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Self-Excitation of Space Charge Waves

Sergei F. Lyuksyutov,* Preben Buchhave, and Mikhail V. Vasnetsov*

Technical University of Denmark, Building 309, 2800 Lyngby, Denmark
(Received 15 January 1997

We report a direct observation of space charge waves in photorefractive crystals with point group
23 (sillenites) based on their penetration into an area with uniform light illumination. It is shown
experimentally that the quality factor of the waves increases substantially with respect to what current
theory predicts [B. Sturmast al., Appl. Phys. A55, 235 (1992)]. This results in the appearance of
strong spontaneous beams caused by space charge wave self-excitation. [S0031-9007(97)03505-9]

PACS numbers: 42.65.Hw, 42.70.Nq

The subject of space charge waves (SCWs) embracestlae quality factor of the SCWs. The material parame-
wide range of physics from plasmas and semiconductorters taken from [10,11] are as followg: = 107> m?/V's
to the relatively new area of photorefractive optics [1,2].is mobility, yz = 1.65 X 10~'7 m?/s is the recombina-

In photorefractive materials SCWs manifest themselvesion constants = 0.64 X 107> m?/J is the photoexcita-
through resonance phenomena resulting in the enhancten cross sectionN, =~ 10? m~3 is the concentration
ment of space charge fields in cubic sillenite crystals withof active centersN, =~ 102 m~3 is the acceptor (nega-
point group 23. Current ideas consider SCWSs as eigetively charged centers) concentration= 56. The op-
modes of the space charge field when excited with a rurimum value ofK, depends on the applied electric field
ning light grating [3] or with an ac electric field [4]. It [9] and was in our cas€.7 X 10° m~! corresponding
has been suggested [5] that SCWs exist in sillenites du® a grating spacing o023 um. For the light intensity

to a high value of mobility-lifetime produgi (Sturman- I, = 10 mW/cn? andEy, = 6 X 10° V/m the calculated
Ringhofer model), and later it was predicted that the posresonance velocity amounts tg = 0.47 mm/s. Evalu-
sibility for excitation of SCWs with some new features ation of Q gives the valug) = 20. The length of SCW
exists in crystals with point groupm [6]. The theory propagation into the shadow area (outside the running
of interaction between SCWs was developed by Liberinterference pattern) may be estimated las y ! =
man and Zel'dovich in [7,8]. However, all experimental 2uEy/yrN,, and thus we expect a penetration of SCWs
evidence of SCWs so far has been solely based on the diexo a shadow area for a distance of ab@tum.

tection of diffraction efficiency and gain resonances in a We performed the first observations of damped SCWs
two-wave coupling geometry [3,9]. in an area without running light fringes in a traditional

In this Letter we describe new experiments that allowplanar orientation, where the grating vector is along the
a direct observation of SCWs propagating in,BiO,,.  direction of the applied electric field (as shown in Fig. 1).
We obtain our results for nonplanar geometry, in whichAn external electric field, was applied along thé€d01)
the generated SCWs appear to have a maximum value
of the quality factorQ. In this case we observe two
related phenomena: Self-excitation of the SCWs and He-Ne laser probe beam
self-oscillation resulting in spontaneously generated light
beams.

The SCW may be written as a running wave of the form
expiKoé — y§&), whereé = r — vyt is the position co-
ordinate in a frame of reference moving with the wave,
Ky is the wave numbery, is the velocity of the wave,
and vy is a damping factor. Suppose a crystal is illumi-
nated with an interference field running with velocity
Io[1 + mcodKr — vt)], wherel, is the total light inten-
sity andm is the modulation index. The resonance SCWs

7

excitation occurs when = vy andK = Ko. The ampli- ed filter diffracted/ \ =
tude of the forced space charge field oscillations reads [5] beam -
mEy FIG. 1. Sketch of planar configuration. Two beams with
E, = > > > Q) intensitiesl, and I; excite SCW penetrating into the shadow
Vw/ve — 12 + 4072(v/vp) area produced by partial blocking of the beam An expanded

