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Holographic image formation in photorefractive crystals with use of a complex object wave front is studied
both theoretically and experimentally. It is shown that the optimal conditions for holographic recording of a
complex image differ from those required when a plane wave front is used as an object beam. Experimental
measurements of the hologram's diffraction efficiency and the optical noise dependencies on the recording-
beam polarization and intensity ratio are in good agreement with theory. An experimental approach designed
to find the optimal configuration of optical elements in a holographic interferometer with a photorefractive
crystal is presented.

1. INTRODUCTION

Photorefractive crystals (PRC's) are useful as hologram
recording media in holographic interferometry because of
their practically unlimited recyclability and sufficiently
high sensitivity. No chemical or physical processing is
needed for visualizing optical information recorded in
these crystals; therefore the image (holographic interfero-
gram) reconstructed from the hologram can be observed
simultaneously with the hologram recording. Different
optical schemes that realize the simultaneous holographic
recording and reconstruction in PRC's have been proposed
for designing holographic interferometers, such as wave-
front conjugation (four-wave mixing), 1 two-wave holo-
graphic amplification,2 and anisotropic self-diffraction.3

One serious problem with any holographic interferom-
eter is the quality of the reconstructed interferograms
(images), which can be strongly restricted by light scat-
tered in the image direction (optical noise). Only a lim-
ited number of studies that deal with the optical noise
problem for holograms recorded in PRC's have appeared
in the literature. 4 6 Usually the experimental data are
obtained when both the reference and the object waves
have plane (or near-plane) wave fronts. But it is more
important from a practical point of view to study holo-
graphic image formation in the case in which the object
beam has a complex wave front formed by light diffusely
scattered from the object.

This paper presents for the first time, to our knowl-
edge, theoretical and experimental studies of holographic
image formation for a complex object wave. The results
have allowed us to optimize the optical scheme of a recy-
clable (dynamic) holographic interferometer on the basis
of the use of PRC's. Among the different types of PRC

that are available now, the crystals of the sillenite fam-
ily (Bi12SiO2O, Bi12TiO20, and Bi12GeO20) possess a higher
sensitivity that enables them to record holograms in the
visual region of the spectrum. It is not so difficult to grow
sillenite-type single crystals of large size and high optical
quality, which is very important for holographic recording
of complex images. Moreover, Bi12TiO20 (BTO) crystals
are sensitive to red light,7 so that it is possible to use a
widely spread He-Ne laser as a source of coherent light.

2. DUAL-BEAM HOLOGRAPHIC
INTERFEROMETER

There are a variety of optical schemes that permit the re-
construction of complex images from volume holograms in
PRC's. The common feature of all of them is that from
every beam illuminating the crystal at the moment of the
reconstruction some light is scattered in the direction of
the reconstructed image. This scattered light is optical
noise for the image that is reconstructed from the holo-
gram. The two principal sources of noise are the object
beam and the reconstructing beam. For our experimen-
tal study we chose a dual-beam scheme of simultane-
ous hologram recording and reconstructions because of
its simplicity and high fidelity. In this scheme the ref-
erence beam serves simultaneously as a reconstructing
beam, and Bragg's conditions of diffraction from volume
holograms are automatically fulfilled. Even though the
experimental data were obtained for a particular optical
scheme, they can also be applied to the optimization of
other kinds of holographic interferometers with PRC's.

The configuration of the dual-beam holographic inter-
ferometer is shown in Fig. 1. The light scattered (or
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Fig. 1. Scheme of the dual-beam holographic interferometer.

refracted) by the object being tested is focused by ob-
jective (1) into the volume of the sample. The refer-
ence beam crosses the object beam inside the sample
under angle tY (see Fig. 2 below), which determines the
average (carrier) spatial frequency f of the recorded holo-
gram. It is well known8 that holograms recorded in
PRC's of the sillenite family are more effective when the
optical faces of the sample are parallel to the crystallo-
graphic surface [110]. The diffraction from these holo-
grams has an anisotropic character resulting from the
symmetry of the PRC, reflected in the tensor form of
its electro-optic coefficients. Because of this anisotropy,
light diffracted by PRC holograms can be accompanied
by rotation of the plane of polarization' for a chosen
crystal orientation. Therefore the beam diffracted from
the hologram (the reconstructed complex image) can be
separated from the transmitted beam by the placement
of a properly oriented analyzer behind the crystal.3 So
the reconstructed image, as well as the holographic inter-
ferogram, can be observed continuously and simultane-
ously with the recording process.

