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New configurations for spatial beam steering of a near-infrared laser beam are presented. They are based on the
interaction of the beam from a semiconductor laser with a dynamic grating photoinduced in a photorefractive
crystal such as Bi;»SiOy (BSO). The demonstrated large values of the deflection angles (12°) result from a change
in both the grating period and the orientation achieved by optical means. The Bragg condition over this large scan
angle is maintained by either recording the grating with a variable wavelength (dye laser) or taking advantage of the
spatial nonlinearities of the photorefractive effect. The respective advantages of these two techniques are dis-
cussed. Possible application to interconnection between optical fibers for broadband communication is considered.

1. INTRODUCTION

The recording and reading of optical gratings in photorefrac-
tive materials! have been widely investigated in the past few
years. These materials have already shown good potential
for applications in optical processing, phase conjugation
with gain, image amplification,7 etc. All these experi-
ments are based on degenerate two-wave and four-wave mix-
ing configurations, i.e., configurations for which all the inter-
acting beams have nearly the same wavelength. The pur-
pose of this paper is to show another type of application in
which the photorefractive crystal is considered an active
optical element allowing spatial switching of a near-infrared
beam that is either emitted by a semiconductor laser or
emerges from a multimode or single-mode fiber cable. As
presented in the preliminary work in Refs. 8 and 9, these
laser beam-steering techniques would potentially permit
large deflection angles and millisecond random-access time.
We present and analyze in this paper two optical addressing
methods, that permit large deflection angles (80 ~ 10-15°)
maintaining the Bragg condition. Through the association
of a large number of switching elements, these techniques
could be an attractive solution to the important problem of
the optical interconnection between fiber matrices.10:11
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2, PRESENTATION OF THE
PHOTOREFRACTIVE MATERIALS FOR
DYNAMIC SPATIAL SWITCHING

A. General Introduction

The principle of deflection described in this paper is based
on some specific properties of the photorefractive materials,
in particular, bismuth silicon oxide crystals, Bi;sSiOgp
(BSO). In what follows, we summarize the main properties
of these recording media in view of the envisaged applica-
tion.

The materials usually employed for holography, such as
high-resolution silver plates and dichromated gelatin, are
not adapted to the dynamic switching of optical beams.
Photothermoplastics are erasable materials, but their num-
ber of recording-erasure cycles is limited to about
102-103.12-13 Therefore photorefractive crystals are now the
most attractive candidates for this purpose. In particular,
BSO [or bismuth germanate (BGO) and bismuth titanate
(BTO)] is a promising material on account of its high sensi-
tivity in the blue-green spectral range, high optical quality,
and availability of large crystals. The complete erasure of a
photoinduced grating is obtained by uniform illumination of
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the crystal (generally with the same wavelength as used for
recording). Since these nonlinear materials are sensitive to
the incident energy (100-500 uJ cm~2 for an elementary
grating at A = 514.5 nm), the grating recording time con-
stants are typically 10 msec for an incident power density of
10-50 mW cm~2 (Ref. 14) and may become as short as 10
nsec when recording with a pulse laser providing 10-50 kW
cm~2.1516 This crystal exhibits a very low sensitivity in the
near infrared (IR) (750 nm < Ag < 1600 nm), and, typically,
the readout time constant reaches 2 h at the wavelength Az
=~ 840 nm for an incident intensity Ip ~ 60 uW cm~2. (The
dark storage time is about 20-30 h.14) Since there is a
change of wavelength between recording (A ~ 500 nm) and
readout (A =~ 840 nm), the incidence of the readout beam
must be positioned at the Bragg angle.!” The objective of
this paper is to demonstrate the deflection of an IR beam
over large scan angle (6 =~ 10°-15°) by changing the spacing
A of a photoinduced grating in the BSO by optical means.
This requires new methods for maintaining the Bragg-dif-
fraction conditions for a fixed incidence 63 of the IR beam.

