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Abstract. Theoretical and experimental investigations oftheoretical and experimental data for EFS in dependence on
electric field multiplexing and selectivity of reflection volume the applied electric field, the thickness of the hologram, and
holograms irLiNbO3 are reported. Recording of at least five the exposition during recording. An excellent agreement be-
holograms is demonstrated. Equivalent spectral selectivitiween theory and experiment was found for EFS in the case of
Air ~ 4.5 pmfor the case of three electrically tunable holo- recording a single hologram. Then we experimentally demon-
grams andA A ~ 9 pmfor the case of five electrically tunable strate the potential of EFS and EFM when recording at least

holograms are estimated. five holograms, and discuss the origin of crosstalk.
It was shown that an electrically controlled hologram
PACS: 42.40;42.70; 72.40 can operate as a tunable spectral filter with selectivity
AL/A A 1075,

Diffraction from volume holograms obeys the Bragg con-
dition. As a result the hologram exhibits strong angular or; Theory
spectral selectivities [1]. In the case when the volume holo-
gram is recorded in an electro-optic crystal, the Bragg CONThe Bragg condition for a volume hologram has the form:
dition can be controlled by applying an external electric
field due to variations of the average refractive index of1  2n,, |
the material via the electro-optic effect [2-7]. This results— = —=sin®%s, (2)
in a strong electric field selectivity (EFS). The high selec-
tivity provides the possibility to record and retrieve manywhere A is the grating spacing, is the light wavelength in
holograms in the same volume of a material, i.e. provideshe vacuumn,, is the refractive index (the periodical modu-
multiplexing of volume holograms. Photorefractive crystalsjation of the refractive index due to recording of the hologram
represent a well-suited class of materials for electric fields assumed to be much less thag) and ®g is the Bragg
multiplexing (EFM) because the electro-optic effect is theirangle in the media. The violation of the Bragg condition by
inherent property. Although the first demonstrations of EFMchanging. or @ during readout of the hologram leads to de-
were made many years ago [2], the interest to EFS and EFleasing of the diffraction efficiency. Acceptable changes of
increased sharply only in the last few years [3—7] becausg or ® are characterized by spectral and angular selectiv-
electrically controlled volume holograms can be used as turity, which depend mostly on the thickness of the hologram.
able spectral filters with a very high (of the orde#*-10°)  Because a variation of the refractive index will also lead to
quality factor. Such filters are an appropriate component fog decrease in the diffraction efficiency, the case of refrac-
fiber wavelength division multiplexing systems, for electri- tive index changing under influence of external electric field
cally controlled sources of coherentradiation, and many othegill lead to the same behavior in EFS. For a reflection holo-
applications. gram (at®g ~ 90°) with a hologram thicknes$, it can be

Although the principles of EFS and EFM are described inshown [2, 4—6] that this EFS can be estimated as:
the above-mentioned papers, there are up to now only a very
few experimental data on this subject. Consequently, a betteknay = AL A 5
understanding of EFS and EFM is needed in order to allowp,_, ~ ", = T’ @
the realization of competitive devices.

In this paper we describe the optimal experimental conwhere An,, is the variation of the average refractive index
figuration for EFS irLiNbOg, present a comparison between due to electric field. We ignore here the piezoelectric effect.
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The relationship (2) is useful for the estimation of the re-a) 100
fractive index variation necessary to change the diffractior .
efficiency from its maximum value to its first zero. However, 10 m
to obtain a theoretical expression for the dependence of tt
diffraction efficiency onEp, which causeg\ng,y, we have to
consider a specific geometry including the orientation of the
crystal, the direction of the applied electric fielt, the di-
rection of light propagation, and the orientation of the light
polarization during hologram reconstruction. Our analysis de
scribed in [5—7] shows that we are able to meet the conflictin 0.01
situation between the requirement of high diffraction effi- " 6543210123458
ciency and high sensitivity oAn,, on applied fieldEq. The E-E kv/cm
condition which is closest to the optimal one fdNbO3 and MAX>

for the extraordinary beams is found when the wave vecta b) 100
Kg of the grating is oriented in the range of°380 relative

to theC axis of the crystal. Then, the transverse electro-optis
effect must be used and the electric field must be oriente
perpendicular tdq. In this case diffraction efficiency is de-
scribed by Kogelnik's theory [8] and has a form:

() [ ()] (=2

Here [7]:

Outp.Sign., A.U
(=}
I |
=

10

ks

6543210123456
E, kV/cm

n= ©))

Outp.Sign., A.U.

0,01

N T
V= "
ASINGg C) 100

is the parameter that determines the diffraction efficiency ir
the case when the Bragg condition is matctige: 0),

_ Znna\,_l_ <Ana\,

L

£

sin®
) ) B

n av

0,1

is the detuning parameter, and

Outp.Sign., A.U.