The objective of any holographic interferometer is to
obtain information about displacements and vibrations of
the object through measurements of object-beam wave-
front differences. This information is contained in the
diffracted wave, and hence the intensity of that wave may
be regarded as the signal power. All other light collected
by the objective (2) in Fig. 1 is noise. There are only
two noise sources for the dual-beam holographic inter-
ferometer of Fig. 1: the transmitted object beam, with
noise power PNO, and the scattered reference beam, with
noise power PNR. We suppose that both PNO and PNR
are proportional to the intensity of the object beam and
of the reference beam, respectively. This assumption is

in rather good accordance with the experimental results
that we obtained by using a 10-mW He-Ne laser in our
experiments.

For some applications. such as holographic memory
and interconnections, the hologram in a PRC can be re-
constructed by use of only one reconstructing (reference)
beam. In this case the object-beam noise PNO is absent,
and only PNR should be estimated. But for real-time in-
terferometers based on photorefractive crystals, it seems
to be more convenient to use simultaneous recording and
reconstruction, because it allows one to obtain stationary
values of diffraction efficiency. In this case the quality of
the reconstructed image will be limited by both PNO and
PNR. In the present paper we analyze the latter case in
more detail, because we consider it more interesting and
more important for holographic interferometry.

3. THEORETICAL ANALYSIS
The main goal of the theoretical analysis is to estimate
the signal-to-noise ratio (SNR) in the image of a diffusely
scattering light object that is reconstructed from a holo-
gram recorded in a photorefractive crystal. This study
considers a hologram of a focused image in the case in
which the reference beam has a plane wave front. We
use the common definition of SNR as the ratio between
the average output signal power, which is determined
here as the average light intensity of the reconstructed
object wave, and the average noise power, which is the
total average intensity of undesirable background in the
plane of the reconstructed image. The undesirable back-
ground, or optical noise, is assumed to be produced by
light scattered from the reference beam and by the ob-
ject beam and transmitted to the reconstructed image
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plane. In this paper we take into account only the final
influence of the scattered optical noise on the recon-
structed image quality. We do not consider how the noise
arises inside the crystal. The origin of the noise might
be either scattering on both crystal volume imperfections
and input-output surface defects or Rayleigh scattering
(for extremely high-quality crystals) or all these reasons
together. Our main assumption is that there is direct
proportionality of scattered noise power PNR to the light
intensity of the reference beam IRE (the proportionality
was checked experimentally). The transmitted part (but
not the reconstructed part) of the object beam also pro-
duces undesirable background in the reconstructed image
and, as a result, decreases the contrast of time-average or
double-exposure interferograms. The power of this noise
component PNO is proportional to the average intensity of
the object beam, (OB) = (IB(x,y)12), where B(x,y) is the
complex amplitude distribution of the object wave in the
image plane. Hence the noise power is assumed to be
the sum of two components, PNR = RIRE and PNO =

no(IoB), where nR and no are the proportionality coeffi-
cients for the reference and the object beams, respectively.

The average intensity of the reconstructed wave is

(Is) = (IS(X, y)I 2 ), (1)

where S(x, y) is the two-dimensional complex amplitude
distribution of the reconstructed wave in the image plane.
Hence, in accordance with the definition given above,

SNR = (IS(x, Y)2 ) (2)
nRIRE + no(IOB )

In order to define the average intensity of the recon-
structed wave, we should take into account some fea-
tures of hologram recording when the object wave comes
from a diffusely scattering light object. Such objects pro-
duce complex object waves with a wide spectrum of spa-
tial frequencies. The light intensity in these waves is
distributed in space in accordance with an exponential
probability law,'0 and the pattern formed by such waves
is usually known as speckle. In coherent imaging this
speckle is sometimes recognized as noise. However, this
complex object wave is the input signal that is used for
recording the hologram in a photorefractive crystal, and
it has to be reconstructed with a high SNR. Therefore
in our analysis we consider the entire object wave not
as noise but as a complex wide-band signal. Because of
this noiselike structure of the object wave, we use the
known statistical properties, the average light intensity,
and the probability-density function associated with the
light intensity of speckle patterns to describe this in-
put signal in order to determine the average intensity of
the reconstructed wave. In other words, the object wave
front is considered here to be a sample function of a two-
dimensional random process.s

