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Abstract. The experimental study of the in-plain vibration of analysis of the Young fringes [5, 6]; self-diffraction of the
the speckle pattern in photorefract@aPandBTO crystals  speckle pattern recorded in a photorefractive crystal under dc
using the polarization self-modulation effect are presentectlectric field [7]; self-diffraction of the speckle pattern from
The simple model based on the propagation of the Gaussiandouble-phase-conjugate mirror [8]; self-diffraction of the
beam through the crystal with recorded space-charge field speckle pattern from gratings recorded due to the fanning ef-
proposed to explain main features of the experiment. It idect [9]. All the above-mentioned methods are based on light
shown that these results allow designing a linear sensor of thiffraction from the spatially non-uniform refractive index
speckle-pattern displacement in an effective way. The opticalaused by the recorded speckle pattern. Any speckle-pattern
system is very simple and does not include any reference alisplacement from its average position leads to variation of
readout beam. The sensitivity of this system is the same dhke diffraction efficiency if the displacement occurs faster

that of an interferometer. than the crystal response time.
Another approach to speckle-pattern displacement meas-
PACS: 42.65.H; 42.70.N; 42.30.M urements was proposed to exploit a non-steady-state photo-

EMF-generation observed in photorefractive crystals [10, 11].

] ] ~In this method, the speckle pattern produces an internal elec-
It is well known that coherent light scattered by any objectyic field of the spatially redistributed charges and the fast
produces the speckle patterns, whose structure varies whiggsplacement of the input speckle pattern results in the gen-
the object suffers any distortions, particularly, displacementgration of the electric current in the crystal. Recently an
or vibrations. Therefore, the analysis of the speckle pattergjternative method of the speckle-pattern-displacement meas-
varia_tions allows us to get information about an object’s dyurement was proposed, which does not use either diffrac-
namics. However, the random character of the speckle pafon or photo-EMF [12]. It is based on the polarization self-
tern’s intensity distribution makes the solution of this problemmodulation effect that manifests itself in the spatial modula-
technically difficult. It is necessary to record an average intion of the polarization state of the speckle field transmitted
tensity distribution of the vibrating speckle pattern and thenhrough the photorefractive crystals. Here the speckle pat-
the correlation with the instant intensity distribution shouldtern displacement results in the polarization state modulation,
be estimated. The search for an adequate medium, whighich can be readily transferred into the intensity modula-
allows fast recording and correlation analysis of a specklgon by means of a polarization analyzer. In this paper we
pattern, is an important task. The photorefractive crystals argresent experimental results of the studies on in-plane vi-
promising candidates for solving this task. A distinguishingprations of the speckle pattern using the polarization self-
feature of these crystals from other materials for optical datgnodulation. Experiments were carried out using photorefrac-
recording is their ability to record and update the input infor-tive Bi;, TiO,, andGaPcrystals. To explain the main features
mation continuously. Particularly, the adaptation of the phoof the experiments we propose a simple heuristic model based

torefractive crystals to slowly varying environmental changesn the propagation of a Gaussian beam through a crystal with
is naturally implemented. This feature has been successfulscorded space-charge field.

