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Computation of the intensities of parametric holographic scattering patterns
in photorefractive crystals
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The present work represents a first attempt to perform computations of output intensity distributions for
different parametric holographic scattering patterns. Based on the model for parametric four-wave mixing
processes in photorefractive crystals and taking into account realistic material properties, we present computed
images of selected scattering patterns. We compare these calculated light distributions to the corresponding
experimental observations. Our analysis is especially devoted to dark scattering patterns as they make high
demands on the underlying model.
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I. INTRODUCTION [10-12. In the case of LiNb@: Fe[11] the observation of a

Holographic scattering in electro-optic crystals originatesdark ring on the bright scattering background has been re-

from light-induced refractive index chang¢4]. Incident ported, but not explained so far.

light waves(pump wavesand waves scattered from volume

or surface imperfections of the crystéseed scattering Il. SETUP OF PARAMETRIC HOLOGRAPHIC
record “noisy” volume phase gratings. Subsequently, the ini- SCATTERING EXPERIMENTS

tial scattering waves may be amplified or attenuated by the The experimental configuration used for the investigation

pump waves due to direct coupling of two waves via ay¢ . : L -

. - S parametric scattering processes is illustrated in Fig. 1. Ad-
sh|fte(3hgratt|ng[2] or beqause of ?ara?etnc Am|X|r[§,£|1] ?f gitionally, the figure shows a photograph of a typical light
more than two waves via several gratings. A Special ¢lass Qfisyintion on a screen behind a BCT crystal. The sample is

holographic scattering processes is based on parametric fo‘iﬁ'uminated symmetrically by two laser/pump beathsre of

wave mixing, Wrerg t\A'\VO pumphwav_es iﬂd tWOt chtte”nb xtraordinary polarizationwith the wavelength\. They in-
waves are involved. A comprenensive tneory 10 GesCribgq qo i ot an angle ofég (in air) in the plane of incidence

these parametric processes in photorefractive media has been: - . ) H . :
developed by Sturmaet al. [5]. Many parametric holo- Which in this configuration is perpendicular to theaxis of

; . ' ) he crystal. A polarization filnfanalyze) behind the sample
%rgp:)l;jﬁggﬁglng;:]o?:(ftsoiz ?g?/?ht;e?n?t;Qriig?taetﬁggbﬁ;ﬁl:%hy be used to adjust the intensity ratio of the isotropically
The model[5], however, provides the opportunity for a de- diffracted light (polarization conservedand the anisotropi-

. D e - . ... cally diffracted light(polarization changed
tailed theoretical investigation of scattering light intensities. y ght(p 99
This is especially interesting for parametric processes which
are not dominated by strong exponential amplification—e.g., !l MATHEMATICAL FORMULATION OF THE MODEL

weak and dark scattering patterns. _ For the computation of the intensities of parametric four-
Based on the model db], it is the aim of the present 5, mixing processes in photorefractive crystals, we

work to calculate and visualize the intensity distribution of gyrictly follow the theoretical description introduced [i].

parametric scattering patterns. Numerical simulations havg,rametric scattering processes are fundamentally divided

previously been performed for the propagation of a lightinig 4 and B processes, which are observed as rings and
beam(including beam fanningin a photorefractive medium

[6,7]. We devote our computations to the parametric four-
wave mixing processes which are responsible for the recently oy
observed dark scattering patterns in photorefractive
strontium-barium-niobatgSBN) [8] and barium-calcium- z
titante (BCT) [9] crystals. The computed scattered light im- analyzer
ages are compared qualitatively to photographs of the corre-

sponding experimental observations. Additionally, we give a

theoretical explanation of the process which forms the so- T !
called inner scattering condring) in lithium-niobate ¢ / y  SeEesl
(LiNbO3). This scattering cone has been discovered in ex- y
periments with only one pump beam for different materials

FIG. 1. Sketch of the experimental arrangement used for the
*Electronic address: Simon.Schwalenberg@uos.de investigation of parametric holographic scattering patterns.
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E=Aeexplik -r—wt)} with A=Aexpid}. (3)