The reconstructed wave amplitude naturally depends
on the hologram diffraction efficiency 7, and we used the
saturation value for -q in the SNR calculation because that
is maximum value. The diffraction efficiency of a vol-
ume hologram in an optically active PRC of the sillenite
type depends on the electric-field amplitude Esc of redis-
tributed space charges inside the crystal,3 and for small

77 (considering that both recording beams are plane wave
fronts) it can be expressed in the form

/ irn3r4iEsc sin(pd) 2
'77 V 2\2A cosi p /P (3)

where n is the refractive index of the crystal, r41 is the
electro-optic coefficient, A is wavelength of the recording
light, , is the angle between recording beams, p is the op-
tical rotatory power (in radians per millimeter), and d is
the crystal thickness (assuming that the hologram occu-
pies all the space between the input and the output crystal
faces). It is necessary to note that the small-diffraction-
efficiency assumption allows us to neglect the influence of
the interference between recorded and diffracted beams
on additional hologram recording and erasure. In other
words, the energy-exchange effect is neglected in our the-
oretical treatment."

The saturated ESC is independent of the total inten-
sity of the recording beams,8 but it is proportional to
the interference-pattern modulation index m, i.e., to the
reference- to-object-beam-intensity ratio. When both ob-
ject and reference waves are plane, the complex object-
beam amplitude B and its intensity IOB = IBI2 are
constants:

2(IREIOB)_ 21A* B
Esc m = IRE + IOB IAI2 + IBI2 (4)

where A is the complex amplitude of the reference beam
(IRE = AI2). The complex amplitude of the reconstructed
wave, S, in this case is proportional to

A*BC
IAI2 + B 12

(5)

where C is the amplitude of the readout wave. Hence
the intensity of the reconstructed beam

IREIOBIC
(IRE + IOB)2

(6)

where Ic = ICl2 is the intensity of the readout beam.
When self-diffraction is used (the reference beam is also
the readout beam at the same time: I = IA), the recon-
structed wave intensity is

IRE 2 IOB
IS(IRE, IOB) (IRE + Os)2 (7)

Substituting relation (7) into Eq. (2), we obtain the SNR
for recording beams with plane wave fronts:

IREIO +B
SNRP1 (IRE + IOB)2(flIR + ioon (8)

But in our case, because of the diffusely scattered
light coming from the object, the value IOB = RIB2 in
relations (4)-(7) is a function of the coordinates as a re-
sult of the nonuniformity of the object wave, which has
a speckle-type intensity distribution. However, the local
value Is at some point (x, y) can be written by relation (7)
if the local value of IOB at the same point is substi-
tuted. Therefore one can calculate the average intensity
of the reconstructed beam (Is) [Eq. (1)] by averaging Is in
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relation (7), taking into account the statistical properties
of the object wave.

It is known'0 that the light intensity of a speckle pat-
tern is distributed by the exponential probability law:

p(I ) exp(-IO/(IOB)) (9)
(IOB)

The average value of the intensity of the reconstructed
beam can be calculated now by use of relations (7) and
(9):

(Is) = f Is(IREIos)p(Ios)dIoB IAa f.x exP(-x)dx

(10)

Here parameter a describes the reference-to-object-
beam intensity ratio: a = IRE/(IOB). By substituting
relation (10) into Eq. (2) one can get the final expression
for the SNR:

a2
A x exp(-x) dx (11)

nRa + no o (a + X)2

Analysis of this expression shows that the dependence
of the SNR on the reference-to-object-beam intensity
ratio has a maximum whose position depends on both co-
efficients nR and no. Hence the optimization of the holo-
graphic interferometer with PRC's in the self-diffraction
mode requires that one take into account both noise com-
ponents. But the case of no = 0 also has special impor-
tance, because it represents the typical situation in which
the recorded hologram is illuminated only by the read-
out beam, as it is in holographic memory systems, for ex-
ample. In this case the SNR for a hologram of a complex
object wave attains its maximum value when a 0.7,
as follows from relation (11). This means that the opti-
mal conditions for the holographic recording of a complex
object correspond to a reference-beam intensity that is
30% less than the object-beam intensity. This result dif-
fers from the one obtained for the case of a holographic
recording of an object wave whose intensity distribution is
more-or-less uniform over the crystal volume. One can
see from relation (8) that for the hologram reconstruction
case (no = 0) that maximal SNR is achieved when both
recording beams have equal intensity a = 1; this is a
well-known fact. Experimental data presented here for
complex object wave hologram recording are in good
agreement with the theoretical calculations shown above.

