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Abstract. An analysis of different geometries for the record-  The purpose of this paper is to show that several other
ing of reflection gratings in photorefractive crystals®in  possibilities exist to record reflection gratings in crystals with
pointgroup with photovoltaic charge transport is presentedohotovoltaic charge transport like lithium niobate.

Several unusual optical geometries are proposed and analyzed

in contrast to the traditional arrangement with two counter-

propagating ordinary waves recording a grating in a Z-cul Recording and readout processes in dopedNbO 3
sample. Some of these schemes involve the recording of grat-

ings by two eigenwaves with different polarizations and re-The main charge transport process in iron-dop#¢bOs3 is
construction of the object wave with orthogonal polarizationthe bulk photovoltaic effect [11, 12]. When a short—circuited
with respect to the reference wave; this allows noise reductioarystal is continuously illuminated the steady-state curjent
in holographic reconstruction by simple polarization filter-appears which is related to the electric fiddof the light
ing. wave via the third-rank photovoltaic tensor [12]:

PACS: 42.40.Pa; 72.40.+w; 42.65.Hw Ji = BixEi B (1)

For 3m point group crystals likeLiNbO3 the real part of

the photovoltaic tensor (symmetric in the last two indices)

Nowadays there is a certain renaissance in the interest of ras four independent componerisss, fs11= 322, B222=

searchers in recording reflection holographic gratings. Thé211= 121, Bi3; = P13 and the imaginary part (antisym-

reasons are diverse but nearly always connected to possildietric in the last two indices) has one independent compo-

applications of this type of holograms. Reflection gratings iment,8s; = 31 3(B131= B33, +1B%37)- We will use in the fol-

photorefractive crystals are attractive for many reasons, e.dowing the contracted indices according to the usual conven-

for the design of permanent optical memory with high capacition: 33— 3, 22— 2, 11> 1, 21— 6, 31— 5, 32— 4.

ty [1] and their use in solving the problem of a phase conjuga- When two coherent light waves with a total electric field

tor with wide acceptance angle [2]. Recently they were use@f

to develop narrow-band spectral filters [3]. High-resolution ] .

imaging with Denisyuk type holograms in photorefractive E = e1A1 explikir) +e2 Az explikar) 2)

materials [4] is also an important implementation of reflec- o )

tion gratings. Some interesting new physical phenomena liké& Stands for the polarization unit vecto; for the com-

hexagon pattern formation also involve reflection hologranPleéx amplitude of the light wave, ariglfor the wavevector of

recording [5—7]. each wave) are propagating inside the sample, they produce
The possibility of recording reflection holograms in pho-fringes of light intensity (for identically polarized waves, i.e.

torefractive iron-doped.iNbO3 is known for quite a long €1-€ = 1) or polarization fringes (for orthogonally polarized

time [8], inspite of the fact that most frequently this materi-recording wavese; - e = 0). o _ _

al is used for transmission hologram recording. Usually two ~This spatial modulation of light intensity or light po-

nearly counterpropagating ordinary waves record the refledarization results in the excitation of a spatially modulat-

tion grating in a sample with the optical axis perpendicular t€d pPhotovoltaic currenf(r) and leads to the formation of

its input/output surfaces (Z-cut sample). This kind of record- Space-charge grating with the grating vedos ki —ka.

ing has been used to get coherent oscillation with four-wavd he steady-state electric space charge field of

mixing in linear cavity [9] or to develop a selfstarting nonlin- ,

ear mirror for a Cu-vapor laser [10]. Escn) =1(N/0, ®3)
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modulates the optical dielectric tengoof the crystal via the The other possibility is to use orthogonally polarized
linear electrooptic effect: waves to record reflection holograms in a crystal with @1}

) input face (Fig. 1d). Here the charge separation is based on
Ag o NmnEgC. (4)  the excitation of a photovoltaic current related to tBg;

component. It is seen that none of the other components are
involved in grating recording in this geometry (neither pro-
ducing a current alon@®X nor alongO Z).

So a volume phase grating appears. Hgggis the third rank
tensor of the linear electrooptic effect amds the crystal con-

ductivity. In sam ; ; e
. . ples with the(Q11) input face and with incident
Each of the two recording waves can be diffracted fromy e polarized as shown in Fig. 1e two other components,

the recorded grating. The diffracted part of the first recording g5t toB1 and a1, are contributing to the reflection grat-
beam has the same wavevedtoand the same polarization ing recording

vectore as the second recording beam (and vice versa). The™ 54 finaIIy. for samples with al(L0) input face, two com-
readout of the grating is possible for any geometry where,,nants of current, related fia, andgie, are active in reflec-
gratings can be recorded, because the structure of the elggs, grating formation (Fig. 1f)

