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An amplification of the intensity of pump oscillations is observed experimentally at frequencies
from 100 Hz to 1 kHz during photoinduced light scattering and holographic-type parametric
scattering in photorefractive lithium tantalate and niobate. Possible ways are analyzed for
explaining the existence of a photorefractive response in these crystals over times of
1022– 1023 s, which are five orders of magnitude shorter than the Maxwell time. ©1997
American Institute of Physics.@S1063-7761~97!02410-4#

1. INTRODUCTION scripts p and s denote the pump mode and scattered lig
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The phenomenon of photorefraction was observed in
1960’s,1,2 but interest in photorefractive media continues
to the present owing to the enormous variety of their pr
erties. For example, a holographic grating inscribed
lithium niobate can be kept for months,3 while the character-
istic photorefractive response time in barium titanate is na
or picoseconds.4 According to the generally accepted theo
of photorefraction proposed by Glass,5 when photorefractive
crystals are illuminated a macroscopic current develops
them and rearranges the electric charge density. The ele
static field of the separated charges changes the refra
index of the medium owing to an electrooptical effect. Th
theory assumes the existence of a single temporal param
which characterizes the entire photorefractive process,
Maxwell time,

tM5«st/4ps, ~1!

where «st is the dielectric permittivity of the medium an
s5sT(11I /I s) is its conductivity, whose value under illu
mination varies over a scale length determined by the par
eter I s .6

From time to time, however, papers are published wh
indicate the existence of a photorefractive response wit
characteristic time very different from the Maxwell time.4,7,8

In our work we have also observed a photorefractive
sponse in copper-doped lithium tantalate and niobate at c
acteristic frequenciesf ;0.1– 1 kHz, whereas the Maxwe
times for these crystals are tens of minutes.

2. DESCRIPTION OF THE EXPERIMENT

When a coherent light beam strikes a photorefract
medium, wide-angle scattering that is degenerate in
quency may take place over a characteristic time. This s
tering is usually associated with optical damage and eff
are made to avoid it, as it greatly reduces the pump inten
This is photoinduced light scattering, which has been
plained in terms of the recording and self-consistent am
fication of a large number of holographic gratings.9 When
certain conditions are met in directions which form a distin
cone whose shape is determined by the four-wave sp
synchronization condition 2kp5ks1

1ks2
~where the sub-
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respectively!, in anisotropic crystals it is possible to obser
a sudden rise in the scattered light intensity. This eff
arises because in these directions two, rather than one,
tered light modes interact on a single holographic grating
is referred to as holographic-type parametric scattering.10

In a study of the temporal characteristics of the photo
fractive response, we have examinedo2e-mode photoin-
duced light scattering andoo2ee-mode holographic-type
parametric scattering in LiTaO3:Cu and ee2oo-mode
holographic-type parametric scattering in LiNbO3:Cu. The
pump intensity was modulated at one or two frequencies
the range from 100 Hz to 1 kHz with a small~less than 10%!
depth of modulation. The magnitude of the photorefract
response of the crystals at these frequencies was determ
from the change in the depth of modulation in the intens
of the light during the scattering process.

The experimental apparatus is shown schematically
Fig. 1. An ordinary polarized beam from a helium-cadmiu
laser (l5442 nm), for lithium tantalate, or an extraordina
polarized beam from an argon laser (l5488 nm), for
lithium niobate, was passed through an electrooptical mo
lator and was incident on anX2Z-cut crystal. Two photo-
detectors detected the pump and scattered light intensitie
computer connected to the measurement apparatus throu
CAMAC crate processed the data. The depth of modulat
in the intensity of the light in both channels was determin
from the magnitudes of the Fourier components at the mo
lation frequencies, and in order to isolate the regular mo
lation more precisely from the noise, we used the spectr
of the fluctuations in the intensity~rather than the spectrum
of the signal!, which is the Fourier transform of the autoco
relation function of the luminous intensity, normalized to t
square of the average value. Figure 2 shows a typical plo
the autocorrelation function of the pump and scattered li
intensities modulated at the two frequencies, together w
their Fourier spectra. A coefficient characterizing the mag
tude of the photorefractive response at these frequencies
obtained from the ratio of the amplitudes of the Fourier co
ponents at the modulation frequencies:

K~ f !5AGs~ f !/Gp~ f !. ~2!

where
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FIG. 1. A sketch of the experimental ap-
paratus:~1! argon or helium-cadmium la-

ser; ~2! electrooptical modulator;~3! pho-
torefractive crystal of copper-doped
lithium niobate or tantalate~c is the opti-
cal axis!; ~4! semitransparent mirror;~5!
analyzer;~6! photodetectors;~7! CAMAC
crate; ~8! computer; ~9! electrical pulse
generator.
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grating. It can be seen clearly in Fig. 2, however, that the
ch
he
the
ion

ion
as
G~ f !5
A2p

E
2`

b~t!e2p i f tdt

is the spectrum of the fluctuations and

b~t!5^I ~ t !I ~ t1t!&/^I ~ t !&2

is the normalized autocorrelation function of the lumino
intensity. K( f )51 corresponds to equality of the relativ
modulation amplitudes of the pump and scattered light int
sities, i.e., to ordinary diffraction on a stationary holograp
-

depth of modulation for the scattered light intensity is mu
higher than that for the pump light, which means that t
photorefractive holographic grating is able to vary as
pump intensity changes, thereby amplifying the modulat
in the scattered radiation.