4. EXPERIMENTAL PROCEDURE

Experimental measurements of holographic parameters
for a BTO crystal were carried out in the holographic in-
terferometer whose configuration is shown in Fig. 1. The
laser beam generated by the 10-mW He-Ne laser is di-
vided into two beams: the object beam and the reference
beam. Then the object beam is reflected by a spherical
micromirror, where it expands and illuminates the object.
The light backscattered from the object surface is col-
lected by an objective (1) into the crystal volume. Such
a configuration of the object arm allows measurement of

displacements (or vibrations) of the object surface in the
direction of the illuminated beam without the need for any
geometrical factor correction (cos 2,B). Furthermore, in
this configuration retroreflective paint can be used quite
effectively. The spherical micromirror is locked near ob-
jective (1) and does not significantly influence the quality
of the image.

The reference beam is reflected by a firmly fixed mirror
(2), passes through lens (3), and then is reflected by an
adjustable mirror (3) to reach the crystal surface. The
reference-beam path is more or less equal to the object-
beam path. The size of the light spot from the reference
beam on the crystal surface is expanded by lens (3) to
provide a complete cross section of the reference and the
object beams into the crystal volume.

The reference beam and the object beams interfere in
the crystal volume to record a dynamic hologram, which
is simultaneously reconstructed by use of the same ref-
erence beam. Two BTO samples of sizes 7.5 8.0 X
8.8 mm3 (BT048) and 6.1 7.5 8.0 mm 3 (BT053)
were used in our experiments. Both single crystals were
grown in the Department of Quantum Electronics of the
A. F. offe Physical-Technical Institute (St. Petersburg,
Russia). The PRC orientation used in this work is shown
in Fig. 2. The hologram vector is perpendicular to the
[001] axis of the crystal. The sample holder was made
from insulated plastic and can hold two polarizers very
close to the crystal surfaces. Polarizer sheets can be ro-
tated manually for adjustment of the system, but they are
firmly fixed during the interferometer work.

A fixed surface covered by retroreflective paint was
used as a test object to measure the holographic parame-
ters of the crystal. The illuminated spot diameter on the
object surface is approximately 15 mm. The image di-
ameter focused into the crystal is approximately 2 mm.
Note that all our measurements were carried out for the
complex object beam wave front, whose spatial bandwidth
in the crystal is near 400 cycles/mm. The object beam,
transmitted through the two polarizers and the crystal
between them, is focused by lens (3) (see Fig. 1) onto a
photodetector with a sensitive area 10% larger than the
measured image area. The photodetector was connected
to a digital oscilloscope for recording of photocurrent evo-
lution. Over the whole set of measurements the light in-
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Fig. 2. Orientation of the photorefractive crystal Bi12TiO20 in
the holographic interferometer. i&, Bragg angle.
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tensity in the photodetector was much smaller than the
saturation value.

There are three main parameters of the optical scheme
of a self-diffraction holographic interferometer, which can
be varied to produce a high-quality holographic inter-
ferogram. The first is the polarization angle of the
recording beams, which is determined by the orientation
of the polarizer E (see Fig. 1). The second is the
reference-to-object-beam intensity ratio, which depends
on the beam-splitter rate and on the areas of the beams
at the crystal plane. The third is the spatial frequency of
the hologram that is being defined by the angle between
recording beams. The first and second parameters can
be changed easily without significant modification of the
optical scheme, whereas it is necessary to rearrange al-
most all the optical elements for any spatial-frequency
change. A spatial frequency of 1200 cycles/mm, which
is close to the optimal value of the diffusion-recording
mechanism in sillenite-family PRC,3"2 was chosen for
our version of the holographic interferometer. We mea-
sured dependency of the SNR on the input polarization
and on the recording-beam intensity ratio in the course
of this research to find the optimal configuration of the
holographic interferometer.