trooptic tensor is similar to the structure of the photovoltaic'  +14 giffraction efficiené:y ih the limit of a small grating
tensor. Any nonvanishing component of the electrooptic te”étrength is proportional to the light-induced change of the

sor always corresponds to a certain nonvanishing compone ic (high-f P 1
of the photovoltaic tensor (with the same indices but in dif_é‘fectnc( Igh-frequency) permittivity (see, e.g., [13)

ferent order, e.g831 andry3)!. This is why we always find a
readout process (involving the appropriate component of thé <
electrooptic tensof) to each particular process of recording
(involving a component of the photovoltaic teng®r So, in ~ Which, in turn, is proportional to the product of the effective
the next paragraph, we consider the different possibilities foglectrooptic and photovoltaic coefficients for any particular
recording reflection gratings in crystals with the bulk photo-orientation of the crystal axes [(1) to (4)]

voltaic effect.

(An)® x Ae , (5)

Ag o (Feff Beff) - (6)

2 Reflection holograms in crystals with the bulk

photovoltaic effect Thus we can consider the producdi(Besr) as a figure of merit

for the grating efficiency.

The simplest (but not always the most advantageous) situ- 10 calculate the effective electrooptic and photovoltaic
ation occurs when the sample is cut along its crystallographigoefficients for particular crystal cuts one can use the general
directions, i.e., its faces are normal to X, Y, and Z directions,

and the writing waves are incident upon the sample normal

to its faces 1 = —k2). It is quite clear that in this case we

can write either gratings witk || OZ with the currents related F x(y) k‘l—>e1 a r> X hrq b
to B31 andB32 components of the photovoltaic tensor or grat-

ings with K||OY with the current related tg21. These two > v
allowed geometries are shown in Figs. 1a and 1b. Because tf :

light waves are transvers waves (their electric displacemen  Bai (Bs=) - Ber -
vector D is normal to their wavevectd) we cannot exploit k, >2 k, >

B33 (or B22) to record a grating withkK ||OZ (or K[| QY). Itis

also not possible to usg e to record a grating with< ||OX. C d
For unusual cuts of the sample, when the grating vecto N Ky Pe. N k1§e

K is not directed along one of the crystallographic axes, all .~ ¢, ' Y\ ¢

components of the photovoltaic tensor can be used to recor-- z x(y) —— X —_—

reflection gratings. ' L
e.

-

/)
\J/

Let us consider, for example, the orientation shown inj B, Bsit (Ba), Bier Le
Fig. 1c. Here the optical axis of the crystal is tilt¢8l° to the (Bzz), Bist (B) Ky > 2 k, > 2
normal of the sample input face, but the light waves are stil
incident normal to the sample faces. The two writing wave
are now extraordinary waves and the polarization ve@pss Ky e, e ks e f
have both Z-components and X-(or Y-) components. It mean /\ i A r !
that besides the current related to the compogenive have z y X y
now also the current related f33. There is no current along
the X-axis related t@11 = 0 or 813 = 0, but the current relat- Bott , P Buz , Brat e
ed toB15 also exists. ForQ11)-cut one extra current, related kz!e2 k, >2

to 822, also contributes to the space-charge formation. _ , _ _ _ _ _
Fig. 1. Possible optical configurations for recording of reflection holograms

- (see text). Orientation of the crystallographic axes is shown on the left side
IThe only difference is that the electrooptic tensor has no imaginary comef every box while orientation of the incident waves and their polarizations
ponents corresponding t,ﬁtj‘s. Fortunately it has the real component with are shown on the right side. In the lower left-hand corner the photovolta-
the same indicessq; this ensures the diffraction from the grating recorded ic constants are shown which assure the charge transport for this particular
by currents related tg3; as well as to]s. configuration
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expressions Table 1. Electrooptic coefficients, absolute and normalized photovoltaic co-
efficients (see text) of iron-dopddNbO3 crystals
Y
feff =T v, 7
eff kmnaKe?n . ( ) electrooptic photovoltaic normalized photovoltaic
and coefficients coefficients coefficients
pmyV [14] 102 A/W [15] Bij/ B22

Bett = Bijivi€'g (8)

el a3 =320 faa =520 Pas/bo2 =116
whereef, are the components of the polarization unit vectors 3= & Pa1 =625 Ba1/Pa2 =139
for the two recording waves, superscripts: 1 and 2 denote r2=34 Pa2=45 Po2/P22=1
the waves 1 and 2, respectively; subscripts 1, 2, and 3 cor- rs1 =288 15|/ P22 = 4.0 [16]
respond to the Cartesian components of@h¢ OY, andOZ B35/ B2z < 0.4 [16]

axes, andyq are the Cartesian components of the grating unit
vector,y = K/K.
We present below the expressions ffigr and Serf for the  Table 1 the values ¢f normalized to82, including those for
orientations shown in Figs. 1ato 1f. For samples cut along thghe nondiagonal componerﬁj%_S and|p1s).
crystallographic axes these expressions take the simplest form These data allow the evaluation of the ratios of figures of
merit (reftBeff) for any of the considered optical arrangements

(@) Treff=ris, Beft = P31, (9 ofreflection grating recording, and therefore to compare their

(b) reff = —r22, Bett = —P22. (10) relative diffraction efficiencies.

