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Abstract. In the paper we theoretically consider the dynamics of the inner field and the spa-
tial-temporal features of periodical photoinduced light scattering in photo-ferroelectrics caused
by stationary laser illumination. Not only the longitudinal but also the transverse photo-
voltaic current and the diffusion mechanism of carrier transfer are taken into account. It has
been shown that, under the definite relation between the material parameters, among all
possible scenarios of transverse instabilities the boundary circle will be realized in the sys-
tem. Due to this phenomenon the periodical photoinduced light scattering appears. So the
great attention has been paid to the description of the optical autowaves generation in pseudo-
ilmenites. All the main theoretical results are in a good agreement with the available experi-

mental data on periodical photoinduced light scattering in LiNbOj5:Fe.
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1. Introduction

This work is devoted to the theoretical description of
autowave (i.e. periodical) photoinduced light scattering
(PILS) in photorefractive crystals (PRC). This phenom-
enon was observed in LINbOj3:Fe (with weight concen-
tration of impurity 0.03 %) by authors [1] more then 10
years ago. The phenomenon of autowave PILS consists
in the following:

During pumping along the optical axis (regime of the
photoinduced blenching) by a cylindrical light beam (di-
ameter d = 3 mm, Ay = 0.44 um, P; = 20 mW) focused
onto the surface of the crystal by a lens, we observed a
periodic appearance of a scattering in the form of a cone
directed opposite the pump. On a screen the autowaves
are seen as rings, which spread out from a common cen-
tre (Fig. 1).

The previous attempts to describe this phenomenon
within the framework of the theory of recharging waves
[2]-[4] appeared not very successful. The approach de-
veloped in Ref. [5-8], in spite of its indisputable scien-
tific significance, failed to be applied directly to the
autowave PILS. Namely the spatial indicatrix and tem-
poral spectrum of the autowave PILS were neither ob-
tained nor compared with the experiment. Also the quali-
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tatively correct generation conditions and the simple
physical explanation of this phenomenon mechanism
have been absent.

During the previous three years we succeed to develop
the theory free of the aforementioned disadvantages
[9-11]. The marked degree of this success is obliged to
the direct access to the experiment, i.e. the autowave PILS
in LiNbO;3:Fe was observed in our lab for the first time
and have been actively studied since. That is why all the
basic hypotheses were proved with the help of the directly
carried out experiments. In consequence of this fact the
adequate physical and mathematical description of the
phenomenon have been proposed. Our description has
the following distinctive features.

1. The sources of both the backward scattering and
the internal field are the volume inhomogeneity of the
refractive index, the photoactive impurity concentration
and so on.

2. For the autowave scattering existence it is neces-
sary not only the longitudinal field but also the transver-
sal one. The latter field exists only in PRC with nonzero
B - 1.c. with transversal PV-current. Diffusion in the lon-
gitudinal direction is also essential.

3. The backward PILS is amplified for the definite
crystal orientation. In this case autowaves could exist.
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Fig. 1. Scheme of the AW PILS investigation.

4. The pump wave due to the electro-optical (EO)
effect creates the gaussian lens near the front crystal plane
and focuses on this lens. Therefore the focusing of the
pump wave is extremely important.

5. The space distribution of dielectric permittivity
and, therefore, the scattering radiation has the radial
symmetry in the crystals of Csy point group. Only for this
symmetry group the instability with the fixed wave vec-
tor absolute value and all possible directions is realized
in the system.

Actually we propose the sufficiently exact analytical
description of the dynamical, in particular periodical,
PILS in PRC. This description allows one to classify
photorefractive (PR) media, in which this type of phe-
nomena can be observed. Also we carried out the detailed
comparison with the available experimental data and
demonstrate both the quantitative and full qualitative
agreement with it.

2. General equations and hypothesis
2.1. The problem

Let us consider the photoinduced effects in PR C without
inversion center. Namely we are interested in the genera-
tion threshold and evolution of the electric fields trans-
verse instability in PRC under steady state laser irradia-
tion along polar (optical) axis.
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The geometry of our calculations is the following.
The pump wave vector is directed along crystal polar
axis Z, pump polarization ¢; lies in XY-plain, coordi-
nate origin is in the pump beam center in the front plain
of the crystal with symmetry C3y and definite thickness
¢. The sample can be rega=rded infinite in transversal
direction, because laser beam diameter is much less than
the transverse size of the sample (see Fig. 1).

Laser field in PRC in the smooth amplitudes’ approxi-
mation has the view:

E® = A|(F.t)yexplikoz — 1)+
+A_1(?, 1) exp[—i(k0z+a)t)]+c.c. 1

Here ko = wy/g / ¢ is the wave vector. The inner pho-

toinduced electric field in the short-circuited sample has
the following form:

E/ :E"Sf +(jfexp [Zikoz]+c.c.

l
JEf=0 = E[~o0 )
4

2.2. The system of equations for the laser field

The equations for the laser fields’ smooth amplitudes
owing to the linear electro-optical effect are the follo-
wing:

500, 6(3), 2003



A.N. Morozovska, V.V. Obukhovsky: Spatial-temporal peculiarities of periodical PILS ...