Heree is the unit polarization vector andl is the complex

amplitude composed of the absolute vall@nd the phase
®. Furthermorek is the wave vector ana the frequency of
the wave. The interaction of light waves in photorefractive
media can be described by the coupled-wave equations

the one-dimensional case
FIG. 2. Schematic diagrams of the grating vectors involved in

an A process(a) and 3 process(b). The positionse, B, y, and § aloy Ay _ Vw Vys A7 4
mark the tips of the corresponding wave vectors. alay A:s - ng Vs A; (4a)

for an A process and

lines, respectively, on a screen behind the cryse¢ Fig. L

The waves involved in and process fulfill the phase- alay \ [ A U,, Us\/A

matching condition = 7 (4b)
alay ) \As Usy, Ugss/\As

ke + k?%z kry*’ K (18 for an B process. Herd\, and A; are the(compley ampli-
fpdes of the scattering wavesand . The asterisk denotes
complex conjugation. Within the undepleted pump approxi-
mation the amplitudes,, andA, of the pump waves and 8

kP - k% = k[y- kS (1b) are considered constant with respect to the operator for spa-

tial differentiationd/ gy. Finally, V; andUj, are the elements

Herek, andkg are the wave vectors of the pump waves of the interaction matrix for and and B process, which
and g, while k, andk s are the wave vectors of the scattering describe the coupling of the four involved waves as ex-
waves y and é. The superscript,q,r,se{o,€ entering  plained later. Neglecting angular detunings, the system of

Egs.(1a) and(1b) denote the polarizatiofordinary, extraor-  equationg4b) for the 3 process has the explicit solution
dinary) of the four involved waves. In uniaxial crystals this

i i i AY. U,-U AU
leads to 19 elementary scattering processes which are written A = {—Y(l 2y 55) + Doys }exp(lly)

while B processes are connected to the phase-matching co
dition

in the compact notatio: (pg-rs) with 7e{A,B} as the Y 2 r,-TI. r,-r_
process type. The grating vectors involved in .dnand 3 AD U —U A%
process are defined as shown in Fig@) 2nd Zb), respec- + |:_Z<l _ 55) A 72 ]exp(l“_y), (5)
tively. For an.A process they are given by 2 r,-T. r-I.
Ks=k,—ks=k,—Ks, A Ug-U AU
. = I
Ky=k,—k,=kgz—ks, (2a) T T
P p Ag Uss—Uyy 3U57
and for a3 process by 1511 r.-r. ) T.-T. expl-y). (6)
Ks=k,—ks=ks=Kq, The solution for thed process can be obtained easily by the
substitutionU — V andA,— A HereAJ ; are the initial am-
Ki=k,—kg=ks=k,, plitudes of the scattering wavesand ¢ at the input crystal
plane (y=0). Furthermorel', andI'_ are the characteristic
Kp=k,— ke, complex gain coefficients
1
Ka=Kks—Kg. (2b) Le= E[VW Vot \"/(Vw - V&S)Z + 4\/75\/57]' (7a)
The phase-matching conditioriéa) and (1b) determine 1
the angular distribution of the scattering patterns. This distri- F.=2TU. 4+U*+ V(U -U-2+40_U 7b
bution depends on the wavelengttand the refractive indi- 2= MUy Ust V(Uyy = Us) ol (7D

ces for ordinary and extraordinary polarizatiop and ne.
Furthermore, each parametric scattering pattern has a ch

i a > -
acteristic dependence of the apex anglen the pump angle mteﬂsmestl %]ﬁ'LA“/ﬁ| at the baka tfr?ce IO f thetcry?tg—c_i)i
6, (see Fig. 1 which allows us to identify the scattering We have 1o Tind expressions for the elements of the interac-

pattern with a certain four-wave mixing process. tion matricesV and U. According t0[5] they are defined as

For the computation of the steady-state intensities of scat- o X A X A
tering patterns it is necessary to study the coupling of the Vyy = =il {7, alf|pXPIE| v, @) +1 (v, BlT[S)(SIE] 7. )],
four involved wavesa, B, y, and 8. We represent these

waves in the form Vss=ikll {a, SfF|S)(SIE] e, &) + 1 (B, 8IF|pXPIEIB, &)1,

Jp_r A andB processes, respectively. In order to calculate the
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Vo= —j Blf E S+ E HIA A, interpretinge as the effective value=wev in the direction
o=~ Iy, BT I (Bl &) + (T IPXPIEIS, DIAA of the (unit) grating vectorv. The quantityly=1,+I4 is the
. R - R R o overall intensity,ty is the dielectric relaxation time, and”
Vs, =icl(B, o[ IpXPIE| v, @) + (@, &lF|S)(SE] v, BYIA A, =w,-w, is the frequency detuning of the recording wayes
(8a) andp. The photovoltaic charge transport is included in ghe

factor:
for an A process, and

U= =il (.l ID)PIE 1) + 1 7, BIFISKSIE . ), V1Bl ) = Bine 5 v

Here B, are the elements of thecomplexy photovoltaic

tensor which may be represented in the fggmgs+i 82 with

real numberss® and 32,

R R The structure of the interaction matricé8a) and (8b)