For different geometries with 45cut crystals the effective

coefficients are 3 Experiment

(© rei = (1/vV/8)(raz+r13—2rs1) , (11)  The aims of our measurements are to check the efficiency of
Beft = (1/v/8)(Bas+ Ba1— 265 . recording holographic gratings in several proposed geome-

tries and to study the possibility of polarization filtering of
scattering noise from the readout wave in case of geometry

(d) reff=—(1/2)rzz, Bett = —(1/2)B22, (12) (d) (Shee Fig. 3)- diith ) | dinth

. . The iron-doped lithium niobate crystals used in the ex-
©  reff=(1/v2r1s, Pett =(1/VDfa,  (13) periments contain approximate/02 to 0.03wt% of iron
) reg= (1/«/§)r22, Bett = (1/«/5);322. (14)  in the melt. Two samples are used, one with all faces pol-

ished, measuring.01 mmx 6.98 mmx 4.86 mmalong X, Y,

In the expressions listed above only the strongest nonvand z directions, respectively. The second sample has only
nishing components are kepti> and 822 are omitted in all  two pairs of faces polished, one normal to fa&0]-direction
cases when larger components likg, r13, rs1 (B33, 831, 875)  (thickness3.56 mn) and the other normal to thgl01)-
are present (see Table?) direction (thickness3.49 mm). The samples are cut from

Note that there is no contribution of the circular photo-different ingots of unknown origin, sample 2 has a slightly
voltaic current [12] (from the antisymmetric compongdit  deeper color compared with sample 1.
of the photovoltaic tensor) in any considered reflection geom- A single-mode, single-frequenéy*-laser(A = 5145 nm)
etry. This is the consequence of the orthogonality of the grais used for hologram recording. The laser beam is expanded
ing vector and the polarization vector of the recording waveto 10 mmin diameter to assure uniform illumination of the
(v-e=0). sample. The total intensity of the recording beams is about

In Table 1 we summarize the known data on electrooptid 60 m\W/cn? and the contrast of the recording fringes is
and photovoltaic properties of lithium niobate [14—17]. Them = 0.97. One of the two beams is directed to the sample nor-
electrooptic coefficients characterize the crystal host itselinally to the input face while the other is tilted abaut 17°
and are independent (in first approximation) on the dopartb the face normal (so the diffracted and transmitted beam can
content [14]. The photovoltaic coefficients are on the conbe detected directly, without using a beam-splitter and thus
trary strongly dependent on the type and amount of impurityvithout loosing intensity).
in the sample. For dopddNbO3 with an iron content up to For several geometries listed in Fig. 1 the dynamics of
10?°m~3 the components of the photovoltaic tensor are lindiffracted light intensity is studied during grating recording
early increasing with the concentration of divalent iron [15,and optical erasure. The temporal development of the grating
16]. Therefore the ratios of different components remain thefficiency is relatively seldomly smooth and regular. The typ-
same for any arbitrary doping level. These ratios are alsizal time behaviour is shown in Fig. 2 for geometg) (see
weakly dependent on the wavelength in the blue-green regioig. 1), sample 2. For other geometries the dynamics were
of spectrum [17, 18]. For this reason we present in addition tgimilar. Most often the growth of intensity is frequently in-
the absolute values @f(measured at = 470 nmfor LINbO3  terrupted by a sudden fall in the efficiency and a subsequent
with 4 x 10?*m~2 of divalent iron) in the third column of rather fast increase. The reason for these irregular kinetics

is known quite well for doped lithium niobate crystals: it
20ne can include these smaller contributions by using the following reiS related to the accumulation of a high large-scale space
lationship for a correction factor teef : dref = raolvo(e3es —ete?) —  charge field and subsequently repeating breakdowns. In these
vi(e}ed +ehed)). conditions only a qualitative comparison of the experimental
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Fig. 2. Dynamics of the diffraction efficiency during hologram recording
and optical erasure for sample 2, geometry of Fig. 1e. Here the recording
is stopped aftet = 20 min