5D 1 N
N =-——r& Ang = -nir&HEo, O s s T 0T 23 456

|Kglne ¢ 2
. . . E, kV/icm
wheresD is the amplitude of space-charge grating field. TheF_ 1 aDiffraction effic . ’ ded hol he el
i L ; ig. 1. a Diffraction efficiency of one recorded hologram versus the elec-
electro-optic coefficients are signed by tric field E — Emax. Experiment:O — T=7mm B — T =14 mm The
solid curveis the theoretical dependence using formulae 3} 7 mm

ré — i (r 13ng coa+ r33n4 sir? a) b Diffraction efficiency of two recorded holograms versus the external elec-
¢ g3z € tric field E. The holograms were recorded at the Rayleigh's criterion. The
1 solid curveis the theoretical dependence based on ¢iffraction effi-
- — (rzzng Sina coso + r5ln§n% Sir? a), ciency of five recorded holograms versus the external elecric Eel@ihe
€11 crystal thickness i§ mm
3
No .
rgﬁ = > - > (r 13SINx
\/(ne cose)” + (no sine) parametersng = 2.329 ne = 2.232 r13= 8.6 x 100?m/V,
+ragsinatg®a + 2rs; Sine — 1, cose) cos a, rsg = 308x102m/V, rs; = 280x102myV,

ro=43x10"12m/V, n =5%.
with ng and ne being the refractive index for ordinary and
extraordinary beamsgss, €11 the dielectric permittivities,
ris, a3, sy, r22 the electro-optic coefficients, anty = ne. 2 Experiment
From the expression fatg; andrg, one can see that the op-
timal orientation for these parameters do not coincide an@.1 Experimental setup
selection of the proper orientation depends on a desirable cri-
teria. In our case we oriented the crystal with= 30°, an  The experimental setup for the investigations of EFM is
orientation that is close to the optimal. shown in Fig. 2. ANd:YAG cw laser (1) with intracavity
The theoretical calculations are presented in Fig. 1a for frequency doubling and witth ~ 100 mW output power at
in dependence of the external electric field for the followingh = 523 nmand extraordinary polarization was used. After



immersion
oil

Fig. 2a,b. Experimental setup. 1 Nd:YAG cw ADLAS laser,» =532 nm

2 — beam expander, 3 — beamsplitter, 4 — mirrors, 5 — shutter, 6 — crystal,
photodiode, 8 — gray filteinsert a Orientation of theLiNbO3 crystal. o, oj
are the recording beams, is the angle between the optical axisand the
direction of the light propagatiorR is the orientation of the wave polariza-
tion, E is the external electric fieldl is the thickness of the crystdhsert

b The double-crystal geometry
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2.2 Experimental results

Figure 1a shows the diffraction efficiency of a single recorded
hologram as a function of the electric field for two differ-
ent thicknesses of the holograin=7 mmandT = 14 mm
During our experiments, different holograms were recorded
under different experimental conditions. Consequently, the
diffraction efficiency reached its maximum at the different
electric fieldsEyax - That is why using the scalé — Eyax

we can compare data of two different experiments. From
this data we are able to estimate EFS. The diffraction effi-
ciency reaches its first minimum approximatelyL& kV/cm
atT=7mmand0.75kV/cmat T = 14 mm It is obvious
that the doubled thickness of a hologram provides twice as
much EFS.

Figure 1b shows the diffraction efficiency of two recorded
holograms versus the electric field. The two holograms
were recorded with a separation according to the Rayleigh’s
criterion: the second hologram was recorded at a value of the
electric field, at which the first hologram reaches its first min-
imum. The decrease of the diffraction efficiency between two
holograms is approximateB0% which is quite close to the
theoretical limit.

Figure 3 shows two dependences: the first one is the ratio
between the central maximum of the diffraction efficiency
and its first lateral maximum, and the second dependence is

,the maximum value of diffraction efficiency versus the ex-
position of recording. From these data the optimal regime
of recording was chosen. The exposition was of the order
6.9 J/cnr.