U,s=—il(y,BIF|s)(S|E|5,a) + (5, y|f|f><f|E|a,,8>*]A;AB, allows us to investigate the involved energy transfer mecha-
nisms individually. The diagonal elements,, Vs andU.,,,,

_ - - - - * U,ss describe the contribution of direct two-wave mixing
U‘”__'K[<5’a|r|s><s|E|7’ﬁ>+<5’ 7|r|f><f|E|a"8>]A“Aﬁ’ (2WM) to the energy transfer, irrespective of the phase-
(8b) matching condition$la) and(1b). Here the scattering waves
are coupled with the pump waves via gratings recorded by
the coupled waves themselves. As a consequence these diag-
onal elements are responsible for the wide-angle scattering
background. The nondiagonal elemeMs; Vs, and U,

Us, describe the contribution of true four-wave mixing
4WM), which in this model can be nonzero only in the case

Uss= = inl1 (8, aff[SSIE|8,a) + 1 5, 8F|dXd|E| 5,8)],

for a B process, withk=7n*/\ and|, z=|A, g% The vari-
ablesp, s, d, andf indicate the involved grating€a and
(2b). Each matrix element of Eq&8a) and(8b) is composed
of products of two fundamental quantities: tRefactor and
the t factor. These two terms allow us to resolve the full
parametric scattering process into single recording and read oxact phase matching. Here a pair of waves are coupled
out processes, respectively. Théactor is a measure for the 5 5 grating recorded by a different pair of waves. In con-
efficiency of a single diffraction/readout process for a pair ofy 5t 19 the scattering background, the intensity of parametric

wavesy andp coupled via a recorded grating scattering patterns stems from both the 2WM and 4WM
(s plF|v) = el'efripem, (9 Pparts.

with e* ande” as the unit polarization vectors of the coupled IV. APPLICATION OF THE MODEL

wavesu andp, 1y as the elements of the linear electro-optic A. Coordinates

tensor, andr=K”/|K”| as the involved unit grating vector. _
Eachf factor entering Eqs(8a) and (8b) is combined with The wave vectors of the pump and scattering waves are
described in spherical coordinatésand ¢:

the E factor which includes the properties related to the re-

cording mechanism of the corresponding grating/space- sin 6,
charge field. For our computation of the intensities of para- k,, = kon,| cosé (12)
metric four-wave mixing processes in photorefractive “ “ _
crystals, we substantially apply the isotropic model[6f 0
which includes the assumption that ttepecifio photocon- _
ductivity ay, the dielectric permittivitye, and the light ab- —sind,
sorptiona are scalar parameters. We take into account space- kg=kong| cos6, |, (13)
charge-field-limiting effects resulting from a finite effective 0
trap densityNgs. In our computations we want to focus on
the elementary parametric scattering processes without an .
y P A _ sin 6, cose,
external electric field. Then thE factor for a gratingv re-
corded by the waveg andp is given by the relation Ky =kon, cosd, ' (14)
o . sing,sing,
. _ (ioELDY)(e* - €) + (ax) ™ Xv| Bl . p)
(v[E|p,p) =~ — : -
lo(1=1Q"ty) Sin f5CcoS g
(10) ks=Kkon C0SH; . (15)
sin 65sin ¢

Here E{=K"kgT/e is the diffusion field andr the electron-
hole competition factor, which is 1 for pure electron and —1Hereky=27/\ with \ as the(vacuum wavelength. Further-
for pure hole transport. The quanti?=(1+K>r)™ con-  more, ¢ is the polar angldfrom they axis) and ¢ the azi-
tains the effect of spatial screening withry  muth angle(in the xz plang. The meaning of¢ and ¢ is
=(seoksgT/eNyy)2 as the Debye screening lengfh,as the illustrated in Fig. 3.

temperature, an#lg as the Boltzmann constant. The aniso-  The quantities,, ng, n,, andn, are the refractive indices
tropy of the dielectric tensor may be included additionally byof the corresponding waves. For the investigation of intensi-
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4z all four involved waves, which contain information about the

absolute values, A%, A, andA? of the amplitudes and the
initial phasesb®, @Y, CD?/, andCDg.
) The absolute vaf;ues can be extracted from the correspond-
¢ h L X ing intensities by the relation=|Al?. The intensities,, and| 5
of the two pump beams are parameters known from the ex-
i periment. The intensities of the initial scattering waves, how-
1 ever, depend on many crystal properties. The mechanism
: : which forms the seed scattering distributitiix,z) is com-
. plex and not yet fully understood. For our calculations we
R assume that, in general, each pump bgaimduces a radial-
3 symmetric seed scattering intensity distributidﬁ(x,z)
0 — Ig(ﬁ). Here the intensity of the seed scattering waves only
z depends on the anglg°" (measured outside the crystal in
rad) they form with the corresponding pump wave:

FIG. 3. lllustration of the spherical coordinatésand ¢ to de- 0/ qouty — i out, a out
scribe the orientation of the wgve vectar v I”(ﬁ ) _ e XPL= D7/ + e xp{= 92/ (17)
_ . _ _ The quantityl,,, is the maximum intensity of the isotropic
ties, we may considat, as constant with respect to the azi- pjtjal scattering for9°"t— 0° andI? _ the corresponding an-
muth angle#. In the case of exact phase matching, thejsotropic contribution. The expressioh., exp{-9°"/m} en-
;pherical coordinateé and¢ allow us to _describe t.he po;si- tering Eq.(17) is an approximation to the results for the
tion of parametric scattering patterns in three-dimensionalngylar distribution of the isotropic seed scattering along the
space. For the special point @t ,=0° (xy plang, the corre- ¢ axis determined for SBN:CEL3]. The parameters of our
sponding apex angles, ; can be calculated for all 19 el- 45hroximation aren=0.22 andl!._ which is approximately
ementary scat_terlng processes |n_un|aX|aI crystals by_the rer4x 10°° times the intensity of the corresponding pump
lations given in[5]. The position in the three-dimensional heam. The anisotropic part of the initial scattering is assumed
space can be obtained by substituting the wave Vectorg, pe one order of magnitude lower than the isotropic part
(12)~(19) into the phase-matching conditiof®a and(1b). ~ (ja_ /i ~0.1). Finally, the overall initial scattering distri-
For each type of process, this yields three equatidng to o 9(9) used in our calculations is a superposition of the
three spatial dimensiopsn the four variables¢,, 6, and

o two radial-symmetric distribution&l7), one for each pump
.¢5’.05' Additional parameters are th_e pump an@ga(_here beam. The seed scattering approximation presented in this
inside th? cr_ystaj the refractive |nd|ce$cqrrespond|ng 0 section is used for all crystals included in the present work.
the polarlza_ltlon)s and thg Wavelgngth, which can be cho-. We do not take into account further crystal-specific influ-
sen according to a certain material and experimental Conf'gLEnces as they differ even for samples of the same material.
ration. In contrast, the azimuth angig, of the scattering 0
wave y can be regarded as a free parameter ranging from 02

The initial phasesb?, ®9, ®°, and®J of the waves also
) o ff h - li implicitly vi

to 360°. To each value ob, the phase-matching condition effect the steady-state amplitude®) and (6) implicitly via

determines the corresponding apex angleas well as the

the preexponential factors, while, in contrast, the exponential
. ; ain factors are independent of the initial phases. As a result,
angles¢, and ¢; of the scattering wavé. This also deter- g P P
mines the involved grating vectors which are required to

the intensity of the scattering waves is modulated by a char-

. : : acteristic functioll composed of the four initial phasds

calculate the elements of the interaction matri¢@® and 0 40 0 . . @
(8b). Finally, we transform the spherical coordinateand ¢ ©p, @, and®; This feature has not yet been investigated

inside the sample into Cartesian coordinateand z in air experimentally; therefore, we do not study this dependence
NSl pie | : : zina in the context of the present work. In our calculations we

X ) Bhose exemplary values for the initial hases, which corre-
behind the crystal. Here we have to take into account th% ond to thepma);imum ol (optimal caé)e yielding highest

distance between the crystal and screen and Snellius’ law dtb tput intensities These values may change for different
to refraction on the back face of the crystal. scattering processes.

The polarization vectors entering tlﬁeé, and,fu’ factors

(9)—<(11) are approximated by
C. Frequency detunings

1 0
e=lo -lo (16) Frequency detunings due to temporal fluctuations of the
o~ 0 G ' pump intensity and space-charge field also have an effect on
1

the scattering amplitudes via tIﬁafactor(lO). For our com-

for ordinary and extraordinary polarized light, respectively. putations it is necessary to know the frequencies of all four
involved waves. If we assume equal frequencies of the pump
B. Initial scattering waves: Amplitudes and phases waves(w,=wp), then we can describe the frequency shift of
The steady-state amplitudés) and (6) of the scattering an arbitrary scattering wave by Q,=w,-w,. Generally,
wavesy and é depend on thécompleX initial amplitudes of we have to assume that the frequency shifts differ both in
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absolute value and in the sign. For the scattering waves  TABLE I. Set of material-specific parameters needed for the
and § involved in a parametric process, however, the fre-computation of parametric scattering processes in the SBN:Cr

quency detunings are restricted according to the relations sample used ifi8]. The effective trap density has been determined
for a similar SBN crystal doped with 0.02 wt % Cr.