used in the adaptive interferometers based on photorefractive

crystals [1-4]. Recording and analysis of speckle patterns

in photorefractive crystals have been also demonstrated. The Experiment

methods involved are the double-exposure recording with fol-

lowing readout of the information by additional beam andgxperiments were performed using an optical setup schemat-
. ically shown in Fig. 1. The setup is very simple and eas-
Dedicated to Prof. Dr. Eckard Kratzig on the occasion of his 60th birthdayily adjustable. The laser beam derived from a conventional
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pair is modulated in time at the same frequency as the speckle
pattern’s oscillations. Therefore, linear sensing of the lateral
displacement of the speckle pattern is achieved in our setup.
As an example, we show in Fig. 2 an oscilloscope trace of
the photodiode current (upper trace (a)). The middle trace (b)
corresponds to the voltage applied to the piezo-driver, which
is assumed proportional to the speckle-pattern displacement.
The lower trace (c) is the voltage applied to the photorefrac-
Laser  ©°biect crystal tive crystal. All these traces were recorded simultaneously. As
iy seen from Fig. 2, the transmitted light power is modulated al-
. adi O O most in phase with the driving voltage during the negative
‘ Ph semi-cycle of the voltage applied to the crystal whereas it
oto- . . o .
driver diode is aImqst out of phase dur_mg the positive sgml—cycle. Small
U
AFDDD% t dephasing between the driving voltage and light-power mod-
ulation is due to electromechanical features of our particular
i, st orenalon, dmensions, and schemate of e opica setiezo-driver. Sharp peaks of the photodiode current in trace
in both BTg and GaPR E)?terr?al I()elgctric field gector is para)lllel to ?hie:‘lj{l] a)_are_ caused by the finite slew rate _Of the applled VOItage’
axis in BTO and [110] axis inGaP L1 and L2 are lens systems for light Which is seen from trace (c). The oscilloscope traces shown
gathering and focusing in the optical setup. P is the polarization analyzer in Fig. 2 were recorded using tli@aPsample. Similar traces
were obtained with th&TO sample. No transmitted light
modulation has been detected without a ac field applied to
He-Nelaser is scattered by a rough surface under study. Botthe crystal even in the case of large vibration amplitude of
transmission and reflection geometry has been used, howevarspeckle pattern. Moreover, there is no modulation if the po-
for the sake of simplicity, only the transmission geometrylarization analyzer is uninstalled.
is shown in Fig. 1. Scattered light is collected by a lens L1 = The modulation of the transmitted intensity primarily de-
into a photorefractive crystal. Average transverse size of thpends on the vibrating amplitude of the scattering object.
speckles is defined by tHe-number of the lens. Iti8.7um  Dependencies of the intensity modulation depth, which is de-
in the experiments witltGaP crystal and3.0um in the ex-  fined as the ratio of the modulation amplitude to the mean
periments withBi12TiO20 (BTO) crystal. All light transmitted  intensity, is shown in Fig. 3 foaPandBTO samples. One
through the crystal is collected by a lens L2 into a convenean see that the modulation depth linearly depends on the
tional photodiode after passing through a polarization anavibration amplitude if the amplitude is smaller than the aver-
lyzer, P. The photodiode’s current proportional to the light
intensity is measured by either oscilloscope or lock-in am-
plifier. During the experiment, the scattering object was ex-
cited by a piezo-electric transducer producing a lateral small-
amplitude-displacement of the speckle pattern. The displaces ‘a
ment vector is parallel to the external electric field applied to®
the photorefractive crystal. =
Two photorefractive crystals of different symmetry were
used in the experiment8TO crystal (symmetry class 23) . B
was grown in the Department of Physics, University of Joen- 1 AW A /ﬂ\ NI AN \ / \
suu, Finland. Semi-insulatinGaP crystal (symmetry class Vo VU VY v
43m) was grown in Sumitomo Metal Mining Co., Japan. The 3 ﬂbﬁ /
BTO sample was cut so that the light propagates along the; \ N \ UL
[110] crystallographic axis and the external electric field vec-2 0 ] \ \ By R NENR ‘
tor is parallel to the {11] axis. The sample dimensions are v‘ \/ \/ \/ \/ \/ \ \/ \/
3.3x 4.3 x 9.9mm, where the first measurement is along the >
electric-field vector and the third one is along the light propa-
gation direction. The orientation &aPsample was different: C
the light propagates along the [110] axis, but the electric field
is applied along the [10] axis. This sample has the size of 0
5.0x10.0 x 10.0mm The silver and gold evaporated elec-
trodes provided the application of the external electric field to { )
the BTO andGaPsamples, respectively. We applied a bipo-
lar alternating voltage of a square-wave form with a repetition 0 5 4 6 8 10
rate, that can be varied frofhl Hzto 200 Hz
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; : _ : Fig. 2. Oscilloscope traces for (a) intensity modulation measured by the
11 g;ﬁgﬁ:ty modulation of the non stationary SpeCkle photodiode, (b) voltage applied to the piezo-driver, and (c) external voltage

applied to theGaPsample. All traces were recorded simultaneously. Am-
. . litude of the speckle pattern vibration@s45m and the average speckle
We have observed that the total intensity of the SPECkléize is3.7 um. Sharp peaks of the curve (a) are caused by the finite slew

pattern transmitted through the crystal—polarization analyzette of the external voltage
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Fig. 4. Modulation amplitude as a function of the analyzer angle foiGa&