5. . beam of He-Ne laser diffracting on refractive-index grating is
wherewvy = slyeNp/egoEoKj is the resonance velocity, schematically shown as a single ray. A red glass filter cuts Ar
Ey is external field, and) = Ky/y = 2KouEo/yrN4 is  laser light off behind the crystal.
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crystal direction. A detailed description of the experi- out of resonance [Fig. 4(a)]. It is clearly seen that under
mental setup is given in [12]. The interference fringesresonance conditions the diffracted light completely fills
with contrastm < 1 (in order to have nearly the same the shadow area of the crystal [Fig. 4(b)]. An estimate
free carrier concentration throughout the crystal) impartedased on the depth of SCWSs penetration gives a value for
on the crystal are produced by two Ar-ion laser beams athe quality factor ofp > 100.
the wavelengthh = 0.515 um. Fringes are set in mo-  Figure 3(b) shows the Ar-ion laser beams in the far
tion by a small frequency detuning between the beamdield. One of the beams is a weak beam sent through the
Part of the weall; is blocked with a screen placed before crystal in the direction of maximum amplification. The
the crystal, which isl0 X 10 X 4 mm in size. Thus, no quality factor Q was determined with higher accuracy
running grating exists in the part of the crystal that is re-by measuring the decay time, of the grating after the
ceiving only uniform illumination with the intensity,.  weak beam was cut off in front of the crystal. Outside
A near field view of the diffracted He-Ne laser beam isresonancer, was found to be 15 ms, which coincides
shown in Fig. 2(a). A sharp boundary is clearly seen bewith the Maxwell relaxation time for an incident intensity
tween the shadow area and the area with grating. Thef 10 mW/cn¥. In resonancer, was found to be 1.2 s,
picture changes if the fringes are set in motion. Undemhich is about seven times higher than in the case of
resonance conditions a clear dynamic pattern of “protuthe planar configuration. At a measured veloaity =
berances” is observed in the diffracted beam [Fig. 2(b)]420 um/s and a grating spacing &f3 um we obtain
This is a qualitative proof of SCW penetration into the 9 = 140 for the nonplanar an@ = 20 for the planar
shadow area. The depth of penetration was about 1 mngeometry.
indicating thatQ may be much higher than the calculated A larger quality factor for SCWs running in a certain
value. However, light scattered and diffracted from beandirection indicates a higher amplitude of the correspond-
I, into the shadow area is strongly amplified in the resoing running refractive-index grating, which is shifted'2
nance condition and may have some of the same charawe4th respect to the interference field, and consequently to
teristics as damped SCWs. a higher amplification of a weak beam. Under some cir-
The next step was to perform measurements in @umstances the threshold for self-oscillation may be ex-
nonplanar orientation (Fig. 3) where the grating vectorceeded, resulting in the appearance of a spontaneous beam
is tilted an angley with respect to the electric field. in the direction of maximum amplification. This explains
The deviation from the planar orientation was found toother experiments where strong scattering in bismuth sili-
produce an increase in photorefractive gain [13]. Thecate was observed in a particular direction [15,16].
origin of this increase is connected with photoelastic To analyze self-oscillation with only one incident beam,
and piezoelectric effects [13,14]. To find the directionsuppose we do have a light interference pattern with a
of maximum Q we injected a weak beam into the small modulationn < 1 at the input face of the crystal.
crystal at different anglegy and 6 and measured the The origin of a weak light wave with an amplitude
amplification of the beam intensity. The direction of A, interfering with the strong incident wave, (4§ =
maximum amplification was af = 33° and 6 = 1.2°.  I;) will be explained below; the only important thing
The measured amplification was seven times higher thanow is that a frequency shift exists between the weak
for the planar configuration. and the strong wave resulting in the continuous motion
We observed some light in the shadow area related witbf the interference fringes with the resonance velocity
scattering on imperfections inside the crystal of one ofvy. The amplitude of the SCW i&,. = mE,Q/2, and
the beams. There was no diffracted light detected when

diffracted beam

transmitted beam, ,/73:’
v

weak 7 __--~

oo1

1mm |
FIG. 2. Two images of rear face of crystal viewed in
diffracted He-Ne laser beam: (a) a sharp boundary betweeRIG. 3. (a); Nonplanar configuration where plane of inci-
steady grating and shadow areas is clearly seen; (b) brigldence of two beams is tilted with respect to applied field

protuberances indicate the penetration of SCW into shadow areg,|[(110) crystal axis at an anglg. (b) Far field view of
under resonance conditions. Ar laser beams.