0, + W= 0, s, (183
Property Value Ref.
Do Op= Oy~ Oon (18 Material Sk.61B80.3\b,0g
for A and B processes, respectively. According to our as-poping 0.046 Wt % Cr
sumpt_ionwa:wﬁ, Eqgs.(183 and(_18b) lead to the fo_IIowing Symmetry group mm
conditions for the frequency shifts of the scattering Wavesy o ive indices ny=2.358,n,=2.325 [14]
Q,=-Q;for an A process andl,=();for a B process. As a o
consequence we can express the frequensigand w; of _ r13=r23=56 pm/V, [15)
the scattering waves in the form Electro-optic tensor r33=333 pm/V, [15]
l40=051= 38 pm/V [15]
Wy= 0,2, 0s= w0, Q, (198 pielectric tensor €11= €2,=470, €33=880 [16]
Thickness d=4 mm
Wy =W, 20, 0;= 0,21, (19D Electron-hole o=1 [17]
for A and B processes, respectively. Hefeis a parameter Ccompetition factor
introduced to describe the absolute value of a frequency shifflodulation reduction R~=0.7
assumed for a certain process. As indicated by th&sign,  Effective trap density Ngfr= 2% 106 cm3 [18]

we have two independent paif®,, ;) and(w,, ;) of de-
tuned frequencies for each process. In the framework of our

computations of parametric holographic scattering processe#is context, only the 2WM contributions are involved. The
we present only results for the pair which leads to the highesintensity of the pixels which are located on the scattering

output intensities of the scattering waves. pattern will be calculated by taking into account both the
2WM and 4WM contributions—e.g., the diagonal and non-
D. Experimental and material-specific parameters diagonal elements of the interaction matrices. Additionally to

c tati f the intensiti f tric f the computed image, we present the intensity of the scatter-
omputations of the Intensities of parametric Our'W"’“’eing wave along a particular pattern in a two-dimensional plot

mixing processes are performed With the following experi-of the intensity versus the azimuth anghdas introduced in
mental constants: We use pump light of the wavelengti‘sec IV A)

A=532 nm which corresponds to the experimentq&8)].
The intensities of the pump beams are set tolpel .
=300 mW cm?. Furthermore, the temperature enterins the A. Process.A: (ee-e¢

diffusion field is set tolr =300 K (room temperatune We do For the computation of the output intensities of the pro-
not include external electric fields. The material-specific pacess.A:(ee-e¢ in SBN:Cr we use a pump anglé air) of
rameters and properties required for our calculations aré,=31° which corresponds to the experiment [8]. The
listed in Tables I-lIl. In detail, Tables | and Il correspond to

the materials SBN:Cr and BCT:Rh, respectively, as used in  TABLE II. Set of material-specific parameters needed for the
the experiments df8,9]. For these materials we do not take computation of parametric scattering processes in the BCT:Rh
into account the photovoltaic effect. Table 11l shows typical sample used if9].

values of a highly doped LiNbQFe crystal. We want to

note that the numbers listed in Tables |-IIl are considered to Property Value Ref.
be an example of realistic initial parameters for the corre- - _
sponding materials. We do not want to discuss the suitability Material Ba 7108 231103
and accuracy of the properties in the present work. Doping 370 ppm Rh
Symmetry group mm
V. INTENSITY DISTRIBUTIONS AND DISCUSSION Refractive indices N,=2.456,n,=2.402 [19]
r13=r»3=36 pm/V, [20]

In this section we present the results of our computations

of selected parametric scattering patterns. The calculated in- Electro-optic tensor r33=140 pm/V, [20]
tensities will be presented in the form of a computed image r42=r51=190 pm/V [21]
of the screen, rendered in a size of 40800 pixels. Each Dielectric tensor €11= €57 1120, €33=240 [22]
pixel contains the intensity of the ordinary and extraordinary Thickness d=3.7 mm

light (stored separately First the image is initialized with Electron-hole o=-1 [23]
the seed scattering distribution as defined in Sec. IV B. In a competition factor

second step we calculate the wide-angle polarization isotro- podulation reduction R~0.5

pic and anisotropic scattering background for the full size of Eactive trap density Ngsr=3X 10% cni-3 [23]

the image, irrespective of any phase-matching condition. In
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TABLE lll. Set of material-specific parameters needed for the
computation of parametric scattering processes(iyical) highly
doped LiNbQ:Fe crystal. The overall iron concentration Gge
=56 10' cm 3. The ratiocee+/ Cre+=0.15 is chosen to be similar

to that of the sample used ji1].

