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Abstract. We report on experimental results showing a strongphotorefractive effect responsible for the recording of phase
wavelength-dependence of cross-talk between photorefragratings does not directly depend on the wavelength of the
tive gratings simultaneously recorded By 2SiOpg crystals — writing waves. The photon absorption cross section, which is
in the diffusion regime. We find unusually high cross-talkmultiplied with the total light intensity to describe the gen-

for two gratings with close spatial frequencies at wavelengtheration rate of free carriers, may have an influence only on
488and476 nm The results indicate that the density of freetime constants of the space-charge build-up. However, we
charge carriers does not directly follow light modulation atfind experimentally that the cross-talk between neighboring

low spatial frequencies. simultaneously recorded gratings in BSO depends strongly on
the wavelength of the writing beams.
PACS: 42.65; 42.70 We study cross-talk in a three-wave mixing configuration

with two object beams, Qand Q, of equal intensitied,; and

I2, and small angular separation and a reference beam R with
In photorefractive crystals, inhomogeneous illuminationintensityIg. In a BSO crystal without applied voltage (diffu-
yields a charge redistribution, a space-charge field builds ugion regime) the beams;@nd R record the gratinG1, and
and modulates the refractive index via the electrooptic efO, and R record the gratinG,. The corresponding grating
fect [1]. This effect may be used in many applications. Forspacings aret1r andAzg. The two object beams{and @
several devices superposition of many angular-multiplexeere unable to create a sizeable grating in the diffusion regime
holograms within the same volume is required, e.g. in volumelue to the very large spacinty of the interference between
holographic storage [2]. Therefore cross-talk, or the influencéhem. The angle between the object beams and the reference
of recording and erasure of one grating on the diffraction efbeam is adjusted for efficient holographic grating formation.
ficiency of another grating, is a substantial problem which  The origin of cross-talk between the gratings may be ex-
limits the performance of photorefractive devices. Recenplained as follows: each primary grating is recorded by the
studies of nonlinear combinations of photorefractive gratingseference beam and the corresponding object beam. Even
have demonstrated a strong coupling between coherent grattough the light intensity pattern produced by the interference
ings [3—6]. between the object beams does not produce any detectable

In this paper we report that new measurements with lighgrating, it modulates the local generation of free electrons
of shorter wavelengt@8and476 nmfrom anAr laser) re-  with a low spatial frequency. This periodic spatial modulation
veal even greater cross-talk than our previous measuremenjsuses the formation of a space-charge field with new spatial
at the green lin&14.5 nm[4-6]. frequencies separated by the difference wave numbéer=
Our measurements were performed with photorefractivé1gr — Kor , whereKir = 27/ A1r and Kor = 2/ Agg are

bismuth silicateBi;12SiOq (BSO) because this material has the wave numbers of the grating® and G, (Fig. 1) [5].
fast response times for the usual intensities of cw laseThe spectral power is now spread out over a wider range of
light and high enough diffraction efficiency at the diffusion frequencies. The periodic space-charge field with spatial fre-
regime. guencyKir is, therefore, a combination of the central spec-

tral component associated with grati®g and a side lobe of

grating G, spectrum. This coupling through the low spatial
1 Theoretical background frequency electron distribution is the reason for the cross-talk

between the gratings, which can be measured experimentally
According to the well-known PDDT model (photogeneration,as a change in diffraction efficiency. We define the cross-
diffusion, drift, trapping), or band transport model [7] the talk Ay asAn = (na— np)/np, Whereny andn, represent the
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Primary grating G, numberKr. Thus, we obtain values of the strength of grating
G1 before and after switching off grating,. The squares of
| | | | these values are proportional to diffraction efficiengigand
L L na, and hence the cross-talle) may be calculated.
KAK Ky K The presented model of grating coupling via low-frequency
modulation neglects the possibility of energy transfer be-

Primary grating G, tween the object beams by diffractive coupling through the
reference beam. The beam coupling in BSO in the diffusion
| | | | regime is usually small, and its influence was found to be of
: : the order ofl% [5].
Ky KyptAK K

Fig. 1. Spatial spectra of two neighboring gratin@, and G, showing
the appearance of additional frequencies caused by light modulation with Experimental part
spatial frequencydA K

The experimental recording configuration is shown in Fig. 2.
steady-state diffraction efficiencies of the gratidg before  Three collimated plane waves; 0O, and R are incident on
andafter gratingG. is ‘switched off’ by means of an appro- the BSO crystal and fully cover its entrance face. The ob-
priate phase-modulation of beam (3]. ject beams are separated by a small antfeof between 1