B. The Photorefractive Effect in Electro-Optic Crystals
The light-induced refractive-index change in these materi-

als is due to the existence of charges located in low-lying -

traps formed by impurities or to defect sites in the crystal.!

In absence of light, the charges are frozen in place by the
low dark conductivity of the material. However, under illu-
mination the trapped charges can migrate between trapping
sites. The hopping model!8 assumes that carrier transport
occurs by electron hopping from a filled donor site to an
enpty trap located nearby. The problem is then discussed
in terms of the hopping probability, the hopping rate being
proportional to the local optical intensity. The band trans-
port model!® considers that carriers, say, electrons, are opti-
cally excited from filled donor sites to the conduction band.
These carriers then migrate by diffusion and drift before
recombining into an empty trap. With a nonuniform sinu-

(a)
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Fig.1. Basic principle for grating recording mechanism in photore-
fractive crystals. (a) Illumination-carrier photoexcitation and
charge transport (drift or diffusion); (b) phase-shifted photoin-
duced space-charge field; (c) related refractive-index modulation.
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soidal illumination, this process creates a periodic photoin-
duced space-charge electric field that modulates the crystal
refractive index by the linear electro-optic effect (Fig. 1).
The photoinduced phase volume grating persists after illu-
mination for seconds, or for Iﬁonths, depending on the dark
conductivity of the material. It can be read quasi-nonde-
structively with a light beam of wavelength outside the crys-
tal sensitivity range, in the near IR, for example. The phase
grating is erasable under uniform illumination; photocar-
riers are thus reexcited and uniformly redistributed, giving
rise to a relaxation of the index modulation. The time
constant for grating writing or erasure varies as the inverse
of the incident beam intensities.20

C. Grating Efficiency versus the Recording Parameters
The illumination resulting from the interference of two
beams of intensities I; and I5, respectively, is

I =1,[1 + m cos(Kx)], (1)

where m is the modulation index, m = 2[(I; + I,)Y/2]/I,, with
Iy = I, + I; K is the grating wave vector, K = 27/A; and A is
the grating spacing, A = \/2 sin 6.

The electric-field variation 6E photoinduced by the mod-
ulated part of the illumination produces a change in the
refractive index given by

ng’r0E
_M 241 : @)
where ry; is the electro-optic coefficient related to the crystal
orientation shown in Fig. 2 (grating wave vector parallel to
the 110 direction); rq; =~ 3.6.10712 m V~1,21

The photoinduced space-charge field amplitude in the
steady state given by Kukhtarev et al.!9 is related to the
material and experimental recording parameters by the fol-
lowing expression:

2 4 E.2 1/2
E,=m _ EHEy , (3)

where Ep is the diffusion field, Ep = kTK/e, and Eg is the
maximum space-charge field amplitude that can be photoin-
duced in the crystal, Eq = eNa*/eoe, K. ¢ is the free-space
permittivity, e, is the static relative dielectric constant, and
N 4% is the density number of active trap sites in the crystal,
Nyt~ 5X10% cm™3.

The buildup time constant of the grating derived from
Refs. 20 and 7 is given by

2 E
()
D

K4 (e 2 2+ KeEy\?
% utkT kT @)
1+ 2\ [ge 4 (—2 Y]+ (BoY
Ep |: (W kT) ] kT
where 7; is the dielectric relaxation time under incident
illumination I, u is the charge mobility, 7 is the photoelec-

tron lifetime, and Ej is the applied electric field. The scat-
tering efficiency of the photoinduced grating is given by!?
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Fig. 2. Electro-optic configuration for grating recording in BSO
crystals. Typical recording, erasure cycles, spacing A = 4 pm, ap-
plied field Ey = 6 kV ecm~L. (a) Grating recording, Iy = 20 mW cm™2,
A = 514 nm; (b) grating erasure, A = 514 nm; (c) grating readout in
the near IR. Ap = 840 nm; erasure time constant, 7 = 2h for Ip = 60
uWcm—2,

. d
n= eXp(-ad)sm2 (2)\127:}705. n03r41Esc) ’ (5)

where d is the crystal length, 0 is the Bragg angle inside the
crystal, Ap is the wavelength of the readout beam, and « is
the absorption coefficient.