Property Value Ref.
Material LiNbO;
Doping 0.14 wt % Fe
Symmetry group B
Refractive indices Ny=2.323,n,=2.234 [24]
r13=r»3=10.0 pm/V, [25]
r33=32.2 pm/V, [25]
Electro-optic tensor r4o=rs;=32.0 pm/V, [25]
F22=—T12==2rg;
=6.8 pm/V [25] X
Ba11=Ba2o=21.9 GV'?, [26] b\
B33=21.9 GV, [26] i
i — -1
Photovoltaic tensor Pr=(1.3-13) GV, [27) FIG. 4. Photograph of the scattering ring of the parametric pro-
Ba2z==Pa11=~2P112 cessA:(ee-e¢ on a screen behind the SBN:Cr samfsé
=55 GV [26]
Dielectric tensor €11=€,=85.1, €33=28.7 [28] in Fig. 6 demonstrate, we have positive amplification of the
Specific ay=8x10"15m/Vv2 [29] initial scattering waves of the ring. This amplification stems
photoconductivity only from the preexponential factors entering the steady-state
Thickness d=1 mm amplitudes(5) and (6) of the scattering waves while the ex-
Electron-hole =1 [30] ponential terms do not contribute in this case. The observa-
competition factor tion of the bnght hglf ring on the dark backgroun(n_dpper
Modulation reduction R~1 [31] half plane of Flg._l}ls a proof that the preequnentlal terms
_ , can have a significant influence on the visibility of certain
Effective trap density _7';%? Toﬂfgeé*m_s (32] scattering patterns. Varying the strength of the initial scatter-

ing will not affect our results qualitatively.

pump waves have extraordinary light polarization. Further-
more, we choseb=d%=0 and®=d3=0 as the optimal
phases of the pump waves, 8 and the initial scattering
waves v, 5. Here we do not include frequency detunings
(2=0): For crystals with a dominating diffusion charge
transport(e.g., SBN and BCJ and in the absence of an
external electric field these frequency detunings give usually
no positive effect on the rate of spatial amplification. Figure o
4 shows a photograph of the scattered light distribution on a§
screen behind the crystal. The corresponding computed im%
age is displayed in Fig. 5.

The computed image is qualitatively in good agreement
with the experimentally observed picture, including the char-
acteristic contrast of the ring with respect to the scattering
background. In the lower half plane of the Figs. 4 and 5 the
ring is dark on the bright scattering background while in the
upper half plane the contrast is inverse. Figure 6 shows the
intensity on the ring versus the azimuth anglg The 2WM
contribution leads to strong positiiéower half plang and 10 s . ‘ .
negative(upper half planglight amplification of the back- - :
ground. As Fig. 6 clarifies, the additional 4WM contribution
on the ring reduces this asymmetric amplification drastically. FIG. 5. Computed image of the parametric procesgee-e¢
This feature was already explained on the basis of exponern a screen in a typical distance of 10 cm behind the SBN:Cr
tial gain factorg33], where the overall exponential gain for sample. The image shows the isotropically scattered light of ex-
the full ring has found to be zero. Nevertheless, as our resultsaordinary polarization. The bright dots mark the pump beam spots.

z[c

x [em]
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09l JAN /AN 4
) o\ I\
i \ ! \
1 . .
0.8 \ h . FIG. 6. Calculated intensity;s
\ / (in arbitrary unit$ of the scatter-
0.7F ‘\ ,’ . ing wave § along the ring of the

parametric processd:(ee-e¢ in
. the SBN:Cr sample. The solid line
is the overall intensityl3"/M*4WM
. which contains both the 2WM and
AWM contributions. The dashed
| line corresponds 63" and in-
cludes only the 2WM contribu-

i tion. Furthermore, the dotted line

o
[=2]
T

intensity (arb. units)
o o
'S o
T T

0.3 |
! represents the initial scattering in-

02 \ tensity. Here ¢s starts counter-

| clockwise from the right-hand
0.1 pump beam spot¢ps=0°).

ok . . p

0 45 90 135 1 80 225 270 315 360
o5 (degree)
B. ProcessesA, BB: (ee-0¢ A:(ee-o0¢ (ring No. 5 and B:(ee-oé (line Nos. 1 and 2