4, A A +10A =
dz 2k0 LA

=i X0 [ae 45 +aepp 4]
2 3
A,

+ AA | -NA_ =
Py [Zko]ilnl

:_i%’ [(Aé* +5£*(?))51 +Agpg A—l]

Here n is the optical absorption coefficient. € =
=gl +Ae(F,0)+ 8 £(F)+ Ae pg ) is the dielectric permit-
tivity, where the relative variation Ag =yU’ corre-
sponds to the wave vector 2k, x is electro-optic tensor,
5¢(7) is the bulk static fluctuations of dielectric permit-
tivity with 2k space period, A€ pp is dielectric permittiv-
ity variation owing to the other photo-refraction mecha-
nisms (namely absorption).

Let us assume, that Ay, =¢; Ay (7, 1), i.e. the pump
polarization maintains, then one could obtain

0A; i ko R -
— | —|A A =i —|(Aé+ O A+ A A
oz [2k0] 141 =1 > [( € E(V)) 1 €pR 1],
(4a)
CASIN (A NI
aZ 2k0
(4b)

= —i%[(Aé* +6e*(?))A1 +Agpg A—l]’

where As-el(;(Uf) Note, that by definition

U’ =(UZfEZ +UI El),letusintroduce Ae=Ag +A¢g,,

ASH =eje1i Xii Uf,
where s ; ®)
Ae| =ejejx;ij U7
Hereinafter I is laser beam intensity, i.e.
1=|A|" +|AL]? + A A% explikgz]+c.c. (©)
2.3. The system of equations for inner field

If the acceptor levels are rather deep and completely filled,
ie. p=e (n} -n, —ng ), Maxwell equation has the form:
div(éflz"f)=47te(n}—ne—na). (M

Charge conservation law must supplement eq. (7):
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f aEf
div|efin, Ef+eD0Vn +£ =
4r dt 8)

=—div [I (nd —n; )ﬁ:él .El*].

Material equations for ionized donors’ concentration
is the following [12]:

ony
at

=—ypnn} +ypl(nd —ny )+ Yr (nd —n}). )

In (7)—(9) the following designations are introduced:
n, is the concentration of free electrons, n,;1s the concen-
tration of donors, n:; is the concentration of ionized do-
nors (traps), n, is the concentration of acceptors 7 is the
capture coefficient of electron by trap, ¥, is the photo-
ionization coefficient, y7 is the thermalization coeffi-
cient, e is the absolute value of the electron charge, s
static dielectric permittivity, g is the electron mobility,
Dy is the diffusion coefﬁ01ent f is the photovoltaic ten-
sor. The quantities E ES ont 4> N are unknown.

2.4. Approximations

1. Adiabatic approximation for ionized donors evo-
lution

vrnend =71 b g )+ vr g =) (10)
2. The expansions similar to (2) is valid:
n, =n +i, expikyz]+c.c.,
e e e 0 (1 1)

+_ o+ =+ .
ng=n; +n, exp[21k0z]+c.c.,

i.e. the harmonic 2k, is extracted from the rather broad
fluctuations spectrum. It is caused by A", and U
self-consistent manner.

3. Thesmooth amplitudes approach assumes the fol-
lowing condition for the short-circuited sample:

div (éfﬁf)= 2ikoezf (sz exp[2ikoz]—c.c.)=

12
= 4me (ﬁ; -1, )exp[Zikoz]+ c.c. (12
Also n} s =n} +n, owing to the acceptors.
4. Letusintroduce the smooth function
2 2
Iy =|A|" +HA4]". (13)

+

The concentration n, =n; —n, could be found from

the quadratic equation:

VR(n:)Z +(yp1s +¥r +ana)né" _

S 2 | 1 (14)
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namely at the linear region of photo-ionization, i.e.

(Vp I, +vyr )<< YRy > ONC obtains

Yol +7r
l’lg = P s (ng—na),
Yp1s+7/T+YRna
Yp1s+7/T 0
=+ 1) 1s)

’}/pls +Yr tYRNg

Hereinafter it is convenient to introduce the designa-
tion for conductivity tensor:

(16)

G(Iy)=efin; .
The equations for 7, ﬁ; U /" could be transformed

as following.

et
hoee (17)
2me

~+ _ ~
ng, =n,+

_’}/Rng(ﬁ;'i'ﬁe)_(yljls +’}/T)ﬁ3—+

7,0 - nd, Jaya%, =0, (18)
o f

e’ d S~ S . ~

— —=U’ +0U’ +eDy2ikye,n, =

Am ot 0707

=—B:el-51* (—ﬁjls+(n2—n2s)AlAfl). (19)

The values 7i,, i} can be expressed in terms of
A, U g from (17) and (18). Thus the following equation
for the inner field could be derived from (19):

Af R R
EL9 Gf il -
4 dt

= —(Q’AlAf1 —isu{ ) B:é & —ié, (D’AlAfl). (20)

2.5. The bacis system of equations for periodic
PILS in PRC with C3,, symmetry

When using the definite convolutions of photovoltaic and
electro-optic tensors (5) with pump beam polarization
e = (e,-x, e,-y) for the crystal with C3,, symmetry
[13]-[15], one could obtain the equations for Ag; =Ae_,
Ag| =Ae, +Asy, instead of the ones for sz , U){;y.