Figure 1c shows the diffraction efficiency of five recorded
holograms versus the electric fiell The holograms were
recorded with a separation 8fkV/cm. This step is equal to

passing through the beam expander (2), which consists t¢iie doubled step at Rayleigh’s criterion. Additional (small)
a microlens, a pinhole, and a collimating lens, the planenaxima appear between major maxima. They appear at

wave was splitted into two beams;: and . The sample of

the same electric field, at which we have the minimum in

the LINbO3 crystal (6) was illuminated from the opposite diffraction efficiency for the case of only one hologram

sides by recording beams and . In this case the Bragg
angle®g was approximatel39°30. Using a set of gray fil-

(see Fig. 1a). For qualitative estimations we can use the ratio
between low and high maxima as a criterion of a crosstalk be-

ters (8), we could vary the power of the recording beamstween holograms at a certain separation value of the electric

After recording of a hologram, the beasm was blocked by
shutter (5) and the reconstructed beanwas detected by
a photodiode (7). By applying different electric fielésto

field.

the pair of electrodes (not shown in the figure) the depen
dence of the diffraction efficiency on the electric fidtldvas
measured.
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Two F€** doped single crystals daiNbO3 were used. The 10l

v

concentration oF€#™ was less thaf.05 mol%. The orienta-

o

tion of the crystals is shown in Fig. 2a. The pair of eIectrode:§
was deposited on the right and left surfaces, the distance b=
tween electrodes was5 mm S
Our investigations of EFS and EFM were performedé
with two different samples of recording media. The first one
was a usual samplel (= 7 mm) of single crystal for holo-
graphic recording. The second was a sample which consis
of two separate crystals: one crystal was arranged behir
the another (Fig. 2b). In this case, we created an artificie
sample with double thicknes3 (= 14 mm). In order to re-
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_ : : : ig. 3. The ratio between the central maximum — M&X and the first
duce cross-reflections from internal sides of crystals, the aﬁteral maximum — MAX1) (left scale B and the maximum of the diffrac-

gap between the two crystals was filled with immersion Oilijon efficiency fight scale O) versus the exposition of recording. The
withn~ 1.9, crystal thickness i mm
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that it also depends on the nonlinearity of hologram record-
ing at high contrast ratio of the interference pattern. We found
a way to minimize this shift. A detailed description of this
investigation is beyond the scope of this paper.

The experiment described above concerns the electric
field selectivity. However, using (2) one can estimate the
spectral selectivity in the case of using our holograms as
electrically tunable spectral filters. For our set of parame-
tersne = 2.232 A = 53205 nmwe have a spectral selectivity
of AL~ 9pm for a hologram thickness of =7 mm and
Ar~45pmfor T =14 mm From this point of view five
recorded holograms (Fig. 1¢) can be considered as a five-
channel electrically tunable filter with a spectral selectivity
of 9 pm This is one of the best-known selectivities for holo-
graphic filters recorded in photorefractive crystals [10—14].
Potentially, the upper limit of electrically tunable holograms

Fig. 4. The crosstalk versus of the recorded holograms number. The crystgan be estimated [6] to be 80 taking into account the break-

thickness isT mm (). The crystal thickness i$4 mm (H)

down electric field in the air a0 kV/cm, a crystal thickness
of 14 mm and EFS oD.75 kV/cm. Of course, this estimate
depends on the certain requirements for a crosstalk. Our in-

Using this criterion, behavior of a crosstalk in dependenceestigation of the crosstalk for different numbers of recorded
of the number of recorded holograms can be investigatedolograms (Fig. 4) has shown that the crosstalk is almost con-

(Fig. 4).

3 Discussion

stant when the number of recorded holograms is 5 or more.
This is in a good agreement with the conception that usually
it is the nearest hologram that mostly contributes to crosstalk
rather than more distant holograms (see for example [6]).

An excellent agreement between theory and experiment wasknowledgementsFinancial support of the Alexander von Humboldt
found for EFS in the case of recording a single hologram fofoundation (Grant IV RUS 1063840) is gratefully acknowledged.

both hologram length in the range fron® to+2 kV/cm. We
also have a good agreement between theory and experimentin

the case when two holograms were recorded at two differefteferences

electric field values corresponding to the Rayleigh’s crite-

rion. However, it is necessary to mention two phenomena that?!
are not described by our theoretical consideration. The first.,
one is some discrepancy between calculated and experimen-

tal positions of the minima of the diffraction efficiency at high 3.

electric fields. One of the possible origins of this discrepancy
is the piezoelectric effect [3] which results in variations in the

grating spacing of the recorded hologram. The magnitude of -
the observed discrepancy is consistent with estimations based

on the corresponding piezoelectric coefficients fddbOs. 6.

Though this phenomenon does not play a serious role in the
case of a single hologram, it can be important for the analysis
of crosstalk when a large number of holograms are recorded
in the same crystal. The second phenomenon is a shift of thes
maximum diffraction efficiency to a value of the electric field 9
different to the one at hologram recording (the effect that was!9
mentioned in [5]). This phenomenon is associated with thelé
photovoltaic effect which results in a charging of the crystal. 13
We performed a detailed investigation of this effect and foundi4
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