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Time behaviour and reflektivity of the self-pumped phase conjugation
in fiber-like BTO crystals

M. Esselbach, G. Cedilnik, A. Kiessling, V. Prokofiev†, and R. Kowarschik

Self-pumped and mutually pumped phase con-
jugation based on the fanning effect is demon-
strated in photorefractive BTO crystals with
applied electric ac fields [1,2]. We used fiber-
like crystals that enable a long interaction regi-
on and high applied electric fields.

We studied three types of phase conjugate
mirrors (PCM). The first one is the self-pumped
PCM (SPPCM, see figure 1) [3–6]. The holo-
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Fig. 1: SPPCM. The fanout is reflected at the
rear side of the crystal.

graphic gratings are written by interference of
signal wave and fanout [7]. A part of the fa-
nout is reflected at the rear side of the crystal
and acts as second pump wave for the four-wave
mixing. The second type is the external SPP-
CM (ESPPCM, see figure 2) [8,9]. The arrange-
ment is nearly the same as for the SPPCM, but
the fanout is reflected at an external concave
mirror. Higher reflectivity and faster respon-
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Fig. 2: ESPPCM. The fanout is reflected at an
external curved mirror.

se with respect to the SPPCM can be expected
with this type [9]. The third type is the mutual-
ly pumped PCM (MPPCM). Mutually pumped
phase conjugation is a principle where two inci-
dent signal waves experience phase conjugating
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reflection at the same time (see figure 3) [10].
The waves do not need to be mutually coherent.
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Fig. 3: MPPCM. Each reading pump wave nee-
ded for the phase conjugation of one signal wave
is produced by the fanning of the other signal wa-
ve. Both signal waves will be phase conjugated
at the same time.

Each signal wave interferes with its own fanout
building a grating. Parts of these gratings are
jointly used. Diffraction at these gratings leads
to phase conjugation.

The arrangement shown in figure 4a is used
to investigate the reflectivity and the temporal
behaviour of the SPPCM and the ESPPCM.
We used the unexpanded beam of a HeNe-laser
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Fig. 4: Experimental arrangements. PM are
power meters, BS are beam splitters, and M are
mirrors.

(λ= 633nm) with a diameter of 1.6mm. The
light was polarised parallel to the [111] axis of
the crystal and to the applied electric field. The
external angle between the propagation directi-
on of the signal wave and the normal of the front
face of the crystal was 4◦. Thus interaction bet-
ween the input beam and its reflections from
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Fig. 5: Investigation of the temporal behaviour and the reflectivity. (a) Build-up of the phase conjugate
reflection for ESPPCM and MPPCM. (b) Study of the long-time stability for ESPPCM and MPPCM. (c) and
(d) Build-up and long-time stability of the phase conjugate reflection for the SPPCM. The conditions for the
measurements are the same for all curves. Left axes of ordinates correspond to graphs C1 and C2 and the right
axes to C3.

the rear side as well as direct reflections to the
detector were mostly avoided. There were no
additional reflections of the input beam at the
inner sides of the crystal using this geometry.
We used a concave mirror with a focal length of
75mm in a distance of approxi-mately 150mm
to the centre of the crystal for the ESPPCM.
This warrants a nearly perfect retro-reflection
of the fanout into the region of its origin (see
figure 2).

The arrangement of the MPPCM is shown in
figure 4b. The principal geometry is the same
as described above. The two waves incident to
the crystal from opposite directions originate
from one laser but are mutually incoherent in
the crystal because of the different path lengths.
They have the same intensity and polarisation
angle.

The above mentioned types of PCM are te-
sted with regard to temporal behaviour and re-
flectivity. The buildup behaviour and the stabi-
lity of the reflectivity are of interest with respect
to applications.

Results of measurements for the ESPPCM
and the MPPCM are shown and compared in
figures 5a and 5b (two different time scales).
The measurements were done with relative low

intensities of the incident waves of 0.8mW/mm2

for the ESPPCM and 2 · 0.8mW/mm2 for the
MPPCM.

The response time τ is defined as the time
in which the reflectivity R reaches the value
(1 − 1/e) · Rmax, where Rmax is the maximum
reflectivity. The response times τ were found
to be 3.6 s for the ESPPCM and 2.3 s for the
MPPCM. In reference [9] a response time of
150 s for the SPPCM and 8 s for the ESPPCM
is reported for BaTiO3 using an intensity of
0.3mW/mm2. Reference [11] shows τ =10 s for
a SPPCM in BaTiO3, [12] τ = 10 . . . 20 s for
SPPCM and ESPPCM, and [13] τ = 15 s for
SBN (for 0.8mW/mm2). Thereon it was shown
that such PCM in BTO are comparable or even
faster than known for barium titanate and SBN.

We note that the reversal of the applied elec-
tric field leads to momentary changes in the dif-
fraction efficiency [14,15] that result in slight
changes (fluctuations) in the reflectivity. These
fluctuations were mostly filtered out in figure 5.

We realised reflectivities in the range of a few
percent (approximately 4% for the ESPPCM
and 6% for the MPPCM). With the MPPCM
higher reflectivities for one wave can be reached
by choosing a higher intensity of the second in-



cident wave. These values are far below the re-
flectivities of up to 60% found in BaTiO3 [9,12].

Figure 5b shows the long time stability of
both types of PCM. The reflectivity of the
ESPPCM shows a high stability. The fluctua-
tion are smaller than 3% after the first 100 s.
In contrast to the ESPPCM the reflectivity of
the MPPCM strongly decreases (down to 25%
of the maximum value) and shows strong fluc-
tuations as also known for barium titanate [16].
The higher stability of ESPPCM in BaTiO3 was
already demonstrated in [9,12].

Internally self-pumped phase conjugation
was found to occur. Figure 5c shows the build-
up of the phase conjugate reflection of the
SPPCM. All the measurements (graphs C1,
C2, C3) have been done under the same expe-
rimental conditions. The intensity of the inci-
dent signal wave was chosen to be 16mW/mm2.
This type of PCM did not run with an inten-
sity as low as we used for the above mentio-
ned types. The response times, which are in
the range of minutes, are much longer than for
ESPPCM and MPPCM in spite of the higher
intensity. We measured τC1=160 s, τC2=390 s,
and τC3=330 s. The maximum reflectivities are
RC1 =0.016%, RC2 =0.023%, and RC3=0.2%
and are therefore much lower than for ESPPCM
and MPPCM. The reason is that the reading
pump wave is much weaker than the signal wa-
ve because of the low reflectivity at the back
face and the geometrically unfavourable reflec-
tion (compared to the concave mirror in the
ESPPCM). The strong variation of temporal
response and reflectivity could be based on a
very strong sensibility of the phase conjugate re-
flection on minimal deviation of the experimen-
tal conditions. Figure 5d shows measurements
with respect to the long time stability. The
strong temporal variations are obvious. These
periodic or chaotic fluctuations are well known
for self-pumped phase conjugate processes as
self-organising processes [16,17]. The fluctua-
tions of the reflectivity of the SPPCM are ge-
nerally unsuitable for applications.