Really, when multiplying on —2y,,¢;,¢;, the Eq. (20)

for y/ ,andon yp (elzy - elzx) the Eq. (20) for y and
adding them at

eli=el ol =0l =0 2D

we obtain the equation:
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S
€1 0

1 f _
— —Ag,| +0] Ag| =
4 dt = 1754

(22)
13

;s i0
== Buxn (Q AlAL —Z—Agu ]

Eq. (20) for U zf can be multiplied by 3 and rewrit-
ten in the form:

!
€
e 9 Ag”mg‘ZAs”[l—is ba J:

4 Ot O..Z);
=-A1AZ 2153 (B31 Q" +iD). (23)

The detailed expressions for all the constants in (22)-
(23) are given below. Let us rewrite the system of Egs.(4),
(22)-(23) in the more convenient form, namely:

0 . .
3 Ap—ipoA | A +(—i)A =

=i+ W +owa (242)

a * . * ok *

a—ZA—l —ipoA 1AL _(77+’¢ )A—l =

= i(Wy + W, +6W)A], (24b)
0 .

T, an +W =-0, AAL +i6, W, (25a)
0 . . #

(] EW” +W|| (1—15" ): _(QII +1D>41A—1' (25b)

The system (24)-(25) has to be supplemented by ini-
tial and boundary conditions. Boundary conditions have
the form:

{A](Z =Os-x’ y’t)=A()(x’ y)

A (z=10,x,y,1)=0. (26)
Initial conditions must be trivial:
Wi (t=0)=W_(1=0)=0. 27)

We introduced the following designations in (24)-(25).
po =1 / 2k0 s

ko

k,
Wi =—A¢, .
2

ko
W, =—Ae,, OW=—2©6¢;
L7 2

k
¢= 70 A€ pg - (28a)

The static dielectric permittivity g/ is uniaxial di-
agonal tensor:
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eli=el =e], el ze], el =ef (28b)
Relaxation times could be different

ty=¢! 14nc ], rlzef/47mf; (28¢)
owing to the renormalization of conductivity

c ){; =0 gy =0 { ,

2. f +
kyel Dy Wingg +7Vpls +7
szz=5 4+ X0z 0.(kds ps T) (28d)

2z
T 27’]("55 +’}/pls TYr

; f ; f_ .
(notice, that & ;z >0 eveninthecase o 1 =0, );
Coupling constants:

0
ko (nd _nz;y) 2J/Rn;ILs 7T .
o =7ﬂ22%22 7 " ;
o 2’}/Rnds +J/pls +¥r
0 + +
ko (”d —ny ) 2ypng + Y7
Qr=—Baxis——; > — ; (28¢)
Oz 27R”ds + 7p1s +¥r
0 +
kO (nd _nd )Yp ZkoeDO
D= 7%13 fs " . (28f)
Oz ZYRnds +7/pls +Yr
Field interaction constants:
+
5, = Baxz kel VR 451 s
O-Jf_ll3 2re 27/Rn35+’}/p1s+}/T ’
_ ﬁ31 kOezf J/anl—s 'IS
V== (28g)

cf 2me 2ypng +Ypls+yT

Note, if had taken into account d¢ () only in Eqgs.
for laser fields, only the stationary scattering could be
obtained because Je () is time-independent. Dynami-
cal and, in particular, periodical PILS is caused only by
the photoinduced fluctuations of the inner field. These
fluctuations are proportional to the light intensity and is
absent at the initial moment ¢ = 0. Photoinduced scatter-
ing exponentially reinforces in the photoinduced-bleach-
ing regime and therefore it intensity could significantly
overcome the stationary scattering one.

3. Backward periodical PILS in the perturba-
tion approach
3.1. The pump is focused gaussian beam

Let us solve system (24) with the boundary conditions
(26) for the definite form of 4;. This means that one could
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regard scattering intensity much smaller than the pump
one. We assume that incline wave A4 is the focused
gaussian beam in the ideal dielectric medium without
absorption. Thus in paraxial approximation A4 satisfies
the homogeneous equation (24a):

dA

5, ~Pod 1A +O@0 i) =0 (29)
I, z>0 | .

Here O(z) = is theta-function. So 4| =
0, z<0

= Ag(x,y,z) at z<0, where:
‘[Io expli x2+y2 ]
B . . @30
2p31+ing ()] Y

I+ing (z)
; by 1s the focus “coordinate” re-

A(x,y,20)=

Z —bo
2
kopo

garded from the plain z = 0, ay and F'is lens aperture and
focus distance correspondingly.

Let us approximate the real spatial distribution ¢(7)
by the continuous set of infinitely thin gaussian PR-lenses
with refractive index modulation proportional to the pump

Here ny (Z) =

intensity, because A€pg () ~ |AO (?)| % Such optical sys-
tem is equivalent to the thin lens with thickness

d << ¢, diameter 200> effective optical force @ =

~dJA€pg (0)/(‘/§pg ) and main plain z=0 (see

Fig. 2). So, after neglecting the nonlinear terms in (24a),

one obtains from (29) at z > d

PR-Lens

A_y

0 Ay

\_/

!