' crystal. Input polarization is perpendicular to the electric field vector. The
0 0.2 .0'4 . 0.6 _0'8 ! 12 vibration amplitude i€.63um. External alternating voltage 3.4 kV at
Vibration amplitude, pm the repetition frequency @5 Hz

Fig. 3. Intensity modulation depth as a function of the speckle-pattern-
vibration amplitude for (aBTO and (b)GaPsamplesSolid linesshow the

linear dependence on the vibration amplitude. The average speckle size 'ﬁ .
3.0pm for BTO and 3.7 um for GaP. The modulation depth is defined as the angles are measured with respect to the external elec-

the ratio of the modulation amplitude to the average transmitted intensity tric field.
One can conclude from Table 1 that the optimum input
polarization for theGaPsample is either close to the verti-
age speckle size. When the speckle displacement becomeal or horizontal position and the analyzer is oriented either
comparable with the mean speckle radius, the space-chargarallel or perpendicular to the input polarization state. The
field recorded in the crystal is diminished due to effect-deviation from the exactly parallel (perpendicular) polariza-
ive broadening of the speckle size. The mechanism of thison state may stem from the non-exact orientation of the
diminishing is similar to the interference-pattern-visibility crystallographic axes of the sample cut. It was found that the
decreasing during the recording of the time-averaged holmptimum orientation of the inpgibutput polarization does not
graphic interferogram. This is the reason of the deviatiordepend on the external electric field for BaPsample.
from the linear dependence for vibration amplitude larger Dependence of the intensity modulation on the applied
than 0.6 um. The intensity modulation depth obtained with electric field for theGaPsample is shown in Fig. 5. The mod-
the BTO sample is larger than foGaP which is proba- ulation amplitude reaches its maximum at a certain voltage
bly caused by the larger electrooptic coefficient®BfO.  and then falls down. At small voltages, the modulation grows
We have checked that the modulation depth of the photoproportionally to the square of the external electric field.
diode current does not depend on the input light power of For the BTO sample the orientation dependence has
the speckle pattern. The modulation depth varies within onlya more complicated character because it is affected by the
3% (which is inside the experimental error) whereas the innatural optical activity 4 = 6.5 degymm at » = 633 nn) of
tensity incident to theBTO crystal changes in the range this crystal. Here the optimum orientation of the polarization
of 1-20 mW/cn?®. analyzer depends on the applied voltage for any input po-
larization. As an illustration, the analyzer orientation needed
to achieve the maximum modulation amplitude is shown
1.2 Dependence of the intensity modulation on the in Fig. 6 as a function of the applied voltage. During the
polarization and applied voltage measurement the input polarization of the speckle pattern
was fixed along the external electric field, which is par-
The intensity-modulation amplitude is a function of the ap-allel to the axis 111] in the BTO sample. Solid lines in
plied voltage, input polarization, and the analyzer's orientaFigs. 5 and 6 are the theoretical estimations that we discuss
tion. The input speckle pattern was linearly polarized in ouiin Sect. 2.
experiments. Dependence of the intensity modulation ampli-
tude on the analyzer anglke, measured in respect to the ap-
plied electric field is shown in Fig. 4. Measurements were per-
formed for theGaPsampIe in the case of the input polariza- Tablga 1. Input po_Iarization a_nd output analyzer position needed to get the
tion being perpendicular to the electric field. The experimenMaXimum intensity modulation for théaPsample
tal curve can be well fitted with the function éo8x + Aa),

- - Input polarization ~ Output analyzer Intensity modulation amplitude
where A« is a fitting parameter equal to0® for the par- /° /° /mvV
ticular curve shown in Fig. 4. For th&aP sample of the
orientation shown in Fig. 1, we found four combinations of 10 100 12.6
the input polarization and analyzer’s orientation that yield 5 10 11.9
the maximum intensity modulation. Optimum pairs of the 188 ég 18-2

input and output polarization are listed in Table 1, where
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12 Figure 7 shows typical evolution of the intensity modulation
amplitude for theBTO sample (Fig. 7a) and for tHéaPsam-
10 B ple (Fig. 7b). Note that the average intensity of the speckle
-/- - pattern i0.40 mW/cn? for the GaPcrystal and41 mW/cm?
S g for BTO. GaPcrystal exhibits faster response times owing to
:. u the higher mobility of charge carriers. Both curves in Fig. 7
S 5 u can be well fitted by the usual exponential law:
3 |
S 4 Im=1 [1—exp<—i>} (1)
s [ M = IsT = )
|
2 [ wherelgst is the intensity modulation in the steady state and
.!/ 7R IS the response time. It is worth noting that the signal
0 dynamic described by (1) is different from the photorefrac-