68



VOLUME 79, NUMBER 1 PHYSICAL REVIEW LETTERS 7 JLy 1997

threshold for self-oscillation with an applied electric field
of 5.3 kV/cm.

Left circular polarization of incident beam produces
two strong scattered beams as shown in Fig. 5(a). (The
pictures was taken at a distance of 4 m behind the crystal.)
The angle of incidence is 14 mrad and the angle
measured between the electric field direction and the
plane of incidence is 130 Right circular polarization
FIG. 4. The penetration of SCW into a shadow area forof the incident beam produces a picture as shown in
nonplanar configuration. Both images viewed in diffracted He-Fig. 5(b). The angle of incidence is now 14 mrad and
Ne laser beam: (a) out of resonance; (b) in resonance. All th% — 40°. In general (arbitrary elliptical or linear state
shadow area is illuminated at resonance. o . . X

of polarization) four wide speckle-like scattering spots
o ] ) ] locate symmetrically around the transmitted beam. The
the refractive-index grating amplitude & = reirn’Exe,  wavelength of the self-excited SCW calculated from
where . is the effective electro-optic coefficient amd  the angular separation between the transmitted and the
is the refractive index. The weak beam is amplified duespontaneous beam was found to Bé um and the
to coupling with the strong beam and is attenuated due tgjyergence of the self-oscillating beam was 10 mrad along

absorption described by the coefficient the y axis and 4 mrad along theaxis, respectively. The
JA o power of the self-oscillating beam was measured to about
=1 — 22 G()A — az 10% of the transmitted beam. The self-oscillating beam
dz A 3 5 was found to have a frequency shift relative to the primary
_ 27rerin” EoQ  AbAL z (2) one of 16 Hz. This is close to the resonance frequency for
A 2 A3+ A3 ' SCWs excitation (fol0 mW/cn? we obtain a resonance

. : . frequency of 16.4 Hz).
which gives exponential growth of the weak wave am- \wjiin ‘each lobe of the scattering pattern we observe

plitude (A; < A) in the case of amplification prevail- , gistinct dynamic spatial structure with movement in
Ing on absg)rptlonA_l(z) = A1(0) expl'z — az), where 0 girection against that of the motion of interference
I' = mregen” QEo/ A is the amplification factor. Note that ginges (Fig. 6) when viewing the self-oscillating beam
due to the Doppler effect the frequency of wav(z) IS iy the near field with25x magnification. This is an

shifted with the valu®w = —voKo. indication of a SCWs group velocity in the opposite

For self-starting oscillation a positive feedback is_nec-di ection of the phase velocity of the refractive index
essary. Such a feedback may be caused by reflections otr

the amplified weak beam at an output and input faces of
a crystal. After two reflections with proper phase condi-
tions we have an amplitude

AI(O) = R1R2A1(0) exr(Fd - 2ad) (3)

whereR; and R, are amplitude reflection coefficients at
the input and output faces, andl is the crystal thick-
ness. Assuming®; = R, = R, the threshold condition

is determined from (3) aR’explwd — 2ad) =1 or

I'h = 2(ad — InR)/d. For a 4 mm thick crystal with
antireflection coatings on the fac&® = 0.2) and absorp-
tiona = 2.8 cm™ !, we findI'y, = 14 cm™!, and the cor-
responding value 00, amounts to 5.6/ = 2.615 and

reet = 3.7 pm/V). This rather low value ofQy, indi-
cates that it should be easy to reach self-oscillation. How-
ever, additional losses (scattering from impurities, reduced
coupling due to optical activity, saturation of gain, and
nonparallel faces of the crystal) result in a much higher
value of Qq,.

To reach self-oscillations, we took crystal without
antireflection coatings on the faces with a resulting higher
value of the amplitude reflection coefficiel® (40%
instead of 20%) and with smaller transverse dlmenS|0r¢|G_ 5. Self-oscillating beams excited by circularly polarized

(6 mm), which with the same applied voltage results inincident beam: (a) left circular polarization; (b) right circular
higher electric fieldE,. With this crystal we found sharp polarization.
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