N

<
\ -
<

Fig. 2. Gaussian PR-lens in the PRC and autowaves-generation.
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Allx,y,z2d)=
I 2 2
zLexp e Y 31)
L+ing(z) 2p8 (1+inf (z))

Hereinafter function n,depends over z in the follow-

z—

Zg ; zo 1s focus by “image” re-
kopg
garded from the plain z = 0.

20 =+[Eo by (@b +1).

The small term ~ Ae pr A_; could be neglected in the

ing manner n; ()=

(32)

Eq.(24b) for backward wave A;. Therefore Eq. (24b)
acquires the form:

AL P (=
zl —i poA LAYy —mAY =iy + W+ WA} ()
A% (0)=0 (33)

Hereinafter we use the designation f(g,s,s) for
Fourier image over (x,y) and Laplace image over
7=(-z (because f(Z=0)= f(z=¢)=0) of the func-
tion f(x,y,z,1),l.e.

oo =z
F(G.s.0)= [dgexpl+igr ] [ f(x.v.7.0)expl-s7].
oo 0
(34)

We would like to underline that the inner field and
backward wave sources 8¢ and dn, are random fluctua-
tions. We assume that transverse spatial scale of them is
mush smaller than the laser beam diameter p,. So Fourier-
Laplace image of (33) could be approximated as:

A%1(G.s.1)= =11y exp(-nh)x
Wi (G, s—1.0)+ W (G.s-1.0)+ W (G.s—n)
(1—i (¢-zg )/kopg )(s+r]—iq2 /2k0)

(35)

Here s =Res +iIms . Let us find the approximation
for convolution A, * A} used in (25a) and (25b).

Note that for d <</ it is necessary |s| << g /2kg.
Let us suppose that |Res| >>7 . In this case it is easy to
obtain analogously (35) the following:

A =AN =ilgy, (WII (G 5,0)+ W (G,s,1)+ W, (67,5))
(36)
where

: exp(—2n¢) . 1
140202 /K3 pd s—ig?[2ky

V.= 37
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This is the function of s, ¢? and z,.

Note, that in the case of discrete spatial and temporal
spectrum (35) is valid and (34) for the inner field could be
represented in the form

Wy (6 y.z.1)= ZWII,J_ (G, s.t)expl=igr, +s({-2)],
{G,s.2}

W1 (G.s.1)=Cy 1 (G.5,A)exp[A1]. (38)

3.2. Dynamics of the photoinduced field caused
by stationary fluctuations of o€

In this item we perform the bifurcation analyses of sys-
tem (25) for internal photoinduced field with initial con-
ditions (27). System (25) has been linearized at I, — I
and the system for the images VlN/“’ | has been obtained
allowing for (36)-(38), namely:

[ W, -
TnT"‘(l_i‘Sn)Wn =

= —i(Q|| + iD)Io‘l’z (Wu +W, )— iloRy .

ow, -
L +WJ_ =

T,
=—iQ) (V‘N’n + W, )IOWz +i8, Wy —iloR, (39)

Wi(0)=0, W, (0)=0.

Here we used the designations
Ri(@ 9 =0y +iD)y W (.5),
Ry (G,s)= QLV/ZW‘N’@, s).

It is clear from (40) that the sources of photoinduced
field are proportional to d¢ static fluctuations. Thus the
sources (40) are stationary and weakly depend over in-
tensity Ipat ¥, 1o >>y7.

The solution of system (40) has the form:

(40)

Wy =1Io| Ry +
oy -0y

R, —0tiR
JRamak o t]} ,
0 =0,

Ry, - Ry

WJ_ =10|:R2 +0q exp[ﬂ,l []+

o) —0y

+0a, Mexp[h t]] (41)

o) =0y

In (41) we used the designations
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__ 61 -0, m=1.2

1+1QJ_101//Z +TJ_)~

(42a)

R, = t. [ﬁl (0 - D)oy, - Ri(1+i, Toy, )]

i~
Ry=—oI/[iR Q. 1oy, -5, )-
Ap

_EJ_ (1—1'5“ +(iQ|| _D)IOWZ )] >
where

AP = (1 — i5|| + (iQ" — D)IOWZ )(l + iQJ_IOWZ )—
—i(Q, Ioy, _6J_)(iQ|| —D)~ (42¢)
Eigen values 4, are the roots of the quadratic equa-

tion, which can be obtained from the condition of zero
determinant of system (25):

(42b)

detH =0,
P A +1-i6) + (iQn —D)Iollfz (inl —D)’()‘/’z
l.QJ_Iol//Z—l.sj_ Tl)“+1+iQJ-IOWZ
(43)

3.3. The absolute instability threshold

The quadratic equation det H = 0 can be rewritten as

2
/12+a/1+b:0,fromll’2=—§i “T—b. (44)

Here

1—i8|| +Iolllz(iQI| _d)+ 1+IQJ_IOWZ

T 7| ’
1

b=—Ap (45)