3. DISCUSSION OF RESULTS

Figure 3 shows the scattered intensity and convers
factor for the modulation depth in the pump intensity
n

of
FIG. 2. A typical example of the autocorrelatio
function ~a! and spectrum~b! of the fluctuations in
the intensity of a pump modulated at frequencies
100 Hz and 500 Hz~1! and in the intensity of light
scattered as a result ofoo2ee-mode holographic-
type parametric scattering in LiTaO3:Cu ~2!.
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FIG. 3. Time dependence of the scattering intensity a
conversion factor for the depth of modulation in the pum
intensity at frequencies off 5300 Hz ~a! and f 5100 Hz
~b! during detection ofee2oo-mode holographic-type
parametric scattering in LiNbO3:Cu ~a! andoo2ee-mode
holographic-type parametric scattering in LiTaO3:Cu ~b!.
functions of time during the detection of holographic-type
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parametric scattering in lithium niobate and tantalate. By
end of the first hour for the lithium tantalate and the seco
hour for the lithium niobate, the scattering intensity h
stopped rising and has attained an approximately cons
level, i.e., the recording of the holographic gratings satura
with the effect of the electrostatic field of the separa
charges balancing the photogalvanic current. The time o
which the process of recording the holographic-type pa
metric scattering reaches saturation is of the same orde
the Maxwell timetM;103 s. At the same time, however, th
holographic grating is able to amplify pump oscillations
frequencies on the order of a hundred hertz, i.e., for a os
lation period,T;1022 s, which is five orders of magnitud
shorter than the Maxwell time.

The time dependence of the conversion factor for
depth of modulation is different for lithium niobate and ta
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a maximum in the middle of the dynamic regime where t
scattering intensity is rising rapidly, while it falls off to unit
in the saturation regime. Thus, in lithium niobate the ho
graphic grating is able to react to the changes in the pu
intensity only during the period when the grating is increa
ing even without this change, while in the saturation regim
as might be expected, it becomes stable. TheK(t) curve is
substantially different for lithium tantalate, as can be seen
Fig. 3b. It has no distinct maxima, as in Fig. 3a; the conv
sion factor differs little fromK.1.4 throughout the dynamic
regime. Then in the saturation regime the conversion fac
not only fails to drop to unity, but increases toK.2. Thus,
even in the stationary state, a photoinduced holographic g
ing in lithium tantalate is able to react to changes in t
pumping over times much shorter than the Maxwell time
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FIG. 4. Time dependence of the scattering intensityI (t)
and conversion factor for the depth of modulation of th
pump,K(t) at a frequency off 5100 Hz during detection
of o2e-mode photoinduced light scattering in LiTaO3:Cu.
Figure 4 shows the time dependence of the scattering
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intensity and conversion factor of the oscillations for pho
induced light scattering in lithium tantalate. As can be se
from this graph, it is meaningless to introduce the conce
of dynamic and saturation regimes for photoinduced li
scattering, since the scattering intensity experiences r
drops throughout the entire observation period. This
caused, first of all, by the competition between photoindu
light scattering and holographic-type parametric scatter
which causes a large part of the pump intensity to be
moved by holographic-type parametric scattering and, s
ond, by the possibility of electrical breakdowns in the cry
tal, and, finally, by the fact that energy exchange betw
two interacting waves is forbidden under stationa
conditions.11 Evidently, for the same reasons the convers
factor for the depth of the intensity modulation has a la
scatter, although on the average, as for holographic-t
parametric scattering, it is undoubtedly greater than unity
-
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sion factor for the modulation depth of the pump intens
for two frequencies~not multiples! at once,f 15100 Hz and
f 25430 Hz, during holographic-type parametric scatteri
in LiTaO3:Cu. The picture is much more complicated f
two modulation frequencies: although the scattering inten
varies significantly only within the first hour after the ons
of recording, as in Fig. 3b, the conversion coefficients u
dergo rapid changes for eight hours and only after that
they approach a roughly constant level ofK1.K2.1.5. Evi-
dently, the amplifications of the intensity oscillations at t
two frequencies are interrelated and cannot be treated i
pendently. Otherwise it would be difficult to explain the fa
that a time almost an order of magnitude longer than the t
to record the gratings is necessary to attain a stationary
ation, not to mention that twice during the observation per
there was a time when one of the conversion factors ha
local maximum while the other was less than unity~i.e., the
he