These relations predict an efficiency of y ~ 100%, but the
efficiencies measured with BSO are quite far from these
theoretical limits. A typical grating recording—erasure cycle
is given in Fig. 2, for which the steady-state diffraction
efficiency is n; =~ 1% for Eq ~ 6 kV ecm™1, a crystal thickness
d = 5 mm, and a grating spacing A ~ 2 yum. Improved
results may be expected from appropriate doping of the
crystal. For example, larger values of the efficiency may be
reached if the density of the traps is increased slightly.

3. LIGHT BEAM STEERING THROUGH
DYNAMIC GRATING RECORDING IN BSO

In the application considered here the IR beam keeps a fixed
incidence 0 upon the crystal, and its deflection is achieved
through the variation of the photoinduced grating spacing A.

In order to maintain optimum efficiency over a large scan-

angle, the following two parameters have to be precisely
controlled:

(1) The grating spacing A that fixes the direction of
deflection of the IR beam.

(2) Theslant ¢ of the grating in the volume of the BSO to
place the grating planes under the correct incidence with
respect to the readout beam.

To satisfy these requirements, two original methods are
presented in the following subsections.

Pauliat et al.

A. Variable-Wavelength Recording for Bragg Tracking

1. Description of the Method

In order to simplify notation, we do not express the depen-
dence of the following parameters on the writing wave-
length: o, A, v, i1, iz, 1, 01, 09, 08B, 055, and i’s. The maxi-
mum deflection efficiency is obtained for the fundamental
grating period when the incident recording beams have near-
ly equal intensity (m = 1).1 This grating is induced in the
photorefractive material by interference of two coherent
plane waves, at wavelength A\, emitted by a dye laser.
Changing the recording wavelength A22 produces a modifica-
tion of the grating period A, which thus gives rise to a modifi-
cation of the diffraction direction of the beam at the wave-
length Ao, according to the following relation (Fig. 3):

sin(0p + ¢) — sin(0’p — ¢) = ;?}—2— ) (6)
0
where 0p and 6’g are, respectively, the incident and the
emerging angles of the reading beam, ¢ is the tilt of the
fringe pattern, and ng is the refractive index of the crystal at
wavelength Ap.
For efficient diffraction, the Bragg condition has to be

satisfied:
bp = HRB’ 0'p= 033/, @)

with

(8

sin(0% — @) = —sin(058 + ¢) = 2n0RA .
As a consequence, when the grating spacing is varied, the
fringe-pattern orientation must be simultaneously tilted.
Therefore, in order to achieve efficient switching toward a
given direction, the dynamic grating has to be recorded with
the correct set of parameters (A, ¢). Since the control pa-
rameter is the wavelength of the recording beams, the simul-
taneous change in spacing and orientation of the induced
grating, demonstrated by Sincerbox and Roosen,? is reached
in the following way: On the path of one of the recording
beams is placed a dispersive element H, (Fig. 4a). A shift in
the control wavelength A\ produces a corresponding change
in the incident angle of this recording beam. By proper
choice of the parameters of H;, this passive and easy method
permits a phase hologram appropriate for Bragg diffraction
of the beam at Ap to be recorded in the photorefractive

Diffracted
beam
Oynamic
grating Ae;//
Near LR [ —— Yz Defleclrion
readout beam —% angle

L — ==

o 4

Op) T v
A\

Fig. 3. Principle of light-beam deflection by a dynamic volume
grating photoinduced in a photorefractive crystal. The deflection is
achieved by the variation of the grating period A and orientation .
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Fig. 4. Schematic of an elementary switching cell based on the
recording with a variable wavelength (laser dye). Association of a
fixed dispersive grating (dichromated gelatin) with a photorefrac-
tive BSO. a, A writing beam is incident at the Bragg angle, and the
dispersive grating provides a change in both the period and the
orientation of the dynamic grating when the wavelength varies.
B.S., Beam splitter. b, Notation relative to the switching cell.