In conclusion, we have demonstrated the rea-
lizability of self-pumped (SPPCM), externally
self-pumped (ESPPCM), and mutually pum-
ped (MPPCM) phase conjugation in a fiber-like
BTO crystal with applied electric ac field. Mo-
derate intensities in the range of 1mW/mm2

have been used. Reflectivities up to 6% ha-
ve been reached. Best results with respect to
the stability were obtained with the ESPPCM.
The advantage of using BTO is that the crystals

are easier to grow, easier to produce with high
optical quality, and cheaper compared with for
instance BaTiO3. Fiber-like crystals of BTO
are promising candidates to realise self-pumped
phase conjugation in applications.
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Transfer or imaging of intensity and phase distributions with fiberlike
BTO crystals

M. Esselbach, G. Cedilnik, A. Kiessling, V. Prokofiev†, and R. Kowarschik

External self-pumped and mutually pumped
phase conjugate mirrors (ESPPCM and MPP-
CM) in fiber-like BTO crystals with applied
electric ac fields are studied. Experimental re-
sults characterising the the reflection of inten-
sity and phase patterns, and the quality of the
phase conjugation are presented [1,2].

The arrangement shown in figure 1 is used
to investigate the imaging properties of the ES-
PPCM. The laser beam is expanded to a dia-
meter of approximately 20mm. This expanded

Laser
ESPPCM

BS

CCD

BE
slide lens

Fig. 1: Arrangement to study the imaging qua-
lity of the ESPPCM. BS is a beam splitter and
BE a beam expander.

beam is focused by a lens with a focal length
of 200mm to the BTO crystal in such a way
that the focal point is 5mm behind the cry-
stal. A slide is placed within the expanded be-
am. The camera is placed in the same distance
from the beam splitter as the slide to ensure re-
al imaging. A symmetrical square wave voltage
of 5.0 kV and 50Hz was applied to the crystal
in all arrangements leading to an applied field
of 1.5 kV/mm.

We studied how an intensity structure is re-
flected or imaged by an ESPPCM. The results
are shown in figure 2. Picture (a) shows the
intensity distribution of the phase conjugated
wave if a expanded signal wave with spatial ho-
mogenous intensity is used. The speckle-like
structure is a common property of such PCM
based on fanning. We introduced a slide with
the picture shown in figure 2b (size approxima-
tely 2×2 cm) that acts as an amplitude object in
the signal wave. The result of lensless imaging
by phase conjugation is shown in (c). This pha-
se conjugated reflection is compared with the
reflection (no imaging) at a conventional plane
mirror (d). The quality of the resulting picture

†Väisälä Laboratory, Department of Physics,
University of Joensuu, Finland

(a) (b)

(d)(c)

Fig. 2: Imaging of intensity structures by an
ESPPCM. (a) Intensity distribution of the pc-
wave, (b) slide, (c) intensity structure imaged by
pc-reflexion, and (d) intensity structure reflected
by a conventional plane mirror.

(d) is lower because of diffraction as can be seen
at the edges (high spatial frequencies).

The imaging properties of the MPPCM were
investigated using an unexpanded laser beam as
signal wave. Figure 3 shows the intensity dis-
tribution of the reflected wave projected onto
a screen. A disadvantage of this method soon

Fig. 3: Intensity structure of the phase conjuga-
ted wave in case of an unexpanded signal beam
using a MPPCM.

becomes obvious. The intensity of the reflected
signal forms a part of a ring structure. The re-
ason is the structure of the fanout in space [3],
it forms a cone. Therefore, there are additional
gratings that are not built by the interference



of signal and fanout, but by the interference of
different parts of the fanout. This system of
gratings is read out by the fanout of the other
wave which is also cone shaped. This results in
an output signal that consists of waves that lie
on the surface of a cone and therefore build the
intensity distribution shown in figure 3. Mu-
tually pumped phase conjugation was shown for
BaTiO3 too. The coupling in this medium is ve-
ry anisotropic because of the very different coef-
ficients of the electrooptic tensor. The additio-
nal gratings are suppressed by a self-organising
process. After a certain time only gratings yiel-
ding phase conjugation exist. In BTO this is
not the case. This distortion can only be parti-
ally avoided if the signal wave is not plane but
has a phase structure, what could limit the ap-
plicability. Such rings have not been observed
with the ESPPCM.

We evaluated the quality of phase conjugati-
on [4], i.e. how accurately the phase distribu-
tion of a wave is reflected by a PCM. Because
of the better stability and reflection of intensity
structures we concentrate on the ESPPCM.

A special feature of the phase conjugation
is the so called aberration compensation [5,6],
that is often used in devices with PCM [5,7].
If a signal wave with plane wave front passes
a phase object introducing a phase distortion
then is reflected at a PCM and passes the same
distortion once more in opposite direction the
distortion is repaired [8] and the wave is plane
again [6].

Figure 4a shows a modified Michelson interfe-
rometer where one mirror is a PCM. Because of
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(a) (b)

Fig. 4: Michelson interferometer with PCM. (a)
Using the aberration compensation. (b) Entrance
interferometer. PW is a plane wave, BS are beam
splitters, and m are mirrors.

the above mentioned feature the phase distorti-
on introduced by a lens into the interferometer
arm with PCM should be corrected. We sent a
plane wave to the interferometer and got par-
allel fringes (see figure 5a) as the interference
pattern of two plane waves at the exit of the
interferometer. This means that the phase dis-
tortion was corrected and therefore the phase
conjugation works fine.

The spatial phase distribution of a phase con-

(a) (b)

Fig. 5: Measurements with the Michelson inter-
ferometer with PCM. (a) Interferogram of a plane
wave demonstrating the aberration compensation
using a PCM. (b) Interferogram of a spherical wa-
ve demonstrating the possibilities of an entrance
interferometer.

jugated wave was measured and compared with
the phase distribution of the original wave in
order to study the quality of the phase conju-
gation quantitatively.

For that purpose we used the so-called SWIM
interferometer (signal wave intensity measuring
interferometer [9]) that is shown in figure 6. It

BS
PCW

REF

M

M

BS

CCD

Fig. 6: SWIM interferometer. PCW is the phase
conjugated wave and REF is the plane reference
wave.

enables the simultaneous recording of interfe-
rence pattern and intensity distribution of the
wave under consideration on separate areas of
a CCD camera within one shot. This is an ad-
vantage if the intensity of the wave to be mea-
sured is not homogeneous what is the case for
the waves that are phase conjugated using the
PCM presented in this paper (see figure 2a).
Using other interferometers one has to deter-
mine the unknown intensity distribution with
a second measurement or to use Fourier filte-
ring with its limitations. The device is a com-
pact module that can directly be mounted on a
standard CCD camera.