With the often-used assumption that the electron densitio 10 mrad The angle between the reference beam and the
has the same form as the incident light intensity, apart fronobject beam# is about30°. All three beams originate from
a constant reduction factor, we can express the space-chamesingle modeAr+-ion laser with polarization perpendicu-
field along thex axis, Esc(x), when both gratings exist in the lar to the plane of incidence. In the experiments we use the
crystal, as follows: laser lines at 518, 488 and}76 nm A cw frequency-doubled

Nd:YAG laser at wavelengtf32 nmis also used in the same
Esc(X) = ke T scheme. The intensities of all beams are measured in front of

e the BSO crystal by a power meter. Ae-Ne laser beam at
M1rK 1R SIN(K1RX) + M2rK 2R SiN(K2RrX) wavelength633 nmis used to measure grating diffraction ef-
/1+ M12c0S AKX) + M1r coS K1rX) + Mor coS KorX) ficiencies. The angle of incidence of thie-Ne laser probe
(1) beamis Bragg-matched to the spatial perittk of grating

G1, which is aboufl um.
and when only one grating; exists in a crystal, (1) becomes A phase-modulation was imparted on one of the object

beams by means of a mirror mounted on a piezoelectric stack.

kg T M1rK1RrSIN(K1RX) By a special choice of frequency and amplitude the phase-
Esc(x) = e 1+ MircosKirx) ) modulation will completely erase the grating, without

changing the total intensity of light incident on the crystal [3,
whereM;j are modulation depths of the free electron densib]. The typical value for the frequency of phase-modulation is
ty: Mij = mij (1-6ij)/(L+by/slo), mij =2,/1;Jj/lp arethe 300 Hzand the modulation amplitude corresponds to the first
light-intensity modulation depths$;, 1> andlgr are the inten-  zero of the Bessel function [5]. The cross-talk was measured
sities of object and reference beams respectivglys 1 + for different values of the parametgr= Ir/(11+ I2), which
I2+ IR is the total intensity of the incident light;j is the re-
duction factor for the carrier modulatiokg is Boltzmann'’s
constant,T is the absolute temperature,is the electron Mirror
charge,slp is the rate of free-carrier photogeneration and
b is the rate of thermal excitation of carriers. The expres-
sion (1—81Rr) = 1/(1+ K2,/K32) for the reduction is used
to describe the limitation in diffraction due to the maximum Beamsplitter

Argon laser

Mirror He-Ne laser

achievable space-charge field [7]. Hé¢g denotes the De- -V‘ Photo
bye screening wave numbé¢3 = €Na /eeoks T, whereNa ‘E detector
is the concentration of acceptors asg is the permittivity . i

Mirror Diffracted beams

of the crystal. The value dkp can be determined from the
dependence of diffraction efficiency on the spatial frequencx, :
. ariable

K1r of the grating. filter

There will be hardly any reduction of the modulation fac-
tor for low-frequency carrier distribution due to the large
period of gratingG12. However, without a reduction factor PZM
the expression (1) may contain a singularity. In our previous )
work we used a fitting procedure to select the value of the re- Mirror
duction factor - 812, which gives the best fit to experimental Fig. 2. Experimental set-up for the cross-talk measurements. Two object
data [5] beams @ and Q@ with equal intensities and small angular separation

_ . A0 = 3 mrad write gratings with a reference beam R. Beam €an be
To calculate the cross-talldy numenca”y’ we use the hase-modulated by a piezoelectrically supported mirror (PZM). The beam

Fourier trar‘Sform_ of the relations (1) and (2) to compute théntensity ratios = Ir/(11+ I,) is controlled by a variable neutral density
fundamental spatial frequency componenEgt at the wave filter

Red filter

Beamsplitter
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describes the intensity ratio between reference beam and thete, measured by the photocurrent with uniform illumination

object beams. and an external applied electric field bkV/cm. The results
Three different BSO crystals of thicknesses 3, 5 andor the cross-talk were the same as shown in Fig. 3.

10 mmare investigated. The surfaces are polished to optical Measurements at A value of about @1 give the same

quality and antireflection-coated to avoid build-up of addi-cross-talk for all three tested crystals indicating that the cross-

tional gratings by interference from internally reflected lighttalk is independent of changes in the optical path length

beams. The measured valuekas in the two-beam configura- through the crystal and of small differences in the material

tion revealsKp ~ 10um—1. With the K1r = 6.3um~1 used
in three-beam experiments a reduction facterdygr = 0.72

follows.

parameters of the crystals.
Furthermore, we tested the influence of changes of the an-
gular separatiomd between the object beams ranging from

Figure 3 represents the dependence of the cross-talk dnto 10 mrad The dependence ané is small, in agreement
the intensity ratig3 obtained for four different wavelengths. with earlier results [5]. Thus, the relatively small changes of
The difference between the curves is most evident in th#éhe grating period, resulting from changes of the wavelengths,

region of smallg, where grating&1 andG; have a low mod-
ulation index (n1r = Mpr <« 1) and the influence of the low
spatial frequency electron distribution is at a maximumiL

are not the origin of the difference in the measured cross-talk.
Finally, the modulation depth of the interference pattern
at the different wavelengths was checked. We measured the

is close to unity). The measured cross-talk for low values ofight modulation index to be .96 at5145nm and 092 at