crystal for any wavelength A. As a consequence, thisreading
beam experiences very large deflections and efficient dif-
fraction. Numerous configurations have been defined, any
of them offering specific advantages. For example, the easi-
est recording method is at zero applied field, but in this case
the diffraction efficiency remains low with a maximum for a
grating period A = 1 um. On the other hand, grating spac-
ing A = 4 um provides an enhancement of the efficiency
(10X), but at the expense of a large applied field (>6 kV
cm™1).28

2. Parameters of an Elementary Switching Cell

In order to realize a compact switching cell, the dispersive
element H; is a high-efficiency grating permanently record-
ed in dichromated gelatin and placed in close contact with
the photorefractive crystal. For easy implementation, the
fringe orientations of both the fixed and the dynamic grat-
ings are chosen to be nearly perpendicular to the crystal
surface. For the control beam incident at the Bragg angle,
H, presents a large diffraction efficiency over the entire
range of writing wavelengths (A = 530-575 nm). On the
other hand, it is completely transparent for the other two
beams. Since we have chosen to work in the diffusion mode,
the average period of the dynamic grating is taken to be
equal to A =~ 1 um, with the readout beam at normal inci-
dence upon the crystal. The optimum period p of the fixed
grating that satisfies the Bragg condition over the largest
wavelength range is determined by solving the grating equa-
tion for both the fixed and the dynamic holograms. The set
of equations is shown below (Fig. 4b).
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For the recording beams we have

siny, ==+ L Ay — sinéy, C)]
P
=y, +A4, (10)
The internal angles in the medium are

6, = sin™! (i sin i1> , (11)

n

.o f1 ..

0y =sin™" [ ~—sini, }» (12)

ny

where n; is the refractive of the material for wavelength \.
Thus the spacing A and the orientation ¢ of the photoin-
duced grating are

A= —)‘— s (13)
on si 0, — 0,
n sm( ) )
@ =Yy(0, + 0,). (14)

The equations that govern Bragg diffraction of the read-
ing beam at Ap are

. af M
0z8 = —sin™! <2n0A> , (15)
. f e ‘
H/R =@ + sin 1 (2n0A> ’ (16)
The external angles are thus
ip = sin"}(ny sin 0p), (17)
i’p = sin"}(ny sin 0/p). (18)

The Bragg detuning is then
80 = 055 — 0p. (19)

At this point, it is possible to devise the switching cell such
that the reading beam is either incident at the exact Bragg

Table 1. Bragg Detuning versus Recording

Wavelength®
Writing
Wavelength Bragg Detuning 66 (min)

A (nm) Fig. 5(a)® Fig. 5(b)c
532 -2.0" -1.0
535 -1.5 —-0.5
540 0.0 0.0
545 0.0 1.0/
550 0.0 1.0/
555 0.0’ 1.0
560 -1.0 0.0
565 -1.5 -0.5
570 2.0/ -1.0

@ Hologram thickness, d = 2.74 mm,; period of the fixed grating, p = 0.36 um.
b Without detuning of the mean wavelength (550 nm).
¢ With detuning of 1 min at the mean wavelength.

guissoooi1d [eond(Q I0¥ s[erid)e\
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Efficiency,
(relative units)
A
1{- } + + -
(b)
0.5
(a)
Writing_
wavelength
535 545 555 565 S75nm

Fig. 5. Experimental variation of the diffraction efficiency versus
the writing wavelength. Readout wavelength Az = 840nm. A =1
um at A; = 550 nm. Period of the dispersive grating p = 0.36 um.
(a) Zero Bragg detuning at A = 550 nm; (b) 0.3-mrad Bragg detuning
at A = 550 nm.