When the object-beam noise (PNO) was measured, the
reference beam had always been shut down and the out-
put analyzer A had been adjusted to close as completely
as possible the object beam transmitted through the crys-
tal. The rest of the object beam that was transmit-
ted through crossed polarizers, with the crystal between
them, is really the noise PNO for the interferogram, be-
cause there is no information about the image recon-
structed from the hologram in this light. The origin of
such transmission stems from the nonideal quality of the
dichroic sheet polarizers and from the localized stress-
induced birefringence inside the PRC. In fact, the ex-
tinction rate [closed/open intensity ratio] of dichroic sheet
polarizers, with BTO samples between them, is typically
near 10-3-10'. Note that a particular value of the ex-
tinction rate depends mainly on the sample region chosen
for hologram recording and on the forces applied to the
crystal by the sample holder (PRC's usually have high
electro-optic and elasto-optic coefficients).

The reference-beam noise (PNR) measurements are car-
ried out each time the hologram has been recorded and
completely erased in the crystal by a shutting down of
the object beam. It was observed that when PNR was
measured just after some rearrangement of the record-
ing beams, it was significantly smaller than when it was
measured after a longer exposure. The angle e between
the recording beams was 43.5° for our particular setup;
this corresponds to a spatial frequency of 1200 lines/mm.
A small part of the reference beam can be scattered in
the direction of the reconstructed image by nonuniformi-
ties of the real crystal in spite of the large angle between
the beams. Usually such scattering takes place without
change of the polarization state, and it seems that scat-
tered light should be canceled by the use of the crossed
analyzer in our scheme. But in reality this scattered
light interferes with the reference beam and creates a
noise hologram, and self-diffraction of the reference beam
from such a noise hologram is accompanied by rotation of
the polarization plane. So this scattered light success-

fully passes through the analyzer and produces an un-
desirable illumination in the reconstructed-image plane
with an intensity comparable with that of PNO.

When both recording beams are open, the hologram
in the crystal begins to be recorded, the diffracted
beam transmits through the crossed polarizers, and the
diffraction-efficiency evolution is recorded by the digital
oscilloscope. Both the stationary value of the diffracted-
beam intensity S and the hologram recording time TR are
of practical interest for the holographic interferometer
and are calculated from oscilloscope tracks.

The hologram recording time TR was calculated from
the temporal dependence of the diffraction efficiency for
the initial period of the hologram recording. The diffrac-
tion efficiency of the volume hologram in a PRC can be
evaluated from Eq. (3). Let us assume that the exponen-
tial increase of Esc with time for the hologram recording
process goes as follows:

Esc(t) = ESCSTF 1 - exp( 1s c L \~~ T B (12)

where ESCST is the saturated (maximal) value of the
space-charge electric-field amplitude. If the suggestion
of Eq. (12) is valid, the hologram diffraction efficiency
must increase as

11(t)= 7ST[ 1 - exp -- (13)

Therefore the function

(14)GR(t) = ln(1 - 77(t)/7ST)

should be a straight line. But the experiment shows that
it is impossible to obtain GR(t) in the form of straight line
for any BTO sample and for any intensity (or polarization)
of the recording beams when the hologram is recorded
with a wavelength A = 0.6328 ,um. In order to compare
the hologram recording time under different experimen-
tal conditions (different intensities of recording beams),
we defined TR as the tilt of the asymptotic straight line
with respect to the curve GR(t) at the initial moment of
hologram recording.

5. EXPERIMENTAL RESULTS

Dependence of the Signal-to-Noise Ratio
on Recording-Beams Polarization
Dependence of the steady-state diffraction efficiency (sig-
nal SST) on the orientation of input polarizer (E, Fig. 1) is
shown in Fig. 3 for the BT053 sample. The zero position
of the angle corresponds to the polarization's being par-
allel to the crystallographic axis [001] of the crystal (see
Fig. 2). Note that this dependence was measured when
the analyzer (A, Fig. 1) was oriented so as to close the
transmitted object beam. This differs from well-known
measurements 9 of a similar dependence that were car-
ried out without an analyzer. In any case, our results are
in good agreement with the data of Ref. 11. Indeed, the
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Fig. 3. Dependence of the signal value (output intensity) on
the input light polarization for the BT053 sample. a, angle
between axis [001] of the crystal and the vector of the light
polarization; asterisks, signal; solid curve, theory.
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Fig. 4. Dependence of the power of the reference-beam noise
PRE (asterisks) and the object-beam noise POB (diamonds) on
the input light polarization for the BT053 sample. a, angle
between axis [001] of the crystal and the vector of the light
polarization; solid curves: a, PNR; b, PNO.