The spatial phase distribution of the pha-



se conjugated wave of a plane signal wave was
measured. Figure 7a shows the phase along one
arbitrary line within the two-dimensional mea-
sured phase distribution. Comparison of this
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Fig. 7: Phase scan of the phase conjugated wave
(a) and a plane wave (b). Steps at ∆φ = n · 180◦
are due to the singularities of the arccos-function.
The phase-speckles are about 2π/15.

result to the result of the direct measurement
of the plane signal wave (figure 7b) demonstra-
tes that the phase conjugated wave is plane too.
The quality of the phase conjugation is deter-
mined by a phase noise in the range of 2π/15
that is added to the signal wave by the process
of phase conjugation.

Another feature of an interferometer with
PCM is that one can directly measure the pha-
se distribution of an input wave with double
sensitivity (entrance interferometer [8,11]). The
arrangement shown in figure 4b is used to de-
monstrate the applicability of the ESPPCM for
this purpose.

We used this interferometer in order to mea-
sure the spherical wave that was produced by
introducing a lens into the path of the plane si-
gnal wave. Figure 5b shows the interferogram
recorded by the CCD camera. The concentric
circles, which are not seen with a conventional
interferometer, demonstrate that this interfero-
meter and therefore the ESPPCM works.

We have demonstrated the transfer of in-
tensity and phase patterns by ESPPCM and
MPPCM in fiber-like BTO crystals with app-
lied electric ac field. The ESPPCM shows the
best imaging properties for intensity structures.
The quality of phase conjugation was tested. A
phase noise of only 2π/15 was measured for the
phase conjugate reflection with the ESPPCM.
Fiber-like crystals of BTO are promising candi-
dates to realise self-pumped phase conjugation

in applications.
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Applying electric fields to Sillenite crystals for two-wave mixing

M. Esselbach and G. Cedilnik

Using the band transport model and the Kuk-
htarev equations it is possible to calculate the
space charge field Esc that builds up in a photo-
refractive medium. In order to allow to find an
analytic solution for the steady state a number
of limiting assumptions and the validity of ap-
proximations are necessary. That are in detail:

• small modulation depth of the writing in-
tensity structure (m � 1)

• a charge transport length that is small
compared to the grating period (lCT � Λ)

• only one type of charge carriers
• only one donor and one acceptor level
• neglectable thermal excitation
• proportionality between rate of excitation

and intensity
• occupied acceptor density much smaller

then donor density N−
A � ND

• small number of exited donors compared to
their total number (N+

D � ND), i.e. small
number of free charge carriers

• harmonic shape of the intensity distributi-
on and of all distributions following from it
(e.g. ρsc and Esc) [1,2]

The solution for the stationary amplitude of the
modulated space charge field E1 is [1–3]

E1 = m
iEd

1 + Ed
Eq

 1 + i
(

E0
Ed

)
1 + i

(
E0

Ed+Eq

)
 , (1)

with Ed = K kB T
q and Eq = q NA

Kε , where q is the
unit charge, K the absolute value of the gra-
ting vector, and ε the dielectric constant. Ed is
the so-called diffusion field. Eq is the saturati-
on field, i.e. it is the maximum field for a given
acceptor density NA. E0 is an electric field that
is externally applied to the photorefractive cry-
stal.

The term ahead of the bracket on the right si-
de of equation (1) is the amplitude of the space
charge field that builds up in case no external
field is applied (E0 =0). The term in brackets
represents a scaling factor which describes the
influence of an external electric field. The ab-
solute value of this factor in dependence on the
strength of the external field is shown in fig. 1
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Fig. 1: Absolute value of the scaling factor ac-
cording to eq. (1) as a function of the applied DC
field E0 for various values of the grating period.
T =293K, NA=0.5 · 1021 m−3, εrel=56.

for certain values of the grating period Λ. A set
of material parameters for a typical BSO crystal
is used.

It is possible to increase the amplitude of the
modulated space charge field by applying an ex-
ternal electric DC field and with that to increase
the interaction of the interfering waves. On the
other hand such a DC field leads to a transi-
tion from the pure diffusion to the drift case,
what means that drift in the electric field is the
dominating charge transport process. The de-
viation of the phase shift φ between the gratings
of intensity and refractive index from the value
π/2,that is caused therefore, results in a decre-
ase of the energy coupling between the waves.

This can be avoided by using AC fields with
a period that is much shorter than the photore-
fractive response time. In this case there is no
preferred direction of charge carrier movement
and that way one has in principal the same si-
tuation as with diffusion only. Especially fields
of square wave form are suited as shown in [4].
The space charge field is then given by [5]

�(E1) = |E1| = m
E2

0 Eq

E2
0 + EMEq

, (2)

where EM = (Kµτe)−1 (τe lifetime of a char-
ge carrier in the conduction band, µ mobility).
Neglecting absorption, the gain G is

G =
1 +mv

1 +mv e
− π n3

0
reff

λ cos(θ/2)
|E1|L

, (3)
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where mv is the intensity ratio of the two waves
and L is the interaction length. The course of
the function G = f(E0) is shown in fig. 2. There
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Fig. 2: Calculated gain as a function of the ap-
plied AC field E0 for various values of µτe (in
10−12 m2/V). T = 293K, NA = 7 · 1022 m−3,
εrel = 47, mv = 3, reff = 5.17 · 10−12 m/V, and
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is an increase and a saturation for higher fields.
Fig. 3 shows results of measurements of the

dependence G= f(E0) for applied electric AC
fields for two different BTO samples. Very
strong fields are only possible for the more nar-
row one in fig. 3b. The results in fig. 3a meet the
expectations, e.g. an increase of the interaction
efficiency with increasing electric field. A curve
according to eq. (3) fits well to the experimetal
data (solid line in the figure).

The maxima in fig. 3b appear for fields bet-
ween 3 kV/mm and 3.5 kV/mm [6]. The initial
increase in direction of stronger electric fields
can be explained as said but not the decrea-
se after passing the maximum, at least only in
attempt [7].

A possible explanation is given by the band
transport model of Kukhtarev. One of the
above mentioned conditions is that the charge
transport length is assumed to be small with

respect to the grating period (lCT � Λ). This
ensures that the excited electrones recombine
preferably in dark regions. Under the influence
of an external field, the charge carriers cover on
average a distance of lD = µτeE0. If that condi-
tion is not longer fulfilled with strong fields E0,
the probability of a recombination in bright re-
gions increases [8]. This yields a decrease of
the modulation of the charge density and of the
space charge field and therefore a decrease of
the gain.

Another aspect is that the condition THV �
τg (THV period of the voltage supply, τg grating
buildup time) can be not well fulfilled for a finite
frequency of the AC field. This would lead to
φ �= π/2 and therefore to a decrease of the gain
[8].