Deflection
angle
Theoretical curve
50-
oo 1 1 1 I 1 >
530 540 550 560 570 nm
Writing_
wavelength
-5o-

Fig. 6. Deflection angle of the near-IR beam versus the recording
wavelength of the dye laser. Comparison between the theoretical
and the experimental points.

angle on the grating photoinduced at the mean writing wave-
length or presents a small detuning. This mismatch in turn
decreases the Bragg detuning on the gratings recorded at
wavelengths on the edge of the allowed wavelength range
and consequently gives an increase in the width of the effi-
ciency curve. However, this increase occurs at the expense
of the efficiency in the middle of the curve, which exhibits a
slight dip. Such a comparison is given in the Table 1 (holo-
gram thickness, d = 2.74 mm; period of the fixed grating, p =
0.36 um).

3. Results

The relative diffraction efficiency as a function of the re-
cording wavelength is presented in Fig. 5. As mentioned
previously, a slight Bragg detuning on the grating recorded
at the mean wavelength permits one either to enlarge the
allowed wavelength shift or to maintain a higher diffraction
efficiency for a given wavelength range [Fig. 5(b)]. As far as
deflection is concerned, Fig. 6 demonstrates the good agree-
ment between theoretical predictions and experimental re-
sults and confirms how the fringe-tilting technique permits
large deflections to be produced by achieving an efficient

Pauliat et al.

tracking of the Bragg condition. The slope of the curve
gives a deflection sensitivity of about 0.28° nm~!. For the
experimental adjustment of Fig. 5(b), i.e., a Bragg detuning
of 0.3 mrad on the grating recorded at the mean wavelength,
this corresponds to a measured deflection of 66’ ~ 11.4°
over the available wavelength range (532 < A < 572 nm).
For such a deflection range, the diffraction efficiency re-
mains larger than 75% of its maximum value. For the pre-
sent experiment, the scan of the laser wavelengths was
achieved by mechanical rotation of a birefringent filter.
However, for fast wavelength changes and random access,
electro-optically driven filters can be used.24

In order to address the maximum of separate directions,
the important parameter to consider is the number of resolv-
able spots defined as

A0
Np <
P 5 BIR

) (20)

where Af’g and 660’y are, respectively, the reading-beam de-
flection angle and the beam divergence measured inside the
crystal.

In this experiment the divergence angle of the IR beam at
Ar = 840 nm was slightly smaller than 1 mrad. Considering
the Rayleigh criterion, this gives

N, <200, @D

which is quite an acceptable number for these applications.
Figure 7 shows the intensity distribution of the IR beam
after switching. Figure 7(a) shows four different diffracted
beams corresponding to four writing wavelengths. A varia-
tion 6\ = 1 nm of the wavelength of the recording beam A
produces two very well separated diffracted beams. In this

(a)

\ LM I

562 A(nm)

53 545.5 5465

(b)

Fig. 7. (a) Intensity distribution in the deflected beam focused
onto a linear detector array. Four different writing wavelengths
(redrawn from oscilloscope trace). (b) Photograph of a part of the
deflected spots.
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Fig.8. Two-dimensional beam deflection achieved by combination
of the variable recording-wavelength technique (horizontal axis)
and the displacement of one recording beam (vertical axis).

experiment, conducted without an external applied electric
field, the diffraction efficiency was low (y =~ 1073 for a
crystal thickness of d = 2.74 mm). This value can be im-
proved by 1 order of magnitude when an applied electric
field is used in combination with larger grating periods (A =
4 ym). The switching time was about 7, =~ 100 msec for a
power density of 10 mW c¢m~2 at the mean recording wave-
length A =~ 550 nm. This switching time can be reduced to
about 10 msec by using a more appropriate dye, emitting the
same power around A =~ 500 nm, which is the wavelength of
greatest sensitivity for BSO.