B depends greatly on the wavelength, and 8 nmis 2—3

times higher than &14.5 nm

476 nm This was done by using a photomultiplier with a nar-
row slit-aperture at a magnification of 25 times interference

We have not observed any diffraction indicating the exispattern image. This difference is much too small to explain
tence of gratings1, at any available wavelength. The grating the difference in cross-talk at these two wavelengths.

with wave vectorAK = K1 — K2 does not exist at all in the

diffusion regime, but it is easily detectable with applied exter-

nal voltage.

3 Discussion

Additional measurements were performed to ascertain
that the difference is only due to the difference in wavelengthOur measurements at 554and532 nmagree well with the
The cross-talk was measured for different values of the totaheoretical expression for the space-charge field for the three
intensity, but no significant variation of the cross-talk was obincident beams presented in [4, 5], when an appropriate value
served. As a further check, the cross-talk was measured at dior the reduction factor 4 §12is chosen, as shown by the the-
ferent wavelengths for the same value of the photogeneratiametical curves in Fig. 3. However, the high values of cross-

talk measured at the 476 ad88 nm Art-laser lines cannot
be fit with any choice of the reduction factor. This indicates

100 that additional physical effects must be included in the analy-
sis to account for the experimental observations at 488 and
90 =476 476 nm
cem To explain the revealed cross-talk far< 500 nmwe
80 A, assume that the density of free-charge carriers does not di-
‘A rectly follow light modulation at low spatial frequencies.
704 x=488nm To perform the fitting procedure we approximate the cor-
5 a, . responding form of the carrier distribution as#(1—
< 60 + N 812)[cOSAKX) +acog2AKx) +bcog34Kx)]. The value
= A=S145am O a pf calculated crpss-talk is found to be very sensitive to this
301 T o s s introduced nonlinearity of the free carrier distribution. The
f—‘g Lk £-00° % 2 best fit for measured cross-talk at= 476 nmis obtained
& 40 o N .\ with 812 =0.2,a= —0.196, ancb = 0.03, as shown in Fig. 4.
o S This result indicates that the nonlinearity grows for shorter
O 30 So0— wavelengths.
We have analyzed a number of physical factors to ex-
20 plain the spectral dependence of the cross-talk. As an ex-
ample, short-wavelength light can generate non-thermalized
10 4 electrons with surplus kinetic energy. Such non-thermalized
electrons increase the effective diffusion constant, which can
0 A 8550 enlarge the nonlinearity at low spatial frequencies. Another
So%a, possibility is activation of deep donor levels with the short-
-10 11— T T T T T wavelength light [8]. A change in the excitation rate of donor
0001 0010 0100 1.000 10.000 100000 |evels or a filling of traps with the change of wavelength may

B (log scale)

lead to differences in the grating formation and in the non-
linear coupling between gratings. There are many indications

Fig. 3. Measured cross-tallkdn for four wavelengths as a function of the
intensity ratios. Filled circles 2 =532 nm Solid curve calculation with
a fitting parametes;» = 0.06. Open circles A = 5145 nm Dashed curve
calculation with a fitting parameteéf» = 0.22. Open trianglesi = 488 nm
Closed trianglesi = 476 nm

that the charge transport in sillenites is governed by more than
one photorefractive level [9]. Different centers or one center
which occurs in more than two different valence states are
possible origins of multiple photorefractive levels [10]. The
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Fig.4. Calculated cross-talk as a function of the intensity ragiofor

a low-frequency distribution of free carriers of the formt+ingo(1—
812)[cog AKX) +acog2AKx) +bcog3AKXx)]. Insert distribution of free-
charge carrierssplid ling) in the form given already and modulation of
light intensity @ashed ling in the form 1+ mq5 cog AKX), for myo = 0.8,
312=0.2,a=—0.196 andb = 0.03

From our investigation it appears that in BSO crystals
multiplexing of holograms with light of wavelengths shorter
than 500 nmis disadvantageous because of enlarged cross-
talk. Our study may be important for optical storage in pho-
torefractive materials. The effect of cross-talk between close
holographic gratings shows the limitations for optical storage
in photorefractive media.

Here we have experimentally demonstrated the strong re-
lationship of the cross-talk between two gratings on the wave-
length in three-wave mixing experiments in BSO crystals in
the diffusion regime. A strong cross-talk 416 nmof about
100% has been measured. This experimental method of cross-
talk measurement could become a very sensitive tool for the
study of charge transport in photorefractive materials.
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