Applying electric fields for TWM in Silleni-
tes enables the interaction of the waves to be
intensified.
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Determination of material parameters with TWM in photorefractive
crystals

M. Esselbach, G. Cedilnik, A. Kiessling, E. Nippolainen†, and R. Kowarschik

Studies of the two-wave mixing in photorefrac-
tive crystals, here especially Sillenites, enable
to determine certain material parameters and
to get information about their band structure
and occupancy.

The influence of the period Λ of the index
grating on the gain G is investigated. The am-
plitude of the space charge field E1 that builds
up within the crystal by the interaction of two
waves is a function of three characteristic quan-
tities which have the dimension of an electric
field and that are called diffusion field (Ed), sa-
turation field (Eq), and drift field (Eµ). They
are defined by

Ed =
K kB T

q
, Eq =

q NA

Kε
, Eµ = (Kµτe)−1 ,

where kB is the Boltzmann constant, T the
temperature, q the unit charge, NA the accep-
tor density, ε the dielectric constant, τe the life-
time of a charge carrier in the conduction band,
and µ the mobility. They are functions of the
absolute value of the grating vector K = | �K|
and thus functions of the grating period Λ. Ne-
glecting absorption, the gain G(K) is given by

G(K) =
1 +mv

1 +mv e
− π n3

0 reff
λ cos(θ/2)

|E1(K)|L
,

where mv is the intensity ratio of the two waves
and L is the interaction length within the cry-
stal. This function has a maximum at a position
that depends on the acceptor density NA. The-
refore, it is possible to determine NA by measu-
ring the angle ϑ between the interacting beams,
where maximal gain appears.

We used fiberlike BTO and BSO crystals for
our experiments, where it is possible to apply
strong electric AC fields. An effect called gi-
ant momentary readout [1–4] that appears using
this crystals and yields short gain peaks makes
it necessary to decide between mean and peak
gain and to measure them for a series of angles.

Results of measurement are shown in fig. 1.
The gain maximum appears at Λ = 6.7µm
( =̂ 150 lines/mm =̂ ϑ=5.4◦) for the peaks and

†Väisälä Laboratory, Department of Physics,
University of Joensuu, Finland
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Fig. 1: TWM gain as a function of the grating
period. Dashed lines represent functions that are
fitted according to G = G(Λ)). Is =1mW/mm2,
Ip =14mW/mm2, U0 =2kV, BTO 1.85× 3.84×
8.1mm.

at Λ = 7.8µm ( =̂ 128 lines/mm) for the mean
gain level. For BSO we found the maximum at
Λ = 9.1µm [5].

It is possible to fit functions according to G =
f(Λ, NA) to the measured curves (see solid lines
in fig. 1) using NA as a variable parameter and
that way to determine it. We get NA = 5 . . . 7·
1022 m−3, what is in the range that is given in
the literatur [6,7]. For BSO we measured NA =
4·1022 m−3.

All these measurements require the scanning
of a range of angles in order to find the ma-
ximum TWM efficiency. Another method that
uses the fanning effect makes this unnecessary.
Fanning appears with these fiberlike Sillenite
crystals because high gain can be reached app-
lying strong AC fields. By this multi-two-wave
mixing process the initially in all directions pro-
pagating scattered light is asymmetrically am-
plified by the signal wave according to the de-
pendence G = G(Λ). Because the scattering at
crystal inhomogeneities provides a large angle
spectrum one can record the curve of amplifica-
tion as a function of Λ within one measurement
by a line scan of a CCD camera picture.

Fig. 2 shows the experimental arrangement
used to study the intensity distribution of the
fanout and with this the gain distribution along



the x-axis. With this setup no mechanical mo-
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Fig. 2: Experimental arrangement for the mea-
surement of G=f(x)=f(Λ).

ving and adjusting as for normal TWM angle
scanning is necessary.

Fig. 3 shows the intensity distribution of the
fanout along the x-axis. Quasi steady state
means that we worked with a higher frequen-
cy fHV of the voltage supply, where the short
gain peaks mentioned before are not of import-
ance. There is a maximum of the gain, e.g. a
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Fig. 3: Intensity distribution of the fa-
nout for an angle range in the quasi stea-
dy state. I0 =10mW/mm2, fHV =200Hz,
E0 =2.8 kV/mm, BTO 1×7×20mm. The das-
hed line is a guide to the eye.

concentration of the fanout [8], at ϑ≈7◦, what
deviates from the value ϑ = 5.4◦ that was de-
termined by simple TWM. An explaination is
given by the fact that there is not only an ener-
gy transfer from the signal wave to a certain
fanout wave but from all other fanout waves
to this wave too. One would have to integrate
over an angle range what would yield to a real
optimum angle ϑ of less then 7◦. For an app-
lication of this method this would have to be
exactly studied and calculated.

In principle the described methods are suited
to determine the number density NA.
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Barium-Calcium-Titanate — A high gain photorefractive medium

M. Esselbach, E. Weidner, A. Kiessling, G. Cedilnik, and R. Kowarschik

Barium-Calcium-Titanat (BCT) is a relatively
new and until now little investigated ferroelec-
tric photorefractive storage medium.

The crystal has tetragonal structure at room
temperature and is optically uniaxial. The ma-
nufacturing of BCT is easier than of Bariumti-
tanate (BT) [1]. The nominally undoped cry-
stals with the formula Ba 0,77Ca 0,23TiO3 are
grown from a congruently melting compositi-
on of Bariumtitanate und Calciumtitanate [2,3],
where the possible speed of crystal pulling is
many times (about 15×) over that for BT. The
BCT crystals can be considerable bigger [4]
what is especially interesting for the application
in the optical data storage. We used a crystal
with dimensions 1×1×1 cm for our measure-
ments.

The single domain structur is reached by po-
ling in an external electric DC field near the
phase transition temperatur of 98 ◦C [2]. Be-
sides many common properties [5], unlike BT
there is no further phase transition at a lower
temperatur near 0 ◦C [1] that would change the
crystal structure and therefore make the medi-
um unsuited for optical data storage [6]. The
usable electrooptic coefficients are partially lar-
ger than for BT [6,7]. Because of all these pro-
perties BCT seems to be a promising candidate
for optical information storage [8].

Unlike BT there is considerable two-wave mi-
xing (TWM) also for ordinary polarised light,
what is because of the values of the components
of the electrooptic Tensor [8]. Fig. 1 shows the
temporal course of the amplification V of the
signal wave Is for ordinary and extraordinary
polarised light. V is defined by V = Isout/Isin,
where Isin and Isout are the intensities of the
signal wave before and after passing the crystal
with the pump wave on.

The response for extraordinary polarisation
is remarkably slower than for ordinary polari-
sation. The reason is the initial energy loss of
the pump wave to the advantage of the fanning.

The response times are with 5 s and 10 s in
the same range as in reference [4] determined
for an iron doped crystal. Therefore one can
conclude that such a doping does not strongly
influence the response times.