Ty

The condition Re (4,,)=0 is the instability thres-
hold. The absolute instability threshold is the following:

Re( 4;)=Re(1,)=0 (40)
The threshold (46) reaches under conditions:
2
Re()=0, Im(b)=0, Re(b)+ ‘m4(“) S0, @)

In such case the self-oscillations with frequencies Q, ,
do realize:

Mo =i,

LI )+ Im*(a) |

Q) =—
1.2 2 4

(48)
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The complex value y, =Rey, +ilmy_, ie. s, ¢
must be determined from Egs. (47). This solution can be
represented as:

Rey,=filly, Imy, =f/1: (49)
where
I
fi= [(SIIQJ_ -D-6,0 )[H—)—
T
T 1
[Qn +lQJ_}5 ]Aw (50)
7) 1
f2 :[SIID_[I‘*’_}QL +Q||—5¢D)}—a (51)
T Al//
Ay, =D 0, -D-5,0))-
(52)

T
—[Qu +lQJ_ }Qu +0; _5J_D)'
71

The expressions for the autowaves frequencies Q 5,

absolute value of the transverse wave vector g3 and spa-

tial gain factor sy have been obtained from (38), (48)-
(50).

Let us present and analyze the expressions for Q 5,
qo so derived under the approximation

(|D|+|Q¢| <<|Q||| .

Really, when used (38), (48)-(53), one can obtain rela-
tively simple expressions for Q1 5, g§ , o, namely:

T <<T), 5||’J_ -0, (53)

D

o=0 o-112% o (549)

gy
. 2ko1gQy exp(—2n¢) 55)

0 - 9
1+ (0= 20)* 1k¢ g

B 1o D exp(—2n¢)

So=— (56)

1+(t=20) 1kGpG

The following important for the comparison with the
experiment conclusions could be made from (54)-(56).

1. Let us study the dependence Q; =Q(I,) in ac-
cordance with (54) Atrather highintensities y , 1 >>y7
/7 ~0oy ~ng ~ 10, and so Q ~ J;. Under Turther in-
tensity increasing n, — n2 —n, and frequency (54) satu-
rates. The similar speculatlons for the transverse wave

vector lead to the dependence ¢ ~ ‘/E , but at very high

intensities ¢ tends to the constant value.
2. As it follows from (55), the condition Q; <0 is
necessary for periodic PILS observation. This restricts
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the type of PR-materials in which optical autowaves could
exist.

3. Note, that W (x,y,2,1)~ W” L (0 expligr, I

xexpl+ sy (¢ —z)], and so the condition explsol]>>1 as
well as D < 0, is urgent for the weak backward wave
amplification (see (56)). The condition D <0 corresponds
to the definite pump beam propagation direction along
polar axes z, because D ~ D x5 changes its sign at crys-
tal rotation over 180°(z - —z).

4. We’d like to underline that expression (55) deter-
mines only the absolute value g, of the vector ¢. Thus the
periodic process could origin with all transverse vectors,
that satisfy the equation §2 = qg ,1.e. there is no reason
to suppose, that any of possible wave vector directions is
preferable.

3.4. Optical autowaves

Notice that in photoinduced-bleaching regime in rather
thick samples with small absorption, i.e. at

—IyD/? —2nt
exp oD Cexp(z2nl) >>1
2 2 4
1+(0=20)" / kg po

stationary scattering on the fluctuations proportional to
SW , can be neglected at z = 0. In the case the spatial
gain factor for scattering at the photoinduced fluc-
tuations of internal field is proportional to the
W)L explsol] ~ W exp[so/], which is much more than
unity.

If p2qd >>1, the backward wave does not interact
with the PR lens with diameter p, (see Fig. 2). Using
Eqgs (33), (35), (38), (57), one can obtain the solution for
the backward wave field at the front plane of the sample
(z=0) in the following form:

-y explso]
1-i(¢-29)/kopd 0 —iad [2k

X Zexp(q 1) ( ||(q,So, )+WL(Q’SO ))

qCIO

(57

Ail (x, v,0, t) =

(58)

Taking into account Egs. (54), (48) the solution of
(41) can be found as follows:

. A Ql (o
Wi(q,s¢,t) =21 122exp|:it:|-s1n m—
o —0y 2 2

VVJ_@,S()J)Z%VW- (59a)

Here G2 = qg . Allowing for the analyses of the item
2.3, we postulate that

<u7(31,s0,t)> =0,

(W@G.50:0W " @50.1)) ~ 6(51—51'><W(qo,s(),t> 2> :

(59b)
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Angle brackets denote the averaging over random
sources Ry, (see. (42b)), o » is given by expression (42a).
So, the summarization over g directions is substituted
by the averaging with uniform distribution function.

