency as ¢g—0 for holograms with a field per-
pendicular to the grating vector.

As we see from the relationships that have been given,
recording holograms by using a perpendicular grating vector
of the field is effective only if the beam waist W is much
smaller than the period A of the interference pattern. In the
case of a field parallel to the grating vector, the diffraction
efficiency of the hologram 7 equals zero for ¢ =0, and rap-
idly reaches its maximum with increasing spatial frequency
of the grating ¢g. This value coincides with the diffraction
efficiency of a hologram #, (0) in the case of a field perpen-
dicular to the grating vector as ¢g—0. As is known,® when
one records a grating without focusing the radiation with an
ac field parallel to the grating vector, the diffraction effi-
ciency of the hologram 7 does not depend on the spatial
frequency of the grating if the drift length of an electron I
and the screening radius /, are much smaller than the grating
period A. In the latter case the diffraction efficiency equals
the quantity 7,(g) obtained in the case of focusing the ra-
diation for large spatial frequencies g.

3. EXPERIMENT AND DISCUSSION

In this experiment we determined the dependence of the
diffraction efficiency of holograms formed by the method
described above on the spatial frequency g of the grating.
The experimental setup is shown in Fig. 4. The radiation of a
He—Ne laser was divided with a beamsplitter into signal and
reference beams. The frequency of the reference beam was
shifted by using a piezomirror to which a sawtooth voltage
was applied. The ac voltage E(t)=E sign[cos(Q2¢)] with
frequency 33 Hz and amplitude 3.4 kV was applied to the
(110) faces of the crystal. The distance between the elec-
trodes was 7.6 mm, and the thickness of the crystal in the
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FIG. 4. Experimental setup: / and I'—polarizers, 2—cylindrical lens,
3—photodiode, 4—beamsplitter, 5—piezomirror.

direction of propagation of light (along the (110) axis) was
5.5 mm. The wave vector of the grating was directed along
the (001) axis.

The formation of a beam waist in the crystal of a size
comparable to the period of the grating was achieved by
focusing the radiation along the y axis (see Fig. 1) by using
a cylindrical lens. In this experiment the lenses had focal
lengths of 11.5 cm and 4.5 cm. The diameter of the beams in
the plane of the lens was 3.5 mm, which made possible beam
waist dimensions of W=22 um and 9 um, respectively.

The intensity of the signal wave following the crystal
was measured with a photodetector. The diffraction effi-
ciency was determined from the initial portion of the curve
of erasure of the hologram as the ratio

Ip Ip
n= IP - IS B’ (11)
where I, is the intensity of the diffracted light, I and I are
the intensities of the signal and reference beams, and 8 is the
ratio of the intensities of the signal and reference beams,
which was fixed at B=I4/1,=10"2

The choice of polarization was determined by the orien-
tation of the crystal and its optical activity, r=6 deg/mm. In
order that the polarization direction at the center of the beam
waist (in the middle of the crystal) coincide with the direc-
tion of the axis of the optical indicatrix of the crystal, which
was deformed by the external field, the angle between the
plane of polarization and the plane of incidence was set at
30° at the incident face of the crystal.

Figure 5 shows the dependence of the diffraction effi-
ciency of the hologram 7 on the spatial frequency g for a
field perpendicular to the grating vector. This diagram shows
the theoretical dependences as solid lines, and the experi-
mental data as dots. The experiments used lenses of focal
lengths 11.5 cm (Fig. 5a) and 4.5 cm (Fig. 5b).

The best agreement between the theoretical and experi-
mental data was obtained for an effective electrooptic coef-
ficient ro;=6.7X10"'2 m/V. This value of the electrooptic
coefficient is somewhat larger than that given in the literature
for crystals of BiyTiO,g, rer=5.8%X10"'2 m/V.! We can ex-
plain the discrepancy as follows. In the theoretical treatment,
for the sake of simplicity, the influence of the x component
of the space charge field E;., was not taken into account.
However, with the orientation of the crystal used in the ex-
periment, the x component of the field of the space charge
also contributed to the change in the refractive index. The
grating formed by this component of the field of the space
charge led to diffraction of the TEM,, wave into the TEM,
wave. This factor then led to an increase in the diffraction
efficiency.

In recording a lattice in a bulk crystal without focusing
the radiation, in the case in which the external field is paral-
lel to the grating vector, in the range of spatial frequencies
¢=0.5x10>-4%10* cm™' that we employed in the experi-
ments discussed above, the diffraction efficiency did not de-
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pend on the magnitude of ¢g. This confirms the assumption
made earlier of the smallness of the drift length Iz of an
electron and the screening length /, in comparison with the
grating period A, and indicates that the form of the spatial-
frequency characteristics 77 (¢) shown in Fig. 5 is character-
istic specifically of recording gratings with a field perpen-
dicular to the wave vector. The value of the effective
electrooptic coefficient r.;=4.8X 1072 m/V in experiments
without focusing the radiation was found to be somewhat
lower than in experiments on recording holograms using an
ac field perpendicular to the grating vector. The differences
can also be explained by the influence of the x component of
the field of the space charge upon focusing the radiation,
which was not taken into account in the theoretical model.

Note that it was not possible to record a nonzero grating
of the refractive index if the external field perpendicular to
the wave vector is dc, and the interference pattern created by
the waves focused by the cylindrical lens is stationary. This
is explained by the fact that when one applies a dc field to a
nonuniformly illuminated crystal, the field will be screened
in the illuminated region. Perhaps recording in this geometry
can be achieved when the dark conductivity is at least of the
order of the photoconductivity.

Let us study the possible applications of the recording
geometry investigated in this paper. The recording of holo-
grams in a planar waveguide in which the external field was
perpendicular to the surfaces of the waveguide was discussed
in Ref. 5. In this case one can easily ensure conditions for
efficient recording of the hologram (W<A) when the wave
vector g of the grating lies in the plane of the waveguide.

In recording holograms with a speckle field, a situation
can arise in which the fringes of the interference pattern have
different orientations in different regions of the crystal. The
the wave vector q of the lattice in different regions of the
crystal is directed arbitrarily, and one cannot fix a direction
of the external field parallel to the vector q over the entire
hologram. Recording of regions of the hologram where the
interference fringes are parallel to the external field can be
effected by the variant described in this study of the mecha-
nism of synchronous detection if the dimensions of the
speckle spots are comparable to the period of the interference
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pattern. The recording of the regions of the hologram in
which the interference fringes are perpendicular to the field
will occur here also by the mechanism of synchronous de-
tection described in Refs. 3 and 4. Therefore, in a hologram
having a complex spatial structure all its regions will be
recorded approximately uniformly. It was noted above that
when one applies a dc field perpendicular to the wave vector
of the grating, recording of a hologram does not occur. This
leads us to believe that the mechanism of synchronous de-
tection in recording such holograms can prove highly pref-
erable. As we see it, this problem demands further study.

4. CONCLUSION

This study has demonstrated the possibility of recording
holograms with an external field perpendicular to the wave
vector q of the grating. The mechanism of recording is effi-
cient if the grating period exceeds the dimensions of the
illuminated region in the direction of the external field. The
theoretical calculations performed on the basis of the known
model of formation of gratings in a photorefractive crystal’
agree with the experimental data.
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