diffraction efficiency is independent of the reconstructing-
beam polarization, but the angle y between polarizations
of transmitted and diffracted beams changes as follows91 1 :

y = v/2 - 2a + pd, (15)

where a is the input polarization angle with respect to
axis [001]. Therefore the intensity of the diffracted light
that is transmitted through the closed analyzer should be

SST = IRE?7 COS2 (2a - pd),

Here we have taken into account the natural optical ac-
tivity pd, which is 360 for BTO53.

Figure 4 presents measurements of both parts of the
optical noise, for the BT053 sample, with the same in-
tensity of the recording beams used for the measure-
ments depicted in Fig. 3 (OB 0.35 mW/cm 2 , IRE 1.5
mW/cm2 ). The dependence of PNR on the polarization
angle is shown as curve a. One can see that this depen-
dence has a maximum and a minimum that are shifted
- 200 with respect to those of the signal dependence.

This is an additional confirmation of the holographic
nature of this part of the noise. Indeed, the input po-
larization angle a = pd/2 + /4 (a = pd/2 - /4) cor-
responds to a situation in which the polarization of the
beam that is diffracted from a noisy hologram coincides
with the scattered-beam polarization 8 -a fact that favors
the holographic amplification (or attenuation) of a weak
scattered beam. But in our setup configuration, the ana-
lyzer can transmit only that part of the light whose polar-
ization is orthogonal to the reference beam: that is why
the maximum (minimum) is observed for an input polar-
ization angle that is shifted from the position a = pd/2
at approximately 200 (not at 450). The polarization de-
pendence of PNO [curve b of Fig. 4] reflects an internal
stress anisotropy and usually depends on the location on
the sample at which the hologram has been recorded as
well as on the construction of the sample holder.

The SNR versus the recording-beam polarization
(Fig. 5) has an asymmetric form, owing to a shift between
the signal curve and the noise curve. This dephasing is
also the reason for the SNR's maximum shift from position
a = pd/2. It should be emphasized that the two terms
of the optical noise, PNR and PNO, depend on the polariza-
tion differently. Therefore the SNR's maximum position
depends on the intensity of both the reference (IRE) and
the object (lOB) beams if it is considered that in the first
approximation PNR is proportional to IRE and PNO to IOB,
with different proportionality coefficients nR and n for
each one. So, the optimal polarization of the recording
beam depends on its intensity. Fortunately, the maxi-
mum of the curve SNR versus a is not very sharp, as

Signal-to-Noise Ratio, rel.un.

60

40

20

(16)

where 77 is the diffraction efficiency of the hologram. The
theoretical curve associated with Eq. (16) is depicted as a
solid curve in Fig. 3. Experimental data are in rather
good accordance with the theory of anisotropic diffraction
in a PRC of the sillenite family, 1 and the maximum of
SST is observed when the recording-beam polarization is
parallel to axis [001] in the middle plane of the sample.
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4
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*
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-60 -40 -20 0 20 40
Polarization angle a, deg.

Fig. 5. Dependence of the SNR on the input light polarization
for the BT053 sample. a, angle between axis [001] of the
crystal and the vector of the light polarization; rel. un., relative
units.
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Fig. 6. Dependence of the power of the reference-beam noise
component PNR on the reference-beam intensity for BT048 (as-
terisks) and BT053 (squares) samples.

One should take into account both noise components
(PNR and PNO) in PRC's to optimize the dual-beam
scheme of a holographic interferometer by using the
self-diffraction effect. For this case the experimental
dependence of the SNR on the recording-beam inten-
sity ratio is shown in Fig. 8 for both BT048 (asterisks)
and BT053 (circles) samples. These data were obtained
when the reference-beam intensity IRE was variable but
the object-beam IOB intensity was kept constant. The
latter was chosen as high as possible. The obvious rea-
son for this is the large losses of light produced by the
scattering of the object surface. The solid curves are
calculated from Eq. (11) with use of the sample parame-
ters measured experimentally. The maximum SNR is
achieved now when the reference intensity is five times
higher than the object one. This is only because of the

Signal-to-Noise Ratio

1000

800

600

can be seen from Fig. 5. From a practical point of view
this means that we are not obliged to do a high-precision
adjustment of the input polarization of our holographic
interferometer. But in some special cases the influence
of the object-beam noise PNO can significantly change the
optimal position, and it is better to check experimentally
each particular PRC sample.