0 L 2 3 4 5 tive process involving light diffraction, where the term in the
Applied voltage, kV square brackets is typically in the power of two. Direct com-
Fig. 5. Modulation amplitude as a function of applied external voltage for parison of the response time of the intensity modulation with
the GaPsample Solid lineis the theoretical estimation apintsare meas-  that of the fanning effect carried out with the same intensity
ured values. The speckle pattern oscillates at the frequ2helz with the (41 mW/sz) and applied voltage3(kV) in the BTO crystal
amplitude 0f0.63pm reveals that the fanning effect is much slow&g s against
0.55 s Therefore, we conclude that the observed modulation

100 is not caused by the fanning effect.
m Dependence of the response time on the speckle pat-
80 tern intensity is shown in Fig. 8. It is seen that the response
time is inversely proportional to the input intensity. In ac-
.. cordance with usual behavior of the space-charge formation,
60 L] /.,/ its response time is inversely proportional to the light inten-

Analyzer position, deg.
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Kl n ] — —
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Fig. 6. The angle of the analyzer needed to obtain the maximal intensity-
modulation-amplitude as a function of the applied external voltag8TdD .

crystal. Solid lineis the theoretical estimation and points are the measuredS

values. Polarization of the speckle pattern on the input face of the crystal i

tion ampl
o
i -8
‘\\

o
[0

parallel to the applied electric field vector §°
0

. . 0] 1 2 3 4
1.3 Response time and adaptive property Time. seconds
According to the essence of the polarization self-modulation ;| 1 M i
effect, the polarization state of the transmitted light is mod-g b MWW i
ulated only when the replica of the input intensity distri- ¢ 0.8 W
bution is recorded inside the photorefractive crystal in theE MW

could not be created immediately after the illumination of §

form of the space-charge distribution [12]. This space-charg& 0.6 /m’f
’fv
the crystal by a speckle pattern. A certain time is needed 0.4 /

for charge carriers to be transported and re-trapped until th&
space-charge field reaches its steady state. The response time0.2
of the space-charge-field formation is defined by the materi / : :
parameters of the crystal and by the intensity of the speckle 0 : :

pattern. Therefore, the intensity modulation amplitude in our 0 0.5 .1 1.5 2 2.5
experiment is expected to grow to the saturation level with Time, seconds

time after switching the light on. This fact was confirmed ex-Fig. 7a,b. Temporal evolution of the intensity-modulation amplitude after
perimentally. Additionally, it was found that the evolution of switching the extemal voltage on fa BTO and b GaP crystals. The

: : : : : :1_regular linesare the theoretical curves (1) and thasy linesare the experi-
the intensity modulation does not change if we previously il mental data. The best fitting gives the response tigne- 0.55 sfor BTO

|Uminate the Samp_le by a viprqting speckle pattern and thefhd . — 0.46 sfor GaP The intensity of the speckle pattern incident in the
switch the alternating electric field on at the momeat0.  crystal is41 mW/cn? for BTO and0.40 mWjcn? for GaP
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2 transverse direction can be estimated as [15]:
3 122,
S’J_ 1.5 /./ wo = , (2)
g o
= where is the light wavelength ana is the angle formed
@ L /' by a point at the input crystal surface and the effective aper-
§ ture of the optical system. The average longitudinal size of
g o5 the speckle in the direction of the light propagation in the

medium with the refractive indexg is
0 4xn
0 0.02 0.04 006 008 0.1 S, = 70 , (3)

Reciprocal intensity, cm2/mwW . .
Fig. 8. The dependence of the intensity modulation’s response time on thTO describe the main features of the speckle pattern propaga-

incident intensity of the speckle pattern BTO crystal. Experimental data fion, we will consider first the propagation of one Gaussian

are shown as the points and thelid line illustrates that the response time beam through the photorefractive crystal. It is well known

is inversely proportional to the intensity of the speckle pattern that there are two different mechanisms (diffusion and drift)
of the space-charge formation in photorefractive crystals. In

sity [13]. The response of the intensity modulation in Ourthe case of sinusoidal grating recording, the diffusion mech-