The backward wave amplitude E_; on the screen with
coordinates {xg,yg,zg =—L} L>>1, has been calcu-
lated in paraxial approximation by means of Kirghoff’s
integral [16]. The gaussian profile of the pump wave has
been taken into account. The calculatlon is represented
in Appendix1. In the case pO << L/ kO the backward
autowaves’ PILS indicatrix at angle 6 is equal to:

\expl A2 0 -0, /ZJ
1+7 A9, -6
In Eq.(60) the following designations are introduced:

Jja6)= Rg( cos(Qt

(60)

RE =

Ry =Ry | \(kopd ’
(+ay) 107 2 0P0 »
OCI—OC2 | 2L

2,2 4
1+(/ - lk
% ( ;o) 2oPo><

D= +Q,

214D ¢ exp(—2n¢)
7 eXp 2,2 4

1+(t=20)" 1kg pg
ja0,0=10,0/1,, 8y=aqy/ko,

p’ =p3(1+nfc(0)),

(61)

F
A=kyp=—,
a

It is follows from the analysis of (60) and numerical cal-
culation with the help of Eq.(A.9) that for the thick enough
sample backward scattering has the conic space struc-
ture with angle ) and periodically varies in time with the
frequency Q. On a screen the profiles of the averaged
scattering indicatrix (60) have the view of periodically
appearing rings that are well resolved in the backward
experiment geometry when the central maximum is ab-
sent.

4. The characteristics of the scattered irradia-
tion. Comparison with the experiment on peri-
odic PILS in LiNbOj3:Fe

Notice, that theoretically calculated diffraction pattern
for backward scattering, at least for the “thick” crystal,
possesses significantly higher visualization, than the same
one for the forward PILS, which can be calculated in
only the next order of perturbation theory. So we restrict
ourselves by analysis of those basic characteristics of in-
verse scattering, which have been compared with the avail-
able experimental data on autowave PILS in LiNbO;
crystals, doped with 0.02+0.07 wt. % Fe intensively stud-
ied in our lab. Hereinafter we assume that it is possible to
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neglect the dark conductivity due to sufficient laser in-
tensity y, Iy >>yr, i.e. to substitute y7 = 0. Also the
experiments were carried out at the “optimal focusing
conditions”, i.e. at (E 4 )2 /kgp(‘)1 <<1.

We would like to remind that backward PILS has the
conic spatial structure with the cone opening oscillating
around 6 (see (60)). It is appeared convenient to charac-
terise these temporal oscillations by the minimum angle
Omin (i.e. the angle of cone generation), the angle of the
best visualisation 6 (i.e. the angle of cone maximum in-
tensity), and the maximum angle 6.4 (i.e. the angle of
cone disappearance). The experimentally measured val-
ues of O, and 6, can be additionally limited by the
resolution of the register hardware. We determined these
angles numerically from (60). It is turned out that for a
wide region of parameters with high accuracy one can
apply clear and simple relations:

00 = Omax +Omin) /2, Omin =H 6y, Opax = (2_ H)GO'
(62)

Where 0 < H <1 is positive constant. Thus the cone
parameters are determined by the angle 6,, which is pro-

portional to go ~ /O, ~ ‘/ (ng —n}s) in accordance

with (55) and (28d). As it follows from (15) it increases
with the increasing of the photoactive impurity

concentration 7,0 as 0, ~ "ng —n, - We denote that

(ng -n, ): ny(N, — N, ), where the concentration of

donors N, and acceptors N, is measured in % of matrix
concentration rg. Finally one obtains:

90 :Qf Nd_Na N

noB31X13

IO YRNg
Oy~ 2,2 4 f
1+(t—29)* Ikgpy oL

YRNg tYplo +VT°
(63)

Calculated in accordance with (63) dependences of
the angles 6., 6 and 6, OVer impurity concentration
N have been compared with the experimentally obtained
ones in Fig. 3.

Let us discuss the temporal spectrum of scattering
waves. The theoretical (see (54)) and experimental
dependences of autowaves’ frequency Q over pump wave
intensity I are presented in Fig. 4. To all appearances
we possess the experimental data for the linear part of the
aforementioned dependence, i.e. for high-quality sam-
ples and rather high 7, where

Q(I())=7/f IO .

The investigation of the process at smaller intensities
proves the existence of intensity threshold: the autowaves’
PILS loses its periodical structure and eventually splits
into random flickering spots at intensities smaller that
the critical intensity /c. Critical intensity /¢ could be es-

(65)
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Fig. 3. The dependences of scattering cone angles 6,,;, (filled
squares), 6y (empty squares), 6y,,«x (empty triangles) over Fe con-
centration in LiNbOj. The best agreement with the experiment
was obtained at 0= 26.5°, N, = 0.02%, H = 0.64. Inset: the
angular structure of the autowaves’ intensity on the screen

Q, Hz
0.4 - 06
0.4 .~
g
0.3 &
]
0.2
0
0.2| 20 25 30=
t, sec
0.1
0 5 10 15 20
I,, mW

0°

Fig. 4. Theoretical (solid curve, calculated by Eq.(65) at y =
= 0.018 mJ") and experimental (filled squares, N; = 0.03 %)
dependencies of autowaves frequency Q over . Inset: the ex-
(bold curve) and
dependences of the averaged over the ring autowave intensity

perimental theoretical (fine curve)

over time.
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timated from the condltlons sof >1and sy > 2n (see(56),
(61)). At (E zo) lkg pé <<1 the estimation for /¢ ac-
quires the form:

+2n¢

1
lo=— exp(2n/), 66
c Y p(2nt) (66)

i.e. critical intensity is inversely proportional to the dif-
fusion coefficient.

