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We report a direct observation of space charge waves in photorefractive crystals with point g
23 (sillenites) based on their penetration into an area with uniform light illumination. It is sho
experimentally that the quality factor of the waves increases substantially with respect to what cu
theory predicts [B. Sturmanet al., Appl. Phys. A 55, 235 (1992)]. This results in the appearance o
strong spontaneous beams caused by space charge wave self-excitation. [S0031-9007(97)03505

PACS numbers: 42.65.Hw, 42.70.Nq
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The subject of space charge waves (SCWs) embrace
wide range of physics from plasmas and semiconducto
to the relatively new area of photorefractive optics [1,2
In photorefractive materials SCWs manifest themselv
through resonance phenomena resulting in the enhan
ment of space charge fields in cubic sillenite crystals wi
point group 23. Current ideas consider SCWs as eig
modes of the space charge field when excited with a ru
ning light grating [3] or with an ac electric field [4]. It
has been suggested [5] that SCWs exist in sillenites d
to a high value of mobility-lifetime productmt (Sturman-
Ringhofer model), and later it was predicted that the po
sibility for excitation of SCWs with some new features
exists in crystals with point group3m [6]. The theory
of interaction between SCWs was developed by Libe
man and Zel’dovich in [7,8]. However, all experimenta
evidence of SCWs so far has been solely based on the
tection of diffraction efficiency and gain resonances in
two-wave coupling geometry [3,9].

In this Letter we describe new experiments that allo
a direct observation of SCWs propagating in Bi12SiO20.
We obtain our results for nonplanar geometry, in whic
the generated SCWs appear to have a maximum va
of the quality factorQ. In this case we observe two
related phenomena: Self-excitation of the SCWs an
self-oscillation resulting in spontaneously generated lig
beams.

The SCW may be written as a running wave of the form
expsiK0j 2 gjd, wherej  r 2 y0t is the position co-
ordinate in a frame of reference moving with the wave
K0 is the wave number,y0 is the velocity of the wave,
and g is a damping factor. Suppose a crystal is illum
nated with an interference field running with velocityy,
I0f1 1 m cossKr 2 ytdg, whereI0 is the total light inten-
sity andm is the modulation index. The resonance SCW
excitation occurs wheny  y0 andK  K0. The ampli-
tude of the forced space charge field oscillations reads

Esc 
mE0p

syyy0 2 1d2 1 4Q22syyy0d2
, (1)

wherey0  sI0eNDy´´0E0K2
0 is the resonance velocity,

E0 is external field, andQ  K0yg  2K0mE0ygRNA is
0031-9007y97y79(1)y67(4)$10.00
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the quality factor of the SCWs. The material parame
ters taken from [10,11] are as follows:m  1025 m2yV s
is mobility, gR  1.65 3 10217 m3ys is the recombina-
tion constant,s  0.64 3 1025 m2yJ is the photoexcita-
tion cross section,ND ø 1026 m23 is the concentration
of active centers,NA ø 1022 m23 is the acceptor (nega-
tively charged centers) concentration,´  56. The op-
timum value ofK0 depends on the applied electric field
[9] and was in our case2.7 3 105 m21 corresponding
to a grating spacing of23 mm. For the light intensity
I0  10 mWycm2 andE0  6 3 105 Vym the calculated
resonance velocity amounts toy0  0.47 mmys. Evalu-
ation of Q gives the valueQ ø 20. The length of SCW
propagation into the shadow area (outside the runni
interference pattern) may be estimated asl  g21 
2mE0ygRNA, and thus we expect a penetration of SCW
into a shadow area for a distance of about70 mm.

We performed the first observations of damped SCW
in an area without running light fringes in a traditiona
planar orientation, where the grating vector is along th
direction of the applied electric field (as shown in Fig. 1)
An external electric fieldE0 was applied along thek001l

FIG. 1. Sketch of planar configuration. Two beams with
intensitiesI0 and I1 excite SCW penetrating into the shadow
area produced by partial blocking of the beamI1. An expanded
beam of He-Ne laser diffracting on refractive-index grating i
schematically shown as a single ray. A red glass filter cuts Ar1