X . - nism leads to the formation of the space-charge electric field,
experiments also follows this rule as one can see in Flg.a%

: . . hich is 90°-phase-shifted from the initial intensity distri-
Formation of the space-charge field replica of the speckle paf; i, 116]. The diffusion recording occurs in crystals with-
tern means the recording of a spatial filter correlated with, - oternal electric field because of diffusion of the light-
the input intensity distribution. Redistribution of the space.

h ; hotorefracti tal i ibl i nduced charge carriers. Alternatively, the drift mechanism
charge in a photorelraclive crystal IS a reversible process wi trong dc external field is applied to the crystal) results in

the characteristic timeg. Therefore, if a strong modifica- the formation of the space-charge field out of phase with the

tion of the speckle pattern is introduced in the measuremedihi;i| intensity distribution. The diffusion type of the pho-

s;l/dstem (flort'exafr'TI][pIe, l%?/tc):hange %f theascattenng Objectt)’htl@refractive recording can be also achieved when the alternat-
old correlation Titer will be erased and a néw one matche g electric field is applied to the crystal providing that its

with the changed intensity distribution will be recorded. Con'repetition period is much shorter than the specific recording

sequently, the transmitted intensity will be modulat(_ad Onlytime of the crystal [17]. The latter mechanism is known to be

th Otherwi I sl h ith d &he most effective for fast photorefractive crystals such as sil-
an . Otherwise, all slower changes (with> ) do |6 crystalsBi1»SiOz andBiy, TiO20) and semiconductors
not modulate the polarization state of the transmitted light GaAsand CdTa. In this paper we limit our consideration

In other words, .SUCh correlatu_)n filter POSSESSES the pro o the case of the enhanced diffusion recording in photore-
erty to_be adaptive to SIO.V‘.’ environmental variations. Therefractive crystals under external ac electric field of the square-
fore, high long-term stability of the measured signal can b ave form

achieved. This property was experimentally verified for both The intensity of the Gaussian beam depends on the trans-

photorefractive crystals: the intensity modulation depth is th‘?/erse coordinate, therefore, such a beam will create a space-

same during h of the measurements. If any strong dismr.’charge electric field while propagating through the photore-

bang:e is introduced in thg setup, t_h.e' same level of the Slractive crystal. This electric field can be calculated by using
n_adl |shrecovered afterg. '_;'?h sensﬂ;}wty oLGaP can pro-  the method proposed by Feinberg [18]. In the first step, the
;" elt fe responserrtémehq hems att %TO erate mten_snyl intensity distribution is expanded into the Fourier spectrum.
evel o .100 mW/ent, which is enough for many practical Second, the space-charge field is calculated for each spatial
applications. frequency, and finally, the induced electric field is composed

In our experiments we have found that the intensity mOdby the inverse Fourier transform. The input intensity distribu-
ulation does not depend within the experimental error on thﬁon has the Gaussian shape:

speckle-pattern vibration frequency frob®0 Hz to 20 kHz
(20 kHzis the highest excitation frequency of our particular Ax2
piezo-driver. l(x) = Ioexp<——2) : (4)
Wo

Here the one-dimensional case is considered taking into ac-
2 Simplified theoretical model count that the space-charge field along the external electric

field is much stronger than in the perpendicular direction. Ex-
A speckle pattern created by a coherent light beam scattergfinsion of (4) into the Fourier series allows us to calculate the
from a rough surface usually has a well-defined spatial strugyisibility of the input interference pattemy as a function of
ture with visibility about the unit providing separation of the the spatial frequenci:
illuminated areas by the areas of zero intensity [14]. There-
fore, as an approximation, we consider here the speckle pat: ~ 2lkdK Lo dK K?2 5
tern consists of a set of Gaussian beams, whose diameters 206 = < IdK owodK €Xp\ =135 | - ©)
normally distributed around the diameter equal to the aver- > 0
age speckle size. When an optical system is used to colleathere Ik is the spectral component of the intensity at the
the light into the crystal, the average speckle sigein the  spatial frequencK and Kg = 2/wyg is the boundary spatial
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frequency of the Gaussian beam. In the next step, we calculatield. Owing to the linear electrooptic effect of a photorefrac-
the space-charge electric field for each spatial frequency. Théve crystal, the polarization state of the transmitted beam is
ory of the hologram recording in the photorefractive crystalsa function of thex coordinate. By placing an analyzer be-
under alternating electric field was developed by Stepanokind the crystal, the polarization modulation is transformed
and Petrov [13, 17]. They used an approximation of the smalhto the intensity modulation. The transmission of the crystal—
visibility (m « 1) and neglected the higher spatial harmon-analyzer pair depends on the inpaitput polarization and
ics. Under these approximations and using averaging over tteystal orientation. Let us consider tl&aP crystal of the
external-field period, the space-charge fiélgg, is expressed orientation used in the experiment. For any applied voltage