In our computation of the output intensities of the pro-Line Nos. 3 and 4 belong to the proce8s(ee-e9 which is
cessesA,B:(ee-0¢ in BCT:Rh we set the pump anglén symmetric to53: (ee-0¢. The corresponding computed image
air) to ,=17°. Again, the pump beams have extraordinaryof these processes is displayed in Fig. 8.
light polar|zat|on For the procesd:(ee-oe we Chose(bo The result of our calculation is qualitatively in good
_<1)0 0 and®°=7/2, cpo 0 as the optimal phases of the agreement with the experimental observation in Fig. 7. Es-
pump waves, 8 and the initial scattering waveg, 5. For ~ pecially the contrast of the dark line®os. 2 and 3 is
the process3: (ee-0@ these values ar@g:quch(;:q)g:o_ clearly reproduced in the computed image. Figure 9 shows a
We do not include frequency detunings for both processes in
BCT because, again, they do not have a positive effect on the
rate of spatial amplification. Figure 7 shows a photograph of
the scattered light distributiofordinary and extraordinary
light polarization on a screen behind the crystal. The picture
includes the scattering patterns of the parametric processe

= c-axis

z [cm]

X [em]

FIG. 7. Photograph of the scattering patterns which correspond FIG. 8. Computed image of the parametric processes
to the parametric processgk. (ee-0¢ (ring No. 5 and B: (ee-o¢ A:(ee-o0@ (ring) and B:(ee-oe,ep (lines) on a screen 10 cm be-
(line Nos. 1 and 2on a screen behind the BCT:Rh sam@¢ Line hind the BCT:Rh sample. The image shows both, the isotropically
Nos. 3 and 4 belong to the procdss(ee-e9 which is symmetricto  and anisotropically scattered light. The bright dots again mark the
B:(ee-o08. pump beam spots.
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FIG. 9. Calculated intensitys
(in arbitrary unitg of the scatter-
ing wave 6 along the dark line of
the parametric procesS:(ee-oe
in the BCT:Rh sample. The solid
line is the overall intensity
|AWMHWM \which contains  both
the 2WM and 4WM contributions.
The dashed line corresponds to
12%M and includes only the 2WM
contribution. Furthermore, the
dotted line represents the initial
scattering intensity. Heré s starts
in the plane passing through the
two pump beam spot$ps=0°)
moving along the left-hand dark
line to the border(¢s~60°) of
the image in Fig. 8.

intensity (arb. units)

0 10 20 30 40 50 60
¢s (degree)

detailed plot of the calculated intensity of the dark lifNo.  with experimental observations. This ring, however, is too
2) corresponding to the extraordinarily polarized scatteringveak to be visible on the bright isotropic scattering back-
wave of the parametric proce#s (ee-0¢. This line as well  ground in the complete image of Fig. 10. Instead we observe
as the surrounding scattering background are amplified dug dark ring which corresponds to the extraordinarily polar-
to the 2WM contribution. This amplification increases for jzed scattering wave(isotropic ligh) of the process
larger grating vectors until space-charge-field-limiting effects 4 : (ee-0@. As Fig. 12 clarifies, it is the result of true four-
occur. The amplification of the line, however, is also effectedyave mixing[via the nondiagonal elements of the interaction
by the additional 4WM contribution. Here the 4WM part is matrix (8a)] with an energy transfer direction opposite to the
based on the coupling between the two scattering waves @fyo-wave mixing part. Thus the overall intensitg WM

the procesd3:(ee-o0¢ via the fundamental grating recorded
by the pump waves. As a result, the ordinarily polarized
scattering wavecorresponding bright line No.)lis ampli-
fied at the expense of the extraordinarily polarized scattering
wave, which thus becomes visible as a dark line on the bright
scattering background. Again, the dark pattern originates
from counteracting energy transfer proces@B4/M against
2WM).

Finally we want to consider a special case of the paramet-
ric processA: (ee-0¢ where the two pump beams coincide at
a pump angleg,=0°. In this geometry the process is also
known as the inner scattering cofréng) from experiments
with only one pump bearfl0-12. Our computation is per-
formed for the material LiNb@ Fe. Here we take into ac-
count frequency-detuned scattering waves as introduced il
Sec. IV C with a frequency shiff) satisfying the condition
Oty=1. In LINbO; frequency detunings can lead to shifted
gratings recorded via the photovoltaic charge transport anc
thus have a considerable influence on the two-beam coupling
gain and the steady-state light amplificati@4].