Within the framework of our theory the autowaves’
frequency does not depend on the crystal thickness. Pos-
sibly this dependence is present below the intensity thres-
hold. The temporal dependence of the autowaves inten-
sity averaged over ring can be easily calculated from (60),
namely it obeys the law (1—cos(Q¢)). In comparing the
result with the experimentally obtained autowaves evo-
lution (see inset in Fig. 4), to our mind, the qualitatively
compliance in general dynamics of the process is evident,
the differences of the experimental and theoretical pro-

°
o
o
(o]

Fig. 5. Dynamics of autowaves on the screen S: appearance,
spreading out, disappearance. Theoretical calculations (left) and
experimental observation (right).

files on the period is related with the linearity of the theory.
In fact we omitted all non-linear terms in the initial sys-
tem, i.e. neglected the possibility of the crystal to gener-
ate sub- and super- harmonics.

The most simple for the analysis and the best corre-
sponded with the experiment is the dynamics of the rings
of backward autowave PILS on a screen (see Fig. 5). In
this case rather bright ring appears on a screen, then ex-
tends with decreasing of its thickness and gradually dis-
appears. After this the crystal generates the following
ring.

Let us calculate such important characteristic as the
spatial correlation coefficient of the backward scattering,
hereinafter designated as K;,. Namely let us derive the cor-
relation function of the two points “a” and “b»” on the screen
(characterised by spherical angles 6, =(9,,¢,) and
6, =(6,. ¢, )) with different (in general) time-averaged

intensities /_; (Ga )=1_ (Ga ,t) and 1 (Qb) =1, (Gb,t) .
By definition

21_,(0,)]_1(6,)
(1—1 (éa))z + (1—1 (éb))2

In fact we calculate K, near the generation thres-
hold, where inequality (57) is not strong, and it is neces-
sary to take 1nto account the stationary scattering with
intensity 1 OR 6,9). When

Ky =

(67)

Qa~9b~90, (Pai(/)b, ] NIC’ (683)
In accordance with (60) and (68a):
10,)=10RG +1gR} (69, 9,),
116,)=10R§ +19RZ 60, 0) - (68b)
RE =RE expl-21,D(1) (],
D
D(ly)=————,
(+1o/14)
1= (680)
27Rna

The approximation for the dependence of generalized
diffusion coefficient D(Ij) over intensity was obtained

I from (15) and (28f). Thus K, acquires the form:

K, =1 (1-Rap)’ (69)
“ ~ 2 ~ 22
(1+R0b CXpI:—zlng/(l‘f—Io/ld ])Z ( ab+ROb exp[—2IOD£/(1+IO/Id) ])Z
. _Rg®.90) R
a ’ .
RZ (60,0 R2 (60,0

342

500, 6(3), 2003



A.N. Morozovska, V.V. Obukhovsky: Spatial-temporal peculiarities of periodical PILS ...

In the case typical for the incoherent isotropic sta-
tionary scattering, R, << 1 and Ry, << 1, if only detec-
tors are far enough from each other. So (69) can be sim-
plified as

K0(<P)GXPlGlo/(1+Io/1d)2J
1+K0(<P)6XPIG10/(1+10/1¢1)2J
G=-2D¢, KO((p):zRg/Ré ©0,9p) -

K (@)=

(70)

The value Ky << 1 is independent over the angle ¢
between detectors for isotropic stationary scattering.

The value G > 0 in photoinduced-bleaching regime,
and K, saturates under intensity I increasing as it should
be expected. The dependence of the spatial correlation
coefficient K, over intensity /) and comparison with ob-
tained experimental data are represented in Fig. 6. The
amplitude K, saturation constant /; and gain factor G
are fitting parameters. Under comparing with the experi-
ment the dependence K, over I we used (70), and there-
fore considered the register detectors placed on the ring
in accordance with (68) and assumed that they were the
point ones (i.e. we approximate the real apparatus func-
tion by Dirac delta-function). The latter approximation
is pertinent only if ¢, <<|@, —¢,| (¢, is the angular
detector size).

We would like to stress that autowaves’ PILS was ob-
served only in the case of focused (but not the plain)

ab

0 5 10 15 20 25
I, mWwW

Fig. 6. The dependences of the measured and calculated at
Ky=0.04 and G = 1.43 mW!, I;= 10 mW spatial correlation
coefficient K, over intensity I at the different angle between
the detectors: ¢ = 90° (empty triangles), ¢ = 180° (filled trian-
gles).
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Gaussian pump beam with the beam focus located di-
rectly in front of the PRC. Really, gain factor (56) is
maximal under the condition zy = ¢, which in accord-
ance with (32) corresponds to the following focus coordi-
nate py = - g/ Dl — ‘/gj relatively of the front plane.