Fig. 2 shows the amplification of the signal
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Fig. 1: Temporal course of the amplification
by TWM in BCT for extraordinary and ordi-
nary polarised light. Is = 1µW/mm2 and Ip =
10mW/mm2, angle ϑ between signal and pump
wave 45◦.

wave in dependence on the intensity ratio mv of
pump and signal wave. Two series are measured
in order to demonstrate the reproducibility of
the measurement.

It appears that especially in the small signal
range (mv
 1) high amplifications are reached
(up to V = 68000). This dependence can be
well described by [9]

G =
Is(L)
Is(0)

=
1 +mv

1 +mv e−γL
e−υL , (1)

where L is the length of the interaction area,
and υ is the absorption constant. Curves ac-
cording to this equation are shown in fig. 2 and
fit well to the measured values. The exponenti-
al gain factor γ (also called coupling constant)
could be determined to γ= 50 . . . 55 cm−1. The
energy coupling in BCT is far stronger as in BT
[10]. Therefore, BCT turns out to be a high ef-
ficient medium for optical signal amplification
[8].

High values of mv (mv 
 1) mean a small
visibility m of the intensity distribution within
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the medium and therefore (because of their pro-
portionality) a small refractive index modula-
tion n1. Because of the strong coupling, the
visibility m within the interaction region for
large mv is increased to values that enable a
considerable modulation of the refractive index
that is usable for information processing. In
experiments the writing of hologramms could
be demonstrated for intensity ratios as high as
mv = 108 and m = 10−4. A limitation was
given only by the available detector. Because
of this, it is necessary to pay increased atten-
tion to coherent scattered light which is often
unavoidable in an experimental arrangement.

Barium-Calcium-Titanate is a promising can-
didate for optical information processing and
information storage.
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Self-enhanced diffraction in Barium-Calcium-Titanate

M. Esselbach, A. Kiessling, G. Cedilnik, and R. Kowarschik

If a hologram is written into a photorefractive
medium and read out in the following by the
pump wave alone, it will be erased. In a me-
dium such as BCT in which high amplification
can be realised with TWM, an effect can appe-
ar that is called self-enhanced diffraction (SED,
[1]).
Figure 1 shows the principle. The pump wa-

P
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S'

grating(a)

P

P'

S'

grating kept/enhanced

grating erased(b)

Fig. 1: Self-enhanced diffraction (schematic).
(a) Creation of two waves by diffarction. (b)
Unavoidable erasure.

ve is diffracted at the refractive index grating
that was created by the interference of signal
and pump wave within the interaction region
before. The result is a pair of waves, the re-
constructed signal wave S′ and the transmitted
part of the pump wave P′ (fig. 1a). These waves
interfere and create a grating that is an exact
phase correct copy of the original one. The ho-
logram is rebuilt that way (fig. 1b) although the
read out causes an erasing of the grating.

In dependence on the initial modulation n1 of
the grating in can be kept, what means that it
is stable against erasure during read out, or the-
re can even be an enhancement of the grating
modulation.

This effect can be used in order to refresh
badly preserved or even partially erased holo-
grams [1]. Within a periodically recurring pro-

cess the hologram is alternating read from both
sides what causes a gradual enhancement of the
modulation depth n1. Using Barium-Calcium-
Titanate (BCT) this technique can be applied
with cw-lasers instead of pulsed laser as in [1]
because low intensities are sufficient.

The hologram can not be kept for any length
of time. Fig. 1b shows why. The grating is only
rewritten at locations where S′ exists. Becau-
se this wave is created by diffraction of P, a
progressive erasure of the grating appears from
the propagation direction of the initially inci-
dent signal wave. Therefore, SED can reach the
enhancement of n1 only at the expense of the
thickness of the grating. An optimum with re-
spect to the diffraction efficiency can be found.

The SED can be applied advantageously if
the information that is to store in form of a ho-
logram is available only for a short time periode
[2] that is not long enough to reach the satura-
tion level of the refractive index distribution.
A grating with low modulation (seed grating)
would exist within the medium which could be
enhanced by SED like by a developing process.

The result of such an experiment is shown in
figure 2. The grating is written for only 0.2 s,
what is much shorter than the response time of
the medium, and then read by the pump wave
only. The intensity of the created wave incre-
ases within 20 s up to a value many times hig-
her than immediately after the write process.
Therefore, one can conclude that the diffracti-
on efficiency and with this the refractive index
modulation n1 is increased. As expected, the
decrease of the thickness of the grating leads to
a decreasing diffraction efficiency after reaching
its maximum and finally to a complete erasure
of the hologram.

The erasure of gratings in BCT by white light
was investigated. A hologram is written by two
waves interfering within the medium. Then, the
crystal is homogeneously illuminated by white
light. In order to investigate the response of the
hologram, it is read out by the former pump
wave. The intensity of the wave that is created
is measured.

Results are shown in figure 3. Once, the
pump wave is switched on only for short time
periods, so that the grating is nearly not influ-
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Fig. 3: Temporal course of the intensity of the read out wave during erasure with white light (a) without SED
and (b) with SED. Ip=Is=Iwhite=10mW/mm2.

enced by the reading (fig. 3a). The other time,
the hologram is read continuously so that the
SED can work. In the first case an exponential
decrease appears as was to be expected. An ex-
ponential function which was fitted to the data
was drawn in figure 3a. The time for erasure is
in the range of 30 s for this intensities. In the
second case the SED leads to a rewriting of the
grating and to a higher stability against erasu-
re. The erasure time is therefore in the range
of 1 h.

The effect of self-enhanced diffraction can be
used in order to extend the storage and read
times of a hologram, to enhance its refractive
index modulation, and to reach a higher stabi-
lity against erasure by white light.
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Multiplexing using self-enhanced diffraction

M. Esselbach, A. Kiessling, G. Cedilnik, and R. Kowarschik

A technique that allows to store many holo-
grams within a medium (in this case a photo-
refractive crystal) and enables them to be read
independently is called multiplexing. One of the
best known methods is the angle multiplexing.
There the holograms are written with different
angles between signal wave and the reference
waves (fig. 1). The separation during reading

� � � �
1

2
3

4

photorefractive
crystal

signal wave

reference waves

Fig. 1: Angle multiplexing (schematic). θ1,2,3,4

are the different angles between the signal wave
and the reference waves.

is possible by the necessity to fulfil the Bragg
condition (thick gratings).

It is important to note that, using this me-
thod, the diffraction efficiency for each holo-
gram is inversely proportional to the square of
the total number of holograms which have to be
stored [1–3]. A system for optical information
processing always needs a minimum intensity
(because of the limited sensitivity of media and
sensors) and the intensity of the reading wave
(reference wave) can not be increased unlimi-
ted (destruction limit). Therefore, the maxi-
mal number of holograms is possibly limited by
the above mentioned decrease of the diffraction
efficiency.