as [13] in this case, the polarization eigenmodes are linear and have
the angle of+45° with the external electric field. When the
0Esc img [Ep(1+K?3) + KrgEa] input polarization state is either parallel or perpendicular to
a m [(L+K2r3)2+ K2rZ] electric field cubic, both polarization eigenmodes are excited
5 0 02 5 equally. Therefore, if a quarter-wave voltage is applied to the
Esc[(1+K3)(1+k41% +K rElE]> (6) sample, the central part of the transmitted beam is circularly
v [(L+ KZr3)2+ K2rE] ' polarized, while the right side of the beam is elliptically po-

larized with the longer axis parallel to the electric field as is
Herery is the Maxwell relaxation timeEp is the diffusion  schematically shown in Fig. 9. It is evident that the left part of
field, Ea is the amplitude of the external alternating field, the beam transmitted through the analyzer orientated parallel
re is the drift lengthsp is the diffusion lengthls is the De-  to the electric field will have much smaller intensity then the
bye screening length, arglis the electron tightening length right part. The crystal-analyzer transmission is the even func-
by the electric fieldEa. The parameters in (6) are expressedion of the total electric field and for this orientation it can be

using the microscopic parameters of the crystal: written as
D ke T ggg hv n3ra1(Ea + Eso)L
Ep=K—=K— ;my=— : _ of41(EA + Esc
o=k D =Kl g = 20 T T = coé ( . ) , (10)
re=utEa; o =+~Drt;

where is the light wavelengthyg is the refractive index of
le— eeokp T | &80 Ea 7 the crystaly 41 is its electrooptic coefficient, arldis the crys-
STV e@Ny E” "eNy ) tars length. Therefore, the transmission will be different for

the positive and negative semi-cycle of the applied electric
wheree is the electron chargég is the Boltzman constant, field as shown in Fig. 10 assuming that the quarter-wave volt-
T is the temperatureg, is the dielectric constant of the crys- age is applied to the crystal. In both cases, the intensity of the
tal, D is the diffusion coefficients is the charge carrier's transmitted beam is asymmetric function of theoordinate.
lifetime,  is its mobility, Na is the acceptors concentration, Analysis of (10) shows that the transmission is a symmetric
« is the absorption coefficieng is the quantum efficiency, function in respect tx = 0 (Fig. 10c) if no external field is
andhv is the energy of the light quantum. For a Gaussiargpplied to the crystal but the space charge field does exist.
beam, the approximation of small input visibilityx « 1 Transmission at = 0 (which always corresponds ) can
is usually valid. Moreover, if the typical average size of the
speckle is few micrometers and the applied electric field is
more thanl kV/cm, we can simplify (6) considering the ma-
terial parameters of BTO ar@aP, For both crystals under the a
strong electric fieldrg exceeds other characteristic lengths:
re > rp, s, le. Therefore,

0.75
0.5
0.25

Intensity

dEsc  imk EaKre+ Esc
ot ™ '

(8)

)IEal
>
T

This equation has simple analytical solution. Taking into ac-u%J 1
count (5) and performing inverse Fourier transform, we can,
calculate the distribution of the induced space charge field: © 0

-2 -1
4ut E2 4x2 t
Esc(x, t) = %ﬁxexp(—%) [1—exp<—a>} ) X,
0 0
9)

T itted
One can see that the space-charge field of the Gaussian begg:ﬁm' ° O Q C

0 1 2
pm

is proportional to a gradient of the initial intensity distribu- polarization
tion. Consequently, the light beam propagates in the self-

induced, spatially non-uniform electric field, which is the sumFig. 9. Intensity distribution of a Gaussian beam with the beam diameter
of the space—charge field and the external field. The Cem;%j =3.0um (a) and the total electric field inside the crystal in the steady