laser light off behind the crystal.
© 1997 The American Physical Society 67
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crystal direction. A detailed description of the exper
mental setup is given in [12]. The interference fringe
with contrastm ø 1 (in order to have nearly the sam
free carrier concentration throughout the crystal) impart
on the crystal are produced by two Ar-ion laser beams
the wavelengthl  0.515 mm. Fringes are set in mo-
tion by a small frequency detuning between the beam
Part of the weakI1 is blocked with a screen placed befor
the crystal, which is10 3 10 3 4 mm in size. Thus, no
running grating exists in the part of the crystal that is r
ceiving only uniform illumination with the intensityI0.
A near field view of the diffracted He-Ne laser beam
shown in Fig. 2(a). A sharp boundary is clearly seen b
tween the shadow area and the area with grating. T
picture changes if the fringes are set in motion. Und
resonance conditions a clear dynamic pattern of “pro
berances” is observed in the diffracted beam [Fig. 2(b
This is a qualitative proof of SCW penetration into th
shadow area. The depth of penetration was about 1 m
indicating thatQ may be much higher than the calculate
value. However, light scattered and diffracted from bea
I1 into the shadow area is strongly amplified in the res
nance condition and may have some of the same cha
teristics as damped SCWs.

The next step was to perform measurements in
nonplanar orientation (Fig. 3) where the grating vect
is tilted an anglec with respect to the electric field.
The deviation from the planar orientation was found
produce an increase in photorefractive gain [13]. T
origin of this increase is connected with photoelas
and piezoelectric effects [13,14]. To find the directio
of maximum Q we injected a weak beam into the
crystal at different anglesc and u and measured the
amplification of the beam intensity. The direction o
maximum amplification was atc ø 33± and u ø 1.2±.
The measured amplification was seven times higher th
for the planar configuration.

We observed some light in the shadow area related w
scattering on imperfections inside the crystal of one
the beams. There was no diffracted light detected wh

FIG. 2. Two images of rear face of crystal viewed i
diffracted He-Ne laser beam: (a) a sharp boundary betwe
steady grating and shadow areas is clearly seen; (b) bri
protuberances indicate the penetration of SCW into shadow a
under resonance conditions.
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out of resonance [Fig. 4(a)]. It is clearly seen that unde
resonance conditions the diffracted light completely fills
the shadow area of the crystal [Fig. 4(b)]. An estimat
based on the depth of SCWs penetration gives a value f
the quality factor ofQ . 100.

Figure 3(b) shows the Ar-ion laser beams in the fa
field. One of the beams is a weak beam sent through t
crystal in the direction of maximum amplification. The
quality factor Q was determined with higher accuracy
by measuring the decay timetg of the grating after the
weak beam was cut off in front of the crystal. Outside
resonancetg was found to be 15 ms, which coincides
with the Maxwell relaxation time for an incident intensity
of 10 mWycm2. In resonancetg was found to be 1.2 s,
which is about seven times higher than in the case o
the planar configuration. At a measured velocityy0 
420 mmys and a grating spacing of23 mm we obtain
Q ø 140 for the nonplanar andQ ø 20 for the planar
geometry.

A larger quality factor for SCWs running in a certain
direction indicates a higher amplitude of the correspond
ing running refractive-index grating, which is shiftedpy2
with respect to the interference field, and consequently
a higher amplification of a weak beam. Under some cir
cumstances the threshold for self-oscillation may be ex
ceeded, resulting in the appearance of a spontaneous be
in the direction of maximum amplification. This explains
other experiments where strong scattering in bismuth sil
cate was observed in a particular direction [15,16].

To analyze self-oscillation with only one incident beam
suppose we do have a light interference pattern with
small modulationm ø 1 at the input face of the crystal.
The origin of a weak light wave with an amplitude
A1 interfering with the strong incident waveA0 sA2

0 
I0d will be explained below; the only important thing
now is that a frequency shift exists between the wea
and the strong wave resulting in the continuous motio
of the interference fringes with the resonance velocit
y0. The amplitude of the SCW isEsc ø mE0Qy2, and

FIG. 3. (a): Nonplanar configuration where plane of inci-
dence of two beams is tilted with respect to applied field
E0kk110l crystal axis at an anglec. (b) Far field view of
Ar laser beams.
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FIG. 4. The penetration of SCW into a shadow area fo
nonplanar configuration. Both images viewed in diffracted He
Ne laser beam: (a) out of resonance; (b) in resonance. All t
shadow area is illuminated at resonance.

the refractive-index grating amplitude isG  reffn3Esc,
wherereff is the effective electro-optic coefficient andn
is the refractive index. The weak beam is amplified du
to coupling with the strong beam and is attenuated due
absorption described by the coefficienta:

dA1

dz


2p

l
GszdA0 2 az


2preffn3

l

E0Q
2

A2
0A1

A2
0 1 A2

1
2 az , (2)

which gives exponential growth of the weak wave am
plitude sA1 ø A0d in the case of amplification prevail-
ing on absorption:A1szd  A1s0d expsGz 2 azd, where
G  preffn3QE0yl is the amplification factor. Note that
due to the Doppler effect the frequency of waveA1szd is
shifted with the valuedv  2y0K0.