Dependence of the Signal-to-Noise Ratio
on Recording-Beam Intensity

Noise
It was observed that the object-beam noise PNO is pro-
portional with high precision to the object-beam inten-
sity IOB. This is not surprising, because this noise comes
from a residual light transmitted through the crystal be-
tween two crossed polarizers. But the recording of the
noise hologram makes the nature of reference-beam noise

PNR different and more complicated. The experimental
dependence of PNR on the reference-beam intensity is

shown in Fig. 6 for both BT048 and BTO53. One can
see that these curves can be also approximated by a lin-
ear dependence for the intensity band that we used in
our experiments.

Signal-to-Noise Ratio
Measurements of the signal and both optical noise com-
ponents were independently carried out, as was described
in Section 4. Hence we can calculate the SNR for the
hologram reconstruction, by using either a reconstructed
beam (the usual mode) or the self-diffraction effect.
Here we present the experimental results supported by
theoretical calculations for both cases. For the usual re-
construction mode the dependence of the SNR (when only
PNR is taken into account) on the reference-to-object-beam
intensity ratio is shown in Fig. 7. The solid curve in this
figure represents the theoretical dependence [Eq. (11)
with nOB = 0] fitted to experimental results. One can

see from this figure that the maximum SNR is shifted
from the position where a = 1 toward smaller values, as
our theoretical consideration for holographic recording of
complex waves in PRC's predicts.

400

200

0
0 1 2 3 4

Reference- to-Object-Beam Intensity Ratio

Fig. 7. Dependence of the SNR on the reference- to-object-beam
intensity ratio for one-beam reconstruction of the hologram (only
the noise component that is due to the reference beam is taken
into account). Circles, experiment; solid curve, theory.

Signal-to-Noise Ratio

200

100

0
0 5 10 15 20 25

Reference- to-Object-Beam ntensity Ratio

Fig. 8. Dependence of the SNR on the reference-to-object-beam
intensity ratio for reconstruction of the hologram in a dual-beam
interferometer (both object- and reference-beam noise are
taken into account) for the BT048 (asterisks) and the BT053
samples (circles). Solid curves represent corresponding theo-
retical calculations.
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Light Intensity, mW/cm2
Fig. 9. Dependence of the hologram recording time TR on the
recording-beam light intensity for the BT048 (asterisks) and the
BT053 samples (triangles). Solid curve, theoretical calculation
for BT048; dashed curve, theoretical calculation for BT053.

strong influence of the object-beam noise PNO through the
coefficient no in Eq. (11). The object-beam noise differs
significantly from that in the case of the usual hologram
reconstruction (see Fig. 7), whose optimal conditions cor-
respond to a reference-beam intensity that is smaller
than the object one.

One can see that the BT048 sample shows a higher
SNR than does the BT053 sample. The main reason for
this difference is diffraction efficiency, since the noise pa-
rameters were found to be very similar for both samples.
But a difference in crystal thicknesses (d = 8.0 mm for
BT048 and d = 6.1 mm for BTO53) is not enough to ex-
plain a nearly 10-times difference in diffraction efficiency.
The explanation of the difference is not clear at present
and is beyond the scope of this study.

Hologram Recording Time
The intensity dependence of the hologram recording time
TR, as defined in Section 4, is presented in Fig. 9 for both
BTO48 and BTO53. The dependences are plotted on a
log-log scale for easy estimation of crystal sensitivity.
The abscissa axis in Fig. 9 corresponds to the sum of the
recording-beam intensities IRE + OB- It is quite clear
that our experimental data are well fitted by the calcu-
lated curves shown as a solid line for BT048 and as a
dashed line for BT053 samples. We assumed that TR
varies in inverse proportionality to the recording-beam
intensity:

TR(IRE + OB) = CR. (17)

In Eq. (17) CR is a constant calculated from experimental
data. One can see that the BT053 sample has a sensi-
tivity three times higher than that of BTO48. This fact
also shows a difference between the measured crystals,
but there is no explanation for this difference yet. We
can only note that the two single crystals were grown in
similar experimental conditions but with compounds sup-
plied by different firms.