The condition by < 0 satisfies if ®¢ > ey . Assuming
that effective ostical force has the view © ~

JAEpR 6/( ) pg , we have done some estimations. At
Jeo ~1.po =5:103em, JAgpg =5-107,/=0.5 cm
one obtains ® ~10 cm ™!, by ~—0.1 cm . In principle, the
effective value @ can be regarded as fitting parameter.

Note, that autowaves’ PILS was found only in the
photoinduced-bleaching regime. All the dynamic effects
disappear in the reflecting regime, i.e. under turning the
sample over 180° in XY-plane. This fact confirms the
validity of the corresponding speculations from the item
2.3 (see (56)).

The refractive index of the outer medium doesn’t in-
fluence on the existence of autowaves: the crystal gener-
ates them both in the air and in the immersion or even in
the water. This confirms the assumption (see 1.1-1.2) about
the fact that the seeding for the backward wave is “bulk”
sources S &(F).

The hypothesis (see 1.1) about the coincidence of the
pump (direct) wave polarization and backward scattered
one was confirmed experimentally with a high accuracy
up to angular seconds.

The periodic PILS has been registered only in the
high-quality LiNbOj5 single crystals doped with Fe. Simi-
lar effects have not been found in any other samples. In
accordance with the expression (54), we explain these
results by the presence of the non-zero component 3, only
in the ilmenite LINbO3 and its absence in all other inves-
tigated samples.

Thus, though the real temporal spectrum of PILS has
been approximated by delta-function in our linearized
theory, the main spatial and temporal characteristics of
the process obtained in this way are in a full agreement
with the available experimental data on optical autowaves
observation.

5. Conclusions

In this paper we have studied consecutively the optical
autowaves generation in the uniaxial ferroelectric PRC
under stationary laser irradiation. The characteristic fea-
tures of the backward PILS have been predicted. The
obtained results can be briefly formulated as following
statements.

For the first time it has been shown that, due to
influence of transverse photovoltaic current and diffu-
sion, among all possible scenarios of transverse insta-
bilities the boundary circle will be realized.

Due to this phenomenon the periodical or quasi-
periodical PILS appear in the real system, depending on
the structure of growth non-homogeneities and the char-
acter of photoinduced fluctuations caused by them.
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The optical autowaves generation is possible in
such uniaxial ferroelectric PRC as ilmenites under sta-
tionary laser irradiation.

All the main theoretical results are in a good agree-
ment with the available experimental data on autowaves’
PILS in LiNbOj crystals, doped with 0.02+0.07 wt. %
Fe [1].
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Appendix A. Far field PILS indicatrix

The field of the backward wave E_; on the screen
with the coordinates {xg, yg,zg =—L} L >>1, in parax-
ial approximation should be calculated with the help of
Kirghoff’s formula:

E(6,z=L1)=

A_l(x,y,ZZO,t).

k k
_iky jdd explikor] A
r

Here the following designation are introduced:

r= AL 4 (e~ + (s —y) =
zL+(xS —x)2 /2L+(yS —y)2 /2L

6=6,.6,) 6,=x5/L,
0, =xs/L. 0=\07+07. (A2)

Actually 0 is the diffraction angle. For the case
pg << L/ k¢, using Eq.(58) the expression for E_j can be
rewritten with the accuracy of constant phase in the fol-
lowing form

° expl—rf/pzj

kol
Sa= 400W°(’)J T2 0)
x Y expllg -6k } 7. | K. (A3)

~2_ 2
q =90

Here p2 = pg (1 + n]% (O)) and the function depending

only on time is introduced (see (59)):

Wy (t) = ex [igt]-sin gt
o(Z) = exp, > Sl

The random function E(c}) is defined from Eq.(59b).
After integration of Eq.(A.3) with the accuracy of con-
stant phase one can obtain

(A4)

kop 1o
E | =——W,()X
L=y Mo
- 2p?
x 3 R@exp —T(H —iiko) (AS)
-2 2
q =490

Let us take into account that § - § =6 - qo - cos@ ,and
replace the summarizing on g in (A.5) with the integra-
tionon @€[0, 27]. Note that the average value of (A.5)
on the random sources is equal to zero. In order to obtain
the intensity we will use Eq. (59b):
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(R@R* @) =5 - 61><|§2 (qo>|> , (A7)

and the integral representation of the modified Bessel
function of zero order By and its asymptotic form:

2r
BO (x)z i E')‘d(p exp[x cos (p] =

exp(|x|) | >>1; (A.8)

1
= ‘/27t|x|

L | <<l

Using Egs (A.5) and (A.6), one can get the intensity
on the screen as follows:

1_1(9)=R3|W0 (zjzx
xexpﬁ—g (0 2 +03 ):|Bo (Azeoe)z

exp[—%e—eo >2]

1+ A%, -6

- r3|w, (r)(2 (A9)
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In Eq. (A.7) the following designation are introduced

Rioy =Ry |2\ [ kopd ’
R§: (+ay) 10 — I 0P0 %
061—062 | 2L
I exp[2so/]
% 0 Pl<So

1+(=20 Y 1kops s +a” [+

F
00 =q0 ko, A=kyp=—,
a0

p? = p3 402 0). (A.10)

The angle brackets mean the averaging on the ran-
dom sources R.
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