The application of Barium-Calcium-Titanate
(BCT) crystals which enables strong interac-
tion of waves that leads to the so-called self-
enhanced diffraction (SED) and the possibility
to write gratings with a low modulation of the
intensity distribution could be a solution.

Figure 2 shows the result of an appropriate
experiment. Hologram 1 is written with the an-
gle θ1 between signal and reference wave. After
that, a second hologram is written under the
angle θ2. Then, the hologram 1 is read under
the angle θ1. In the first moment the diffraction
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Fig. 2: Angle multiplexing in BCT using SED.
Intensity of the wave that is created by reading
the appropriate hologram as a function of time.
Ireference = Isignal = 10mW/mm2.

efficiency at this hologram is very low, because
there is only a weakly modulated seed grating
[4], and therefore only a low intensity of the
reconstructed wave is detectable. But in the
following time the modulation of the hologram
and with this its diffraction efficiency is increa-
sed by the SED [4].

Our experiment is limited to the multiplexing
of only two holograms for better clarity. If mo-
re holograms are stored and therefore the dif-
fraction efficiency of each hologram decreases,
that hologram which is to be read will be ampli-
fied (higher refractive index modulation) by the
read process itself. The stored information can
be handled, that means the reconstructed wave
has enough intensity to be practically used.
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Reflections on information storage with optical and other methods

M. Esselbach

One of the main wishes of people which work
in the field of information processing is the rea-
lisation of an optical computer. This is a device
that can manage all the tasks of a computer as
information input, processing, output and sto-
rage on a purely optical way. The initial eupho-
ria, with which this goal was pursued, a little
abated when it became clear that though the
realizability of many of the optical components
could be shown, the practical realisation of an
working system would still require a great deal
of expenditure of research. In addition, optical
information processing systems have to compe-
te with established and rapidly developing elec-
tronic systems. Their theoretical limits of per-
formance are indeed much higher.

Therefore, it seems to be appropriate to de-
velop pure optical components for certain tasks,
for which the optics is destined. This would be
above all any pre-processing of information for
instance with special filters [1,2] and the storage
of information [3–5].

Optical storage media as the Compact Disk
are common today and the computer technique
is unthinkable without them in these times. Ne-
vertheless, its storage capacity still can be in-
creased but it is limited by the two-dimensional
storage principle. Extensive studies of possibi-
lities for increasing the storage capacities are
documented in the literature, where often me-
thods are used in a modified form that are
usually applied for the high resolution analysis
of surfaces.

Non-optical techniques for surface manipu-
lation on atomic level using scanning probe
microscopy (SPM), atomic force microscopy
(AFM) and scanning tunnel microscopy (STM)
[6] are worth mentioning. SPM enables re-
moving and depositing of single atoms or a
nanometer-scale cluster with field evaporation
and micro-scratch deformation, and also to car-
ry a single atom using the Van der Waals for-
ce. AFM and STM enable the placement of
single atoms (namely gold because of the high
chemical resistance) on a surface made from si-
licon dioxide. Well known are the words IBM
and HITACHI [6] written with a number of gold
atoms (or small clusters) as a demonstration
of the realizability and the capability of the

method. A lateral resolution of approximate-
ly 80 nm could be reached in their experiments,
but the positioning of single atoms could be
shown.

Electron beam lithography also enables high-
resolution structuring of surfaces. Electron be-
am poling of polymer layers [7] could be a suited
technology together with second harmonic ge-
neration (SHG) or Fourier-transform infrared
spectroscopy as methods for an optical reading
of the stored information.

Assuming an atom diameter in the range of
1 Å and the presence or absence of an atom at
a certain position on the surface as a possibility
to store one Bit of information a storage den-
sity of 1016 Bit/cm2 would be imaginable theo-
retically applying atomic storage. If we ignore
all the technical difficulties, that let these me-
thods seem to be fiction from today’s point of
view, and assume a 1000 fold parallel writing
and reading of the information with a frequency
of 1MHz, more than 100 days would be neces-
sary to write all the 1 cm2 memory.

This shows a principal handicap of all serial
methods for information storage purposes. The
speed of writing and retrieval is much to low for
amounts of data that are to be handled already
today.

An optical technique for structuring a sur-
face with a resolution in the range of some na-
nometers is given by the near-field microsco-
py [6]. This method uses the evanescent wa-
ve at the end of a waveguide with a diame-
ter smaller than the wavelength. That way,
the resolution limitation of usual optical free-
space propagation systems is evaded. The wri-
ting of information could be optomagnetic using
the Faraday effect to read the information [6],
Surface-enhanced Raman optical data storage
(SERODS, [8]) could be used too. When using
these methods one has of course to accept their
scanning and therefore serial character with the
disadvantage mentioned before.

The main advantage of conventional optical
information processing in comparison with usu-
al electronic and the above mentioned systems
is the inherent parallelism. That means, the
information to be handled exists in form of
two-dimensional intensity or phase distributi-



ons (pages, images). For usual optical systems
a lateral resolution limitation in the range of
the wavelength has to be taken into conside-
ration. This disadvantage can be compensated
with using three-dimensional media in combina-
tion with holographic storage [3,9]. The holo-
graphy enables multiplexing techniques. So the
amount of information within each image (each
unit of information) is limited by the limited
resolution, but many holograms can be written
within one volume of the storage medium wi-
thout influencing each other. The advantage of
parallelism and of the high speed with which
data can be handled is kept, because such sto-
res enable page oriented writing and reading of
information with random access.

Optical storage systems can for instance be
designed as associative memories to make a pre-
processing possible. Photorefractive media as
real-time media seem to be especially suited for
this purpose, because they enable writing, rea-
ding, erasing and therefore updating of infor-
mation.

Multiplexing techniques enable an enormous
increase of the storage density and are therefore
an especially important topic in research. Some
practical realisations are listed and described in
the following.

• Bragg multiplexing. The separation of the
holograms is reached by writing and reading
with various wavelengths [10,11] and/or va-
rious angles between signal and reference wa-
ve [10,12,13] and the necessity to fulfil the
Bragg condition.

• Electric field multiplexing, using the control-
lable wavelength change within the medium
by means of the electrooptic effect and an
externally applied electric field with various
strengths [14].

• Shift multiplexing, spherical or at least non-
plane reference wave and lateral shift of the
medium between the recording processes of
two holograms [15–18].

• Spatial multiplexing, holograms are recorded
in sub-volumes [19].

• Peristrophic multiplexing, rotation of the sto-
rage medium around the bisector of the angle
between signal and reference wave [20,21].

• Phase-coding, using a bundle of reference wa-
ves with defined phase differences to each
other (usually π/2) [22,23]. The code system
for accessing pages (certain holograms) is gi-
ven by the order of reference waves with pha-

se differences of 0 or π/2 in that way that all
other holograms read with the bundle of wa-
ves add to zero by interference and only the
one that is accessed does not.