. . . Slate normalized to the applied field. Tlogver partof the figure shows the
part of the beam propagates in the field equal to the appligghiarization state of the transmitted light when the quarter-wave voltage is

field, but the side parts are affected by either smaller or highetpplied to the crystal



1037

1
8
2 0.75
8
€ 05 5
a
= 0.25 %
c
0 2
8 075
S b
g 0.5
-0.4 -0.2 0 0.2 0.4
§ 025 )
= Displacement, ym
© 0 Fig. 11. (a) Intensity of the Gaussian beam transmitted through the pho-
e 1 c torefractive crystal and the polarization analyzer as a function of the beam
;-'g displacement calculated using (11). (b) Dependence of the crystal-analyzer
€ intensity transmission on the coordinate (10). The space-charge field created
% 0.75 > g
= by the Gaussian beam 8f0 um is in the steady state
=
0.5
-2 -1 0 1 2 . L
%, um with the crystal-analyzer transmission (curve b). The latter

curve is the middle part of the curve a in Fig. 10. One can
Fig.10. The crystal-analyzer transmission: (a) during the positive semigae that accounting for the limited size of the propagating

cycle of the applied voltage equal to the quarter-wave voltage, (b) durin%eam leads to a wider linear band of the response than could
the negative semi-cycle of the same voltage, and (c) without applied volt;

age. The steady-state space-charge field created by the Gaussian bedf Suggested from the direct analysis of (10). Anyway, for
(wo = 3.0um) is the same in all cases small displacements, the integration of (11) introduces just an

additional coefficient between intensity modulation and the
gradient of the total electric field.
be considered as a working point around which the electric
field is modulated. Any displacement of the incident beam
position results in immediate change of its polarization stat@ Discussion
if the specific time of this displacement is shorter than the re-
sponse timer of the space-charge formation. ConsequentlyOne can see from (9)—(11) that both the space-charge field
the polarization analyzer transforms this change into the inand the crystal-analyzer transmission do not depend on the
tensity change. Gaussian beam intensity, if the dark conductivity of the crys-
It is clear from Fig. 10 that a small displacement of thetal is much smaller than the light-induced photoconductiv-
incident beam from its average position=£ 0) is linearly ity. Therefore, the modulation depth does not depend on
transformed into intensity modulation only if the electric field the intensity either. It is very important for consideration of
is applied to the crystal. Therefore, harmonic oscillation ofthe speckle-pattern displacement in which the intensity of
the incident beam at frequengyresults in the intensity mod- each speckle differs from one another. However, the mod-
ulation at the same frequency. Comparing curves (a) and (kllation depth will be nearly the same for the all speckles
in Fig. 10, one can conclude that thereriphase shift be- if the speckle pattern’s displacement is homogeneous. The
tween the intensity modulation during the positive and negalatter condition is satisfied if the laser beam is reflected or
tive semi-cycle. The same phase shift was observed in thefracted from a diffusely scattering object [19]. Then the
experiment (see Fig. 2). For both semi-cycles, the modulatiomodulation depth of the total intensity of all speckles col-
amplitude Ay is proportional to the gradient of the space-lected by a lens into a photodiode is suggested to be the same
charge field a = 0 but with the opposite sign. Only small as for one speckle of the mean size. In fact, formation of
modulation at the frequency2can be observed without ex- the space-charge field for each speckle means recording of
ternal electric field. the spatial filter, which correlates with the intensity distribu-
Taking into account that all transmitted light is collectedtion of the speckle pattern. The principal feature of this filter
into the photodiode, the intensity of the transmitted beam, is that its transmission is proportional to the input intensity

displaced on the distanecg, is proportional to the integral gradient providing linear transformation of the displacement
into the intensity. The model of single-beam propagation ex-
o0 plains the main features of the experiment with the oscillat-

4= / I(x, A)T(X)dx, where ing speckle pattern. Particularly, the orientation dependencies
are completely explained if we consider just propagation of