When one of the recording beams is moved out of the
plane of Fig. 4, it results in a tilt of the photoinduced grating,
thus producing a deflection of the near-IR beam out of the
figure plane. Therefore, in combination with the variable
recording-wavelength technique, this permits two-dimen-
sional beam steering, as demonstrated in Fig. 8.

B. Collinear Bragg Diffraction

1. Description of the Method

The preservation of the Bragg condition whatever the spa-
tial frequency and the grating orientation in the BSO may be
also obtained with a method based on the nonlinear mixing
of two independent gratings.25 These two gratings (grating
vectors K; and K,) are photoinduced by a proper choice of
two collinear beams at wavelengths A; and Ay, and the read-
out in the near IR (wavelength Ap) is exactly collinear to the
direction of the writing beams. The basic principle of the
method is shown in Fig. 9. We consider in this figure the
recording of two independent gratings resulting from the
interference in. the same direction of two plane waves at
wavelength A; and \o. The resulting intensity distributions
are given, respectively, by

47 sin g
I = 101[1 + cos(Kx)], K, = X
1

) (22)

47 sin @
I, =1p[1 + cos(Kpr)], K,= "
2

(23)

The expressions of the photoinduced space-charge field
and of the related index change under sinusoidal light expo-
sure given in Section 2 are essentially valid for a low value of
the incident fringe modulation (m << 1). These solutions are
essentially linear. For the case of a grating recording with
an externally applied electric field Eq (Eq > Ep) and grating
spacings such as Eg < Eg (A == 6 um typically), the photoin-
duced space-charge field is simply given by

E, = mE, cos(Kx) m<1,. (24)

Vol. 3, No. 2/February 1986/J. Opt. Soc. Am. B 311

For modulation amplitudes m approaching unity, as used
in this experiment, the crystal response is nonlinear, and a
more complete analytic expression of the photoinduced
space-charge field at saturation derived from Ref. 26 is given
by

(1 _ m12)1/2

E =By ——m——
€ 1+ m, cos(Kx)

(25)
where my = mag/(o7 + ag). g is the crystal dark conductiv-
ity and o7 is the conductivity of the crystal under incident
illumination. ‘

This relation dpes not account for the saturation of the
space-charge field amplitude versus the externally applied
field E resulting from the complete filling of the traps in
BSO (or BGO and BTO) crystals. Nevertheless, we will use
that closed-form expression of the field in order to point out
the nonlinearities of the crystal response. In the experi-
ment considered in Fig. 9, the photoinduced space-charge
field resulting from the crystal illumination by the two inco-
herent light patterns I; and I having a fringe modulation
amplitude of nearly unity may be described by the following
relation deduced from Eq. (25):

- m12)1/2
1+ Yom,(cos Kyx + cos Kyx)

This relation may be expanded into Fourier series and can
take the form:

E.(x)=E

(26)

M
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Fig. 9. Principle of collinear Bragg diffraction in photorefractive

BSO crystals. Crystal size, 10 mm X 10 mm:; thickness, 10 mm; Vo ="

6 kV; beam angle, 20 = 10°. Writing wavelengths, \; = 632.8 nm
and e = 514.5 nm; readout wavelength, A =~ 840 nm; B.F., blocking
filter for A\; and A\g; D.M.,, dichroic mirror.
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fraction based on the spatial nonlinearities of the photorefractive
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Fig.11. a, Application of the collinear Bragg diffraction in BSO to
the steering of a light beam issuing from an optical fiber. Wave-
length Ag = 840 nm. Dashed lines, direction of the two writing
beams (A, = 632.8 nm, A2 = 514 nm). b, Evolution of the deflected
beam intensity in collinear Bragg diffraction versus the scan angle.
Ey=8kV ¢cm~1, BSO crystal thickness d = 7 mm.

m=0

n=0
X {cos[(mK; + nKy)]x + cos[(mK; — nKy)x]}. (27)