The result of our calculation is shown in Fig. 10. The
computed image of the scattered light distribution includes
both the ordinarily and extraordinarily polarized |Ight In FIG. 10. Computed image of the parametric process
contrast, Fig. 11 presents only tweak anisotropic(ordi-  4:(ee-0@ (ring) on a screen 10 cm behind the LiNg@e crystal.
narily polarized part of the scattered light intensity scaled up The image shows both the isotropically and anisotropically scat-
by a factor of 10 compared to Fig. 10. The image of thetered light. The spot of the pump beams is located in the center of
anisotropic scattering ring is qualitatively in good agreementhe image.

= c-axis

z [cm]

-10
-10 -6 -2 2 6 10
X [em]
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given. For the LiNbQ: Fe crystal used ifi35], however, no
indications for parametric 4WM contributions to the record-
ing mechanism of this process.g., no dark ringcould be
found. Probably the iron doping and the associated photovol-
taic charge transport of this sample are too weak.

We have performed the computation of the output inten-
sities of the processl:(ee-0¢ also for initial material pa-
rameters of a typical copper-doped LiNp€rystal. One ma-
jor difference with respect to the energy transfer in iron-
doped crystals is the change in the sign g% [27].
Nevertheless, the computed scattered light distribution we
obtained is similar to that for the iron-doped crystgig.

10). Therefore, we expect the dark ring to appear also for
LiNbO3: Cu crystals with sufficiently high doping.

We want to point out that the dark scattering patterns
shown in the present work can be explained within our re-
striction of exact phase matching. In practice, however, scat-
tering patterns with strong light amplification are sometimes
accompanied by dark scattering pattefesy., dark rings
which correspond to small angular deviations from the direc-
tions of exact phase matching. For these angular deviations
the scattered waves can still have considerably strong inten-
sities while the phase of the waves can undergo strong varia-
tions. This kind of dark scattering patterns cannot be treated
within our theoretical approach which is restricted only to
the case of exact phase matching.

= c-axis

z [cm]

x [em]

FIG. 11. Computed image of the parametric procdsgee-oe
(ring) on a screen 10 cm behind the LiNp@e crystal. The image
shows only the anisotropically scattered light.

+4WM) of the extraordinarily polarized scattering wave is
lower than for the corresponding backgrougmhly 2WM).

In .thiS pa.lrametric. process, the AWM contribution requires VI. SUMMARY AND OUTLOOK
anisotropic recording of gratings between the waves of the _ o
(weak ordinarily polarized scattering ringFig. 11) and the Based on the model for parametric four-wave mixing pro-

pump wavés) of extraordinary light polarization. This is cesses in photorefractive med, we have performed com-
achieved via spatially oscillating photovoltaic currents. Theputations of scattered light distributions corresponding to the
dark ring in Fig. 10 has been observed experimentally fofarametric processe4:(ee-e¢ in SBN:Cr, A, B:(ee-0¢ in
specific LINbQ;: Fe samples used by Rupp and Dr¢#s] BCT:Rh and.A:(ee-o¢ in LiNbOs:Fe. Our computed im-
already in 1986, but no explanation of this feature has beeages are qualitatively in good agreement with photographs of

1 T T T T T T T

0.9F E

0.8l i FIG. 12. Calculated intensity
I 5 (in arbitrary unit$ of the scat-

07k | tering wave & along the dark

ring of the parametric process
A:(ee-0¢ in the LiNbO;:Fe
sample. The solid line is the over-
all intensity12¥M*#"M which con-
tains both the 2WM and 4WM
contributions. The dashed line
corresponds 3" and includes
only the 2WM contribution. Here

I
[e2]
T

intensity (arb. units)
o o
~ ”
T T

0.3 ] ¢s starts counterclockwise from
the right-hand intersection point

0.2 . (¢5=0°) of the ring with horizon-
tal plane passing through the

01 . pump beam spot in Fig. 12.

o L
0 180 360
¢s (degree)
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the experimentally observed light patterns. Especially théhowever, difficult to realize since exact values for all
contrast of the dark scattering patterns can be rebuild theonaterial-specific parameters have to be found. In addition,
retically. Our calculations reveal that these dark patterns rewe have to learn more about the seed scattefingial

sult from counteracting energy transfer mechanigm®-  phases, amplitudes, and detuned frequeheibsse nature is
wave mixing versus true four-wave mixingrhe computer up to now mostly unknown.

application which has been developed in the framework of

the present work provides the opportunity to study the influ-

ence of numerous material properties and experimental con- ACKNOWLEDGMENT

ditions. In general, the computation also allows for a quan-

titative analysis of scattered light intensities. This is, Valuable help by E. Krétzig is gratefully acknowledged.
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