—0o0

4 5 the polarized light through the electrooptic crystal without
I(x, A) = Ioexp<— x—4) ) ) (11) taking into account light diffraction. The theoretical analy-
wj sis of the previous section predicts same optimal combina-
tions of the inputoutput polarization state fotaP sample
Figure 11 shows the dependence of the transmitted beam ias was observed in the experiment (Table 1). Solid lines in
tensity on the beam displacement (curve a) in comparisoRigs. 4 and 6 are theoretical curves calculated for our par-
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ticular samplesGaPand BTO, respectively. Natural optical the linear transformation of the speckle-pattern displacement
activity, piezoelectric and elasto-optic effects were considinto the intensity modulation is achieved in photorefractive
ered when the optimal orientation &TO was calculating crystals of GaP and Bi1»TiO29. Immediate response of the
(Fig. 6). We have used the same piezoelectric and elasto-opsystem ensures the measurements of non-periodic displace-
coefficients foBTO as in [20]. OtheiBTO parameters used ment of the speckle-pattern as well. Owing to the gradient
in numerical simulations arg; = 4.75pnyV, np = 2.58,and  type of the spatial filter recorded in the crystal, the sensi-
p=6.5degmm. tivity of the method is as high as for an interferometer. In
The dependence of the intensity modulation on the extereontrast with an interferometer, the proposed optical sys-
nal electric field can be calculated using (9)—(11).GaPthe  tem is very simple and self-referenced: information about the
theoretical curve is shown by the solid line in Fig. 5. To calcu-speckle pattern displacement is optically reconstructed by the
late this dependence, parameterSafPreported in the liter-  speckle pattern itself. The ability of a photorefractive crystal
ature (41 = 1.07 pnyV, ng = 3.45, ut = 1.7x 10 8cm?/V)  to re-record the space-charge distribution makes the system
were used [21]. Equation (10) includes also the parangter adaptive to slowly varying environmental conditions. The re-
which is the interaction length of the light with the crys- sponse time of fewns can be achieved in semi-insulating
tal. It was found that the best agreement of the theory wittGaPcrystal under a moderate intensity of the input speckle
the experiment is achieved far= 6.8 mm which is shorter pattern. Therefore, highly precise measurements can be car-
than the crystal lengthlQ mm). However, it is much longer ried out with this crystal without any vibro-isolated table.
than the mean longitudinal speckle size equal30pm ac-  Moreover, this crystal is sensitive in the in the spectral region
cording to (3). Therefore, we can assume that the intensitirom 0.6 to0.9 um. Therefore, semiconductor lasers can be
modulation arisen from the individual speckle recording isused as a light source allowing us to design compact optical
summarized with some statistical coefficients in the directiorsensors. The proposed method can be also used as a simple
of light propagation as well. instrument for the measurement of material parameters of the

It should be noted that the linearized model of the spacephotorefractive crystals.

charge formation is valid only when the average speckle size

is smaller than the drift lengthe, which is proportional to  Acknowledgementfhe authors acknowledge Dr. A.V. Khomenko for use-
the external fieldEa (7) In that case. the higher spatial ful discussions. The authors from Finland appreciate the financial support

harmonics of the space-charge field can be neglected [221.
When the stronger electric field is applied to the crystal, the
gradientd Esc/ dX|x—o rigorously calculated using nonlinear
equations [22] is higher than the estimations obtained wit
the linearized theory. This must affect the modulation inten-
sity of the transmitted speckle pattern. GBaPsample has 5
a relatively large inter-electrode distance that does not allow 3.
application of a strong electric field. Therefore, the experi-
ment is qualitatively explained by the linear theory. However,
for a thinnerBTO sample in which largare: can be obtained,
the linear theory fails to explain the dependence of the inten- 7.
sity modulation on the applied electric field. 8.

It is seen from (9) that the gradiemEsc/dX|x—o In-
creases linearly in time after switching the external field on.
The response time of this process is equal to the Maxwell req
laxation time,ry. Note thatry is the fastest response time
corresponding to the space-charge-grating formation at zeral.
spatial frequency [13]. Higher spatial frequencies (for ex-12.
ample of the fanning gratings) are created much more slowly, ,
The intensity modulation in our experiment is proportional
to the gradientd Esc/ dx|x—o if the quarter-wave field is ap-
plied to the crystal. Therefore, the intensity modulation also14.
grows linearly in time as was observed in the experiment
(Fig. 7). Proportionality of the intensity-modulation response
time to the reciprocal intensity is evident from (7), which
describesy.

4 Conclusions

A simple theoretical model of the polarization self-modulation
effect based on the Gaussian beam propagation through t
photorefractive crystal explains the main features of the ex-;.
periment with oscillating speckle-pattern. It is shown that

f the Academy of Finland.
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