For self-starting oscillation a positive feedback is nec
essary. Such a feedback may be caused by reflections
the amplified weak beam at an output and input faces
a crystal. After two reflections with proper phase cond
tions we have an amplitude

A1s0d  R1R2A1s0d expsGd 2 2add . (3)

whereR1 and R2 are amplitude reflection coefficients a
the input and output faces, andd is the crystal thick-
ness. AssumingR1 > R2 > R, the threshold condition
is determined from (3) asR2 expsGthd 2 2add  1 or
Gth  2sad 2 ln Rdyd. For a 4 mm thick crystal with
antireflection coatings on the facessR  0.2d and absorp-
tion a  2.8 cm21, we findGth ø 14 cm21, and the cor-
responding value ofQth amounts to 5.6 (n  2.615 and
reff  3.7 pmyV). This rather low value ofQth indi-
cates that it should be easy to reach self-oscillation. Ho
ever, additional losses (scattering from impurities, reduc
coupling due to optical activity, saturation of gain, an
nonparallel faces of the crystal) result in a much high
value ofQth.

To reach self-oscillations, we took crystal withou
antireflection coatings on the faces with a resulting high
value of the amplitude reflection coefficientR (40%
instead of 20%) and with smaller transverse dimensio
(6 mm), which with the same applied voltage results
higher electric fieldE0. With this crystal we found sharp
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threshold for self-oscillation with an applied electric field
of 5.3 kVycm.

Left circular polarization of incident beam produce
two strong scattered beams as shown in Fig. 5(a). (T
pictures was taken at a distance of 4 m behind the crysta
The angle of incidence is 14 mrad and the anglec

measured between the electric field direction and th
plane of incidence is 130±. Right circular polarization
of the incident beam produces a picture as shown
Fig. 5(b). The angle of incidence is now 14 mrad an
c  40±. In general (arbitrary elliptical or linear state
of polarization) four wide speckle-like scattering spot
locate symmetrically around the transmitted beam. Th
wavelength of the self-excited SCW calculated from
the angular separation between the transmitted and
spontaneous beam was found to be26 mm and the
divergence of the self-oscillating beam was 10 mrad alon
they axis and 4 mrad along thex axis, respectively. The
power of the self-oscillating beam was measured to abo
10% of the transmitted beam. The self-oscillating bea
was found to have a frequency shift relative to the prima
one of 16 Hz. This is close to the resonance frequency f
SCWs excitation (for10 mWycm2 we obtain a resonance
frequency of 16.4 Hz).

Within each lobe of the scattering pattern we observ
a distinct dynamic spatial structure with movement i
the direction against that of the motion of interferenc
fringes (Fig. 6) when viewing the self-oscillating beam
in the near field with253 magnification. This is an
indication of a SCWs group velocity in the opposite
direction of the phase velocity of the refractive inde

FIG. 5. Self-oscillating beams excited by circularly polarize
incident beam: (a) left circular polarization; (b) right circular
polarization.
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FIG. 6. Spatial structure of SCW in the crystal viewed
through oscillating beam. Spatial inhomogeneities of SCW
are seen as a set of crests on the background of dark strip
caused by wedgea ø 1 mrad of the sample (measured spacing
L ø 100 mm coincides with the calculatedL  ly2na).

grating. This phenomenon is similar to the motion o
spatial domains inside spontaneous subharmonic beam
as observed earlier [17]. This spatial inhomogeneity o
the SCWs causes a speckle-like structure and a lar
divergence of the spontaneous beams.

In summary, we have directly detected SCWs in a pho
torefractive Bi12SiO20 crystal by their propagation from
the region of the driving interference pattern into a re
gion of uniform illumination. The experimental condi-
tions, which cause a maximum quality factor for SCWs
have been found. Self-oscillation due to a combinatio
of SCWs excitation and diffractive beam coupling wa
found to occur in the direction with maximum quality fac-
tor. In contrast to the well-known photorefractive oscil-
lators [18,19] we report here the result of self-excitatio
of SCWs in a particular direction which results in self-
oscillation of spontaneous beams.

Sergei Lyuksyutov and Mikhail Vasnetsov are also with
the Institute of Physics, National Ukrainian Academy o
Science, Kiev, 252 650 Ukraine. This work was sup
ported by Danish Technical-Scientific research Counc
Grant No. 9400102.
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