in
FIG. 5. Time dependence of the conversion factor for t
depth of modulation of the pump intensity,K(t) at frequen-
cies of f 15100 Hz ~1! and f 25430 Hz ~2! during detection
of oo2ee-mode holographic-type parametric scattering
LiTaO3:Cu.
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relative amplitude of the oscillations decreased!, an effect
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observed in the preceding plots.
In completing our discussion of the experimental da

we must note that the results were completely irreproduc
during this study of the temporal dependence of the con
sion factor for the intensity modulation depth: two curv
obtained under the same conditions can have substan
different features aside from the fact that the gain coeffici
is almost always greater than unity. This suggests a stoc
tic mechanism for amplification of the intensity oscillatio
at these frequencies.

In sum, our results yield the following conclusions:
1. Amplification of oscillations~or fluctuations! in the

pump intensity during scattering in photorefractive lithiu
tantalate and niobate has been observed at frequencies
100 Hz to 1 kHz. We were unable to detect amplification
the oscillations reliably at higher frequencies.

2. Amplification of the oscillations is observed in lithium
tantalate under any conditions, while in lithium niobate
occurs only during the dynamic regime, when there is a ra
increase in the holographic gratings, i.e., in the nonstation
case.

3. The amplification of oscillations during photoinduce
light scattering and holographic-type parametric scatter
indicates that the holographic gratings recorded in a cry
vary with changes in the pump intensity. As a result,
oscillations in the scattered radiation are determined b
combination of the oscillations in the pump intensity and
the amplitude of the holographic grating.

4. The amplification of oscillations with a period muc
shorter than the Maxwell time of the medium indicates
existence of a new, as yet unknown mechanism for phot
fraction with a substantially shorter characteristic time.

5. The mechanism for the amplification of the oscill
tions appears to be stochastic in nature and leads to st
fluctuations in the gain coefficient, a lack of reproducibili
in the results, and, perhaps, interactions among the amp
cation processes for oscillations at different frequencies.

We now consider some possible explanations for the
served effect based on earlier work.4,7 The existence of a
photorefractive response in barium titanate over times on
order of tens of picoseconds has been observed by recor
holograms with picosecond pulses,4 while at least a nanosec
ond is required to redistribute the electron density in a cry
of this type. This rapid photorefractive response was
plained by the fact that electrons photoexcited in the cond
tion band of the crystal change its refractive index owing
Drude transfer and, thereby, record a grating based on
carriers.4 This grating spreads out owing to diffusion of ele
trons in the conduction band, i.e., its lifetime is bound
above by the Maxwell time. The idea of the existence o
free carrier grating can be used to explain the amplificat
of pump fluctuations. In fact, a change in the carrier conc
tration in the conduction band takes place essentially im
diately ~over times on the order of picoseconds!, i.e., a free
carrier grating is capable of reacting immediately to a cha
in the intensity of a pump at frequencies on the order
hundreds of hertz.

Another possible explanation of the observed effec
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was observed which involved the appearance of a photo-
current in a LiNbO3:Fe crystal perpendicular to the magne
field vector and to a photogalvanic current that is prop
tional to the intensity of illumination of the crystal. The mo
bility of the carriers forming this current was determine
from the magnitude of the photo-Hall current and turned
to be three orders of magnitude higher than the ordin
carrier mobility in lithium niobate. It was proposed that th
measured mobility corresponds to nonthermal electrons
have not yet been clothed in a polaron ‘‘coat’’ and, therefo
have a much lower effective mass and a higher mobil
Since the mobility of a medium is proportional to the mob
ity of its carriers, while the concentration of nonthermal ele
trons may increase under nonstationary conditions~for ex-
ample, in the case of fluctuations in the pump intensity!, the
Maxwell time ~1! corresponding to the nonthermal carrie
may be much smaller than usual, which would also expl
the amplification of the light intensity fluctuations durin
scattering at acoustic frequencies.

4. CONCLUSION

We have observed a response in photorefractive lithi
tantalate and niobate over times five orders of magnit
shorter than the Maxwell time that leads to nonlinear conv
sion of fluctuations in the pump intensity. We have propos
two possible ways of explaining the observed effect whi
in principle, are not mutually exclusive. The existing ph
nomenological theory of photorefraction, which successfu
describes the majority of photorefractive processes~for ex-
ample, the recording of holograms, the development
holographic-type parametric scattering!, does not account for
the existence of free electrons on gratings or of nonther
carriers in photorefractive crystals. Thus, in order to clar
the true causes of the amplification of pump intensity os
lations, a more rigorous theory of photorefraction must
developed which includes the coupling of various proces
which have very different characteristic times in photorefra
tive crystals: from the photoexcitation times for carriers
the conduction band~times on the order of picoseconds! to
the Maxwell time for redistribution of the electron density
a crystal.
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