6. DISCUSSION
The experimental data of Figs. 5-9, supported by
theoretical considerations, allow us to find the optimal
configuration of optical elements for a photorefractive
holographic interferometer. However, we must note that
we are always limited by the available laser power, PL,
which defines the intensity of the recording beams. The
sum of the recording-beam intensities, 'OB + IRE, defines
the hologram recording time TR, as can be seen from
Fig. 9.

With respect to the choice of T R, we recommend that it
be set as small as possible, because a longer time means
slower transmission of interferometry information and a
failure in the stability of the holographic interferometer.
Following Ref. 13 and assuming that the object is illumi-
nated by light with power PL,3, we can obtain the intensity
of the object beam in the crystal plane:

Io=PLRP I q
So 16 sOl,2(1 + q) (18)

where R is the coefficient of reflectivity of the object sur-
face (per steradian in the direction of the projection lens),
,/3 is the beam-splitter coefficient, So is the surface area
of the object, F is the f-number of the projection lens
(iF = FD, where D is lens diameter and F is the focal
length), and q is the lateral magnification coefficient of the
projection system. If the remaining part of the laser light
is used as a reference beam with total power PL(l - A),
then the intensity of this beam in the crystal plane is

PL(1-A)
q2So

For large objects the magnification coefficient,
and the final expressions for the recording time
reference-to-object-beam intensity ratio usually
rewritten as

So 16F 2 q2 CR
R PL 16 2(1 - A) + q2Rf3

16F 2 (1 -) .
Rq2 /3

(19)

q << 1,
and the
may be

(20)

(21)

Using expressions (11), (20), and (21) and substituting
the parameters of the real setup, one can choose a com-
promise between the SNR and the response time of the
interferometer.

It is easy to see from relation (20) that the larger the
object area that we want to study, the longer the hologram
recording time we will need. Thus a more sensitive crys-
tal allows one to study larger object areas with the same
laser power. The same conclusion was made by Troth
and Dainty.12 In their work one can find estimations
of the maximum object area that can be studied with a
photorefractive holographic interferometer that contains
BTO crystals. The working wavelength that they used
was 0.5145 ,um.

We studied two BTO samples with different holographic
parameters and found that BT053 is preferable for ob-
taining high-quality holographic interferograms because
of its higher sensitivity. The main reason for this result

BT048

*

BT053" 
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- e I I .I ..I ..''

*
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is the lower influence of the mechanical and thermic insta-
bilities of the interferometer when the hologram recording
time is small. But for some special applications a sample
with a higher SNR could be better, for example, if we wish
to obtain time-average interferograms of a vibrating ob-
ject that has a high vibration amplitude. With our par-
ticular interferometer, after its optimization we obtained
good-quality interferograms (with SNR = 50) of an object
of -50 cm2 area, using a BT048 sample with T

R = 25 s.

7. CONCLUSIONS

We have shown that the holographic formation in PRC's
of images with complex wave fronts is different from that
in the case of a plane wave front and should be taken into
account for optimization of the holographic setup or when
estimation of the holographic parameters is needed (infor-
mation capacity, for example). The theoretical analysis
presented here does not take into account all the pecu-
liarities of photorefractive crystals. In particular, the ef-
fects of reconstructed-beam wave-front disturbances that
are due to the nonlinearity of the holographic recording,
the dynamic hologram-enhancement effect, and the vol-
ume character of the hologram were not estimated in our
calculations. Nevertheless, any of them could change the
expressions that we obtained for the reconstructed-beam
amplitude [Eq. (5)] and intensity [Eq. (6)]. In any case, a
good fit with experimental data shows that this approach
can be used as a first approximation for calculating and
designing the optimal optical schemes of holographic sys-
tems that use PRC's and operate with complex images.

In this paper we also present an experimental approach
to finding the optimal configuration of optical elements in
a holographic interferometer with PRC's, by considering
signal-to-noise ratio as one of the important parameters.
It is shown that both terms of the optical noise (resulting
from the object and reference beams) influence the opti-
mal position and that the sensitivity of the crystal, which
defines the hologram recording time, can limit the size of
the object to be studied.
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