findings with calculations can be performed. We believe the
ratios of the measured diffraction efficiencies for different ge-
ometries are less affected by these factors than the diffraction
efficiencies themselves.
Table 2 ShOWS the largest v:_;llues of diﬁraCti(.)n eﬁiCienCyFig. 3.Image of a resolution chart reconstructed from a reflection hologram
measured for different geometries of the reflection hologramy, o rged in geometry of Fig. 1d, sample 2
recording. As the exact content of iron is unknown for our
samples it is only possible to compare results received with
the same crystal. For sample 1 the diffraction efficiency foiin the object beam during recording. An image of the re-
geometry &) is larger than for geometryb} in spite of constructed hologram is recorded digitally with the help of
the fact that the hologram thickness is smaller for cae ( a CCD-camera. The readout time28 ms Figure 3 repre-
This is in qualitative agreement with our expectations, asents the reconstructed image of the test chart. This image is
Boor22 < Bair1a. For sample 2 the measured values are also isimply an example of a typical hologram recording, and does
agreement with our expectations. The largest efficiency comot show the maximum achievable resolution. The ultimate
responds to geometne)(where the strongest photovoltaic resolution in the image plane can be evaluated from the angu-
current related t¢s; is involved in space charge formation; lar dependence of the diffraction efficiency as shown in Fig. 4.
the smallest efficiency corresponds to geometty Where  This dependence is measured with a plane image wave com-
the weakest current related > is responsible for grating ing to the sample at different tilt angles in a plane containing
recording. Note that even in this case the efficiency is in théhe [100] and [001] axes of the sample while the direction
order of4 x 10~ which is sufficient for many applications. of the reference wave is kept constant. Evaluating in such
At the same time the advantage of this geometry comparealway an acceptance angles30° in air (£12° in crystal) for
with others is the orthogonal polarization of the reconstructethe image spatial spectrum, we come to conclusion that even
image wave compared with the polarization of the incidenwith this reduced acceptance angle, images with submicron
readout wave. This raises the possibility of cutting all scatresolution can be stored. This has already been demonstrated
tered light with the same polarization as the readout wavéor reflection hologram recording with another photorefrac-
by utilizing a polarizer adjusted to transmit the reconstructedive crystal, cerium-doped strontium barium niobate [4].
wave only. The angular dependence of diffraction efficiency, as plot-
With geometry ¢) a reflection hologram of a standard ted in Fig. 4, cannot be explained by taking into account only
transparent resolution chart is recorded in sample 2. For thifie angular dependence of material parameters (electrooptic
puspose theés14.5nm output of anAr*-laser with a total
intensity 0f120 mW/cn is used. The contrast of the record-
ing fringes is aboum = 0.9, the exposure time during the

. . . . 1.0 T T T
recording is5s The transparent resolution chart is placed _ seometry 16)
o ome )
& 0.8 crystal thickness T
i d=3.49nrr
Table 2. Recording geometry, used sample, sample thickness, and diffrac-¢ ¢.6 - -
tion efficiency of reflection holograms recorded in iron dodetlbO3 R
crystals € 04l } o |
[
geometry (Fig. 1) sample thicknedgsmm diffraction efficiencyn £ o2l |
° [}
@ 1 4.86 0.11 oo 0° ‘ 000
(b) 1 6.98 0.10 -300  -159 0° 150 300
© 2 3.49 0.08 tilt angle (inside crystal)
(d) 2 3.49 0.004 Fig. 4. Diffraction efficiency of gratings recorded in sample 2 in geometry
© 2 3.49 0.33 of Fig. 1d as a function of the tilt angle (inside the sample) of a plane object

wave. The misalignment of this beam is in the crystallograph@l) plane
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and photovoltaic coefficients), changing the tilt angle of gratReferences

ing vector, or changing the light intensity inside the sample
and so changing photovoltaic fields. It may be that the strong 1
reduction of diffraction efficiency for large illumination an-
gles is based on shadowed areas inside the sample and so
nonuniform space charge fields (see e.qg. [19]).

0 ~NO O

4 Conclusions

Several proposed arrangements for reflection grating record-y
ing in iron-doped.iNbOg3 crystals were analyzed and studied 1
experimentally. All of them assure a diffraction efficiency of 11
the recorded grating on the order 191 to 102 in a few

mm thick sample, which is sufficient for practical applica- ig
tions such as image recording, holographic interferometry,
etc.

One of the proposed reflection hologram orientations as14
sure recording by orthogonally polarized light waves and per-
mit polarization filtering of the reconstructed image to reduce
scattered light. At the same time the theoretically possible;g
diffraction efficiency of gratings in all proposed reflection- 17
type configurations is smaller than in the classical Z-cut18
arrangement shown in Fig. 1a. This configuration remains!®
unique as it assures the largest (and axially symmetric) ac-
ceptance window for spatial frequencies of the recorded ob-
ject wave.
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