Therefore exposing the crystal with the two collinear grating
wave vectors K; and K, generates through nonlinear mixing
the new wave vectors Kni, = mK; £ nKy, which satisfy the
Bragg condition for a readout wavelength \g such as

1 m  n

—_—=—4 .
A AN 28)
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The wave-vector diagram corresponding to such a nonlin-
ear interaction is given in Fig. 10. This geometrical con-
struction illustrates that the Brdgg condition is fulfilled,
thus permitting an exact collinearity of the incident record-
ing (A1, o) and diffracted (Ag) beams. By a proper choice of
m and n in the last relation, a near-IR readout wavelength
can be obtained while keeping the incident recording wave-
lengths A; and A; in the spectral sensitivity range of the BSO
crystal.

2. Experimental Results

The experimental demonstration of the nonlinear mixing of
the K vectors is achieved with the two incident recording
wavelengths: \; = 632.8 nm (helium-neon laser) and Xy =
514.5 nm (argon laser). Choosing the values of the parame-
ters m and n equal to m = 2 (for \{) and n = 1 (for \g),
respectively, ensures a collinear Bragg diffraction at a wave-
length Ap = 822 nm. This wavelength is close to the emis-
sion wavelength of the semiconductor laser that we have
used for the experiment (Ag = 840 nm). The measured
diffraction efficiency is 7 = 5 X 10~ for an applied electric
field Ey = 6 kV cm~! and a grating spacing A =~ 10 um. The
grating formation time is short with the green line of the
argon laser (typically 7, ~ 10 msec for'ly; = 10 mW cm~2),
but it reaches a few seconds for the recording with the red
line of the helium-neon laser. Certainly this last time con-
stant is not convenient for beam-steering applications, but
the first objective was to demonstrate the validity of the
method using available laser sources. Other wavelengths
such as A\; = 560 nm and Ay = 420 nm (m = 1; n = 2) would be
better adapted for short response times. The application of
this recording technique to light-beam steering is shown in -
Fig. 11a. When the incidence of the visible recording beams
is changing by 10° in the two X and Y directions, the IR
beam is diffracted under the Bragg condition and is exactly
collinear to the incident recording beams. The evolution of
the diffraction efficiency related to this scan angle is shown
in Fig. 11b.

4. DISCUSSION AND CONCLUSION

Concerning the diffraction efficiency, which is one of the
important parameters for fiber-to-fiber connection, one can
conclude that the variable-wavelength recording method is
more efficient. Indeed, the collinear Bragg method is based
on the nonlinear mixing of higher-order nonlinearities, and
it consequently results in lower efficiency. However, both
techniques would require materials having greater photoin-
duced index variation and a short response time. Photore-
fractive ferroelectric crystals such as BaTiO; and KNbO4
certainly have the required index modulation because of
their high electro-optic coefficient, but the time response is
long.37 On the other hand, materials such as BSO and BGO
have the required speed, but the index variation should be
increased. This would require optimization (and identifica-
tion) of the trap density and/or appropriate doping during
crystal growth.

These dynamic holographic techniques can be the active
element of interconnection devices ensuring communication
exchanges between two-dimensional arrays of optical fi-
bers.! The experiments presented that permit the dynam-
ic spatial switching of optical beams in the near-IR region
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{NxN photo-detsctors
or optical fibers)

Fig. 12. Principle of a spatial switching device for fiber-to-fiber
interconnection based on the two-dimensional association of ele-
mentary deflection cells.

appear extremely attractive in this field. Because of the
memory effect of the photorefractive effect, many channels
can be connected in parallel with no limitation in bandwidth
as soon as the grating is recorded. However, the design of a
complete switching device, whose schematic is given in Fig.
12, requires the extension of the principles described here to
a two-dimensional array of photorefractive switching cells as
well as two-dimensional deflection of the IR beam for each
cell. With view to accomplishing such a project, further stud-
ies on both material optimization and system architecture
must be pursued.
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