• Spectral hole burning, narrow-band control-
ling of the absorption [24], enables highgrade
multiplexing but the experimental expendi-
ture is high too (tuneable lasers, cooling down
to ≈ 4K).

• Fractal multiplexing, angle change of the refe-
rence wave each time between write and read
processes [19] (Bragg mismatch).

Some of these methods can be combined, what
greatly increases the number of independently
recordable holograms per crystal [25].

Three-dimensional holographic storage me-
dia are far superior to conventional two-
dimensional media (CD, DVD, magnetoopti-
cal memory) because of their volume properties.
This is also true if techniques as the near field
optics are included. There is a series of esti-
mations about the reachable storage density in
3D media in the literature [26] that span some
orders of magnitude. One of the surely best-
founded is 2 ·1015 Bit/cm3 [19] for binary data
and a wavelength of 500 nm. This approximate-
ly means the storage of 250 Bits within a cube
with edges as long as the wavelength. Using in-
tensity coding (grey values) a further increase
by a factor of 2 . . . 5 [19] is possible in depen-
dence on the signal-to-noise ratio of the system.
One single data page could have a data density
up to 107 Bit/cm2.

In conclusion, the holographic optical data
storage is still in its infancy but the theoretical
possibilities are enormous and the research in
this direction is promising [27].
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in F. Agulló-López (Editor), Insulating ma-
terials for optoelectronics: New developments,
World Scientific, Singapore (1995)

[20] E. Chuang, D. Psaltis, Appl. Opt. 36, 8445
(1997)

[21] K. Curtis, A. Pu, D. Psaltis, Opt. Lett. 19,
993 (1994)

[22] C. Denz, G. Pauliat, G. Roosen, T. Tschudi,
Opt. Comm. 85, 171 (1991)

[23] C. Denz, G. Pauliat, G. Roosen, T. Tschudi,
Appl. Opt. 31, 5700 (1992)

[24] E.S. Maniloff, S.B. Altner, S. Bernet, F.R.
Graf, A. Renn, U.P. Wild, Appl. Opt. 34,
4140 (1995)

[25] D. Psaltis, D.G. Stinson, G.S. Kino, Optical
data storage: Three perspectives, T.M. Milster
(Editor), OSA Optics & Photonics News, 35
(November 1997)

[26] G.W. Burr, W. Chou, M.A. Neifeld, H. Coufal,
J.A. Hoffnagel, C.M. Jefferson, Appl. Opt. 37,
5431 (1998)

[27] M. Esselbach, Optische Speicherung und Ver-
arbeitung von Information mit photorefraktiven
Medien, Dissertation, Jena (1999)



Non-continuous resonator for dynamic optical storage

M. Esselbach, G. Cedilnik, A. Kiessling

Because of the real-time properties of photore-
fractive media, which are suited and necessary
for the realisation of write-read optical memo-
ries, the stored information is erased by reading
as well as by updating of information. Possibi-
lities to take remedial measure are to work with
extreme low intensities for reading [1], what
is no principal solution because it only slows
down the erase process, or to use fixing tech-
niques. Extensive descriptions of such methods
that of course limit the possibilities for upda-
ting and with this principally the use of optical-
holographic systems for reversible information
storage and processing are given in reference
[2].

Another method for keeping the stored infor-
mation is the utilisation of dynamic or refresh
techniques, which are extensively studied in re-
ferences [3–6]. Using a method called OSIRIS
[3], the information stored in a photorefracti-
ve crystal is incessantly read out, transmitted
into an auxiliary memory and from this back
into the crystal again and in this way refreshed.
Phase-correct back-coupling by means of nonli-
near optical phase conjugation is used. Figure 1
shows the principle. How it works is described

output

info

S

S'

S''

P1

P2

X2

X1

P'2

P'1

Fig. 1: Memory setup, X1,2 are BT crystals.

in references [3–5].
The gratings in crystal X1 are written first

by the waves S and P1 and after one cycle by
P ′

1 and S′′. Both gratings have an identical sha-
pe because phase conjugation is used. Because
the wave S′′ is created by reading crystal X2 by
P ′

2 there can be a phase shift between original
and refreshed grating that depends on the pha-
se difference between the waves P ′

1 and P ′
2. The

same applies to the gratings in crystal X2 whe-
re the phase shift between one grating and the
grating that is written after passing the next

cycle depends on the phase difference between
the waves P1 and P2. So, there is an unavoi-
dable gradual phase shift always between one
grating and the following. This would lead to
a superposition of shifted gratings inside each
crystal and therefore after a certain number of
cycles the gratings will be levelled and the in-
formation erased. This is an inherent problem
to all such continuously working systems [3,6].
In order to avoid this we introduce a procedure
within each cycle (see figure 2) where the gra-
ting that has been read (and therefore already
has been erased in some degree) is erased com-
pletely by white light. That way, each time only

time

read X1

erasure

� n (X )1

� n (X )2

read X2

S'

S''

Fig. 2: Course of the refresh cycles. ∆n is the
amplitude of the refractive index modulation.

one grating exists within one crystal and gradu-
al erasure is avoided [3]. That way a unlimited
storage could be reached of course under accep-
tance of a higher experimental expenditure.
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in F. Agulló-López (Editor), Insulating ma-
terials for optoelectronics: New developments,
World Scientific, Singapore (1995)

[3] M. Esselbach, G. Cedilnik, A. Kiessling, R. Ko-
warschik, J. Opt. A: Pure Appl. Opt. 1, 21
(1999)

[4] M. Esselbach, G. Cedilnik, A. Kiessling, R. Ko-
warschik, J. Mod. Opt. 46, 1977 (1999)

[5] M. Esselbach, G. Cedilnik, A. Kiessling, R. Ko-
warschik, Optics & Laser Technology, accepted
for publication (1999)

[6] T. Dellwig, C. Denz, T. Rauch, T. Tschudi,
Opt. Lett. 119, 333 (1995)



New findings about transient fanning in fiberlike Sillenites

M. Esselbach, G. Cedilnik, and A. Kiessling

Fanning, an asymmetrically amplified scatte-
ring, appears with fiberlike Sillenite crystals be-
cause high gain can be reached applying strong
AC fields [1]. The experimental arrangement
used for our studies is shown in the left part of
figure 1. Fanning builds up after switching on

HeNe-laser

voltage

fanout
detector

signal

fanout

reflected
fanout

xx

z y

Fig. 1: Experimental arrangement (left) and
the intensity distribution observable on a screen
(right, schematically).

the externally applied voltage and can be obser-
ved on a screen (fig. 1 right side). This process
enables the coupling of 90% of the signal wave
power into the fanout.

Because of the so-called Giant Momentary
Readout [2] this effect is especially strong in the
moment when the external AC voltage changes
its sign. Then transient fanning and a so-called
fanning wave occur [3]. At first the maximum
of the fanout is within a small angle range near
the signal wave and then moves along the x-axis
to larger angles, according to higher spatial fre-
quencies of the holographic gratings. The result
is a spatially and temporally varying intensity
structure. Figure 2 shows a series of photogra-
phs of the fanout on a screen. Using a point

time

x

Fig. 2: Photographs of the fanning (contrast in-
verse).

detector at a certain position on the x-axis far
from the crystal (fig. 1) and measuring the in-
tensity in dependence on time one observes a
short time increase followed by a maximum (af-

ter the time τp) and a decrease when the fanning
wave passes the detector. Transient fanning is
based on the dependence of the response time of
the photorefractive effect on the grating period
Λ according [4,5]

τp =
εhc γrNA

λυβI0µq
× (1)

×
(
1 + µqEd

γrεEq

)2
+
(

µq
γrεEq

)
E2

0(
1 + µqEd

γrεEq

)(
1 + Ed

Eq

)
+
(

µq
γrεE2

q

)
E2

0

where h is the Planck constant, c the speed
of light, µ the mobility of the charge carriers, υ
the absorption coefficient, β the quantum effi-
ciency of the photo-excitation, γr the recombi-
nation rate, NA the acceptor density, λ the wave
length, q the unit charge, Ed the diffusion field,
Eq the saturation field, and E0 the externally
applied electric field.

It turns out that the response is faster for lar-
ger Λ and therefore smaller angles ϑ between
the interacting waves. At first these parts of
the fanning, that is initially propagating in all
directions, are amplified by the signal wave (on-
ly one wave falls onto the crystal) which have
small angles to this wave, and only in the fol-
lowing time more and more energy is coupled
into larger angle ranges.

Figure 3 shows the the result of a measure-
ment of the dependence of τp on the angle ϑ.
The curve is calculated according to equation

t
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p

angle � (°)
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Fig. 3: Dependence of the response time of the
fanning on the angle with respect to the signal
wave.

(1). NA and µ/γr are used as variable parame-
ters to fit the curve to the measured values, be-
cause they are known to vary strongly between



different crystals [5]. The good correspondence
is obvious. For more detailed studies the deple-
tion of the signal wave and the energy coupling
of the fanout waves between each other had to
be considered. Equation (1) was originally de-
rived only for two-wave mixing with undepleted
pump wave. Now, fanning is a multi-two-wave
mixing process.

Nevertheless, this equation seems to be suited
for a description within a large angle range.
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Temporal behaviour of SPPCM described with two-wave mixing

M. Esselbach and A. Kiessling

The build-up behaviour of self-pumped phase
conjugate mirrors (PCM) has been studied in
the literature with great interest. The refe-
rences [1–3] are especially worth mentioning.
There the conditions are investigated that ena-
ble the build-up of the pc-reflection based on
noise (fanning). Some simplified models [3–5]
describe the pc-process in SPPCM with the as-
sumption of two four-wave mixing centres wi-
thin the photorefractive crystal. The exact de-
scription of the build-up is difficult, because this
is a self-organising process [6,7], through which
its dynamic is difficult to understand [1] and
can even show chaotic behaviour [8]. Models
that are closer to reality often use numerical
methods [9–11].

Figure 1 shows the temporal development of
the reflectivity of a so-called cat-PCM and an
ESPPCM (realised in barium titanate) that are
experimentally observed. The response of the
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Fig. 1: Build-up of the pc-reflection of cat-PCM
and ESPPCM (λ=514 nm, I=10mW/mm2).

ESPPCM is much faster than of the cat-PCM
(note the two scales in the figure), what was
found already earlier [12].

In order to find a formal description one can
proceed from a time dependent coupling con-
stant Γ of the TWM in the form

Γ(t) = Γ∞
(
1− e−

t
τ

)
(1)

where τ is a response time and Γ∞ is the value
of Γ for the steady state. In the first moment
of the build-up the phase conjugated wave is
created by FWM, then this wave is amplified by
the reading pump wave via simple TWM. With
Γ(t) and using the coupled wave equations it is

possible to yield the expression

R(t) = R∞

(
1

1 + e−
(t−τs)

τpc

− 1

1 + e
τs

τpc

)
(2)

for the temporal behaviour of the reflectivity R,
where τpc is the response time of the phase con-
jugation process and τs is given by the length
of the so-called silent zone [1].

Figure 1 shows functions according to equa-
tion (2) that are fitted by varying Γ∞, τs, and
τpc. The good correspondence of measured and
calculated behaviour is obvious.

In conclusion, the pc-process in SPPCM can
be described by a time dependent TWM, but
the necessary parameters can not be simply de-
duced from the material properties until now.
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Erasure of holographic gratings in BCT by white light

M. Esselbach, G. Cedilnik, and A. Kiessling

The effect of white light for erasure of refrac-
tive index gratings in photorefractive crystals
is studied. This is especially of interest if such
crystals shall be used as media for holographic
information storage [1–3]. If the optical memo-
ry should offer a possibility to update the sto-
red information, the former gratings have to be
erased. In optical systems for dynamic informa-
tion storage the erasure of gratings within each
cycle is a part of the storage process itself [1].
Barium-Calcium-Titanate seems to be an inte-
resting and promising medium for the realisati-
on of optical memories and therefore is should
be studied concerning its behaviour with during
light erasure.

A hologram is written by illuminating the
crystal with the interference pattern of signal
and pump wave. We have chosen an intensity
ratio of mv = 1. Then the crystal is homoge-
neously illuminated by white light. In order to
observe the strength of the grating that is kept
within the crystal in spite of erasing for a cer-
tain time the hologram is read by the pump
wave and the intensity of the diffracted wave is
measured.

Results are shown in figures 1 and 2. In figure
1 the hologram is read periodically for a short
time by switching on the pump wave. Therefore
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Fig. 1: Intensity of the read wave as a function of
time with erasure by white light with pump wave
off (only switched on for the short time period of
the measurement). Ip=Is=Iwhite=10mW/mm2.

the grating is nearly not influenced by the read
process. In figure 2 the grating is continuously
read. The signal wave was switched of all the
time during the measurements.

In the first case we observed a behaviour as
expected, an exponential decrease. An expo-
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Fig. 2: Intensity of the read wave as a function
of time with erasure by white light with pump
wave on. Ip=Is=Iwhite=10mW/mm2.

nential function has been fitted to the measu-
red curve and shows a good correspondence (see
fig. 1). We assume a dependence of the erasure
response time τ on the intensity Iwhite of the
white light nearly in the form τ ∼1/Iwhite, but
this should not be verified within these studies.
With the given intensities the erasure time is in
the range of 10 s.

In the second case we observe an absolutely
different behaviour. The intensity of the diffrac-
ted wave at first increases and then decreases,
but with a much slower response. The appro-
ximated response time is 0.5 h. We suggest to
assume that this behaviour is based on the self-
enhanced diffraction which yields a re-writing
and even an amplification of the grating during
the reading [4].

The result is a higher stability against white
light what can mean an advantage or a disad-
vantage depending on the intention.
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