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\Vc Ilumerically calculaled lhe stcady-state hcam coupling gain for two \vavc mixing wirh absorption in BSO under strong modulatioll of tht:
líght intensity. First. the coupling gain coeflicicnt was oblaincd. Tllen. the variation 01'the illlensitics 01" the 1wo interfering beams along [he
lhickness 01'the sample was cakulated for a typical case havíng: <Inapplied d.c ('[eetril' ficld 01'5 Kvlcm. Wl' compare our rcsults with those
ilhtained wilh no ahsorplion. Thc effccts of absorptioll are drastic amllhe g:ain ('ocfticient has a limiting value. as wc go deeper in the samplc.
This limiling valuc is independent nI" lhe initial value 01'the heam coupling l'ocfllriellt al lhe surran: 01'l!le sarnple and is also indepcndent 01"
the vallle (11'the absorption coefficienl.

KeYlI'onis: Photorcfraclive elTcct. non-linear optics

Cakulamos numéricamente, para el estado eSlacionario, el coeficiente de ganancia de acoplamiento de do-"haces de luz que interfieren en un
material fotorrefractivo BSO con absorción y con una alta modulación en la intensidad de luz. Primero. se calculó el coellcíente de gananl'Í.1
de acoplamiento; luego. se calculó la variación. a lo largo del espesor de la mUl'sta. de las int':'!lsidades de los dos haces que interflcren, para
un caso lípiro y teniendo un campo elértrico aplicado de corriente directa de 5 Kvlcm. Haremos llna comparación ('on resultados obtenidos
cuando no hay ahsorción. Encontramos que los efectos de la absorción ~on dr:ístiros y que el coclil'ÍcTlte de ganancia de acoplamiento tiene
Ullval(lr límite conforme nos adentramos en la muestra. Este valor límite es independiente del valor inicial Jell'ocliciente de acoplamiento a
la cntrada de la mucstra y es indcpendjente tamhién del valor del coeficiente de absorción.

/)C.\"("/"I¡l/on's: Efecto fotorrefractivo. óptica no lineal

PACS: 42.40.Eq; 42.70.Mp

1. IlItroduction

PhOlorcrractive matcrials have an imporlanl lechnological
potential 11.31 JlIC lo their capacily lo store grcat quantities
nf infonnalion (1012 hits pcr cm3, ¡.e., arollnd 10:1 limes more
(han rnagnctic Illemories) ami to lhcir ahilily lo cxchange en-
ergy. hy lhe coupling of light heams which Illay lead lo co-
herelH light alllplification. Recording is ohlained lhrollgh a
variation in Ihe refractive im.lc.\ wilhin the malerial. To op-
timil.c the rccording in these materials high modulations of
the light pattcrn must be uscd and Ihe effcc{s 01' absorption
01' cncrgy hy lhe material have to he takcn into accoun!. Ncv-
crthclcss, due to the complexity 01' the phcnomena Ihe usual
way to descrihe the photorefractivc elTect is with a linear ap-
proach (Iow motllllation oftlle light patlern).

In this work wc lake a rigofOus approaeh. We present non-
linear Illllllerical ealculalions 01' heam coupling gain taking
¡nto account high modulations and ahsorption. Thc experi-
mental geolllelry we uscd is shown in Fig. l. with a sinusoidal
lighl inlcrfcrencc patlern: J = 10(1 + /11 cos/.:.r). Thc nllmcr-
iGII Illcthot.l COllsists 01' lwo steps. The lirst is the numerical
solulion 01' the material equations lo ohlain lhe amplitudc and
the phase, $, 01' Ihe fundamental Fourier componenl 01' Ihe
space chargc neld, as functions 01'fII. With Ihis infonnation
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FI(iURE l. Diagram of the experimental configuration.

thc gain coeflkient can he illllllediately caIculated, also as a
fUllction 01' /11. The second part, thell, is the numerical solu-
lion (11' lhe cquations ror Ihe couplcd beallls. For this part wc
rC\\Tite lhe heam coupling equalions lo eonsidcr absorplion
anl! lo have dilferenlial eljuations ror 111 as a funclion 01'::.
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2. i\latcrial ratc e1luations

T:\HI,¡; 1. Valucs of the physical paramelcrs for BSO uscd in the

Ilulllcriral solution 01' lhe material rale cquations.

Thc calculations \Vere pcrforrncd for BSO wilh usual
physical paramclcrs (sec Refs. 4--6) as givcn in Tahle 1, an
applicd clcctric '¡cld nI"5 KV/cm. an average I¡gh! intcnsity
(Ir Jo = ;)m\Vlcm2 and several possible valucs 01' lhe ah-
sorption cocfticicnt. n, bctween o and I cm-1 [7]. AH ¡his
wa.'"done rOl" several valucs of 111 belwccn o and l.
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PI(;URE 2. Gain cocftlcielll as a function of m.

J. Beam cllllpling el)lIatillllS

We used the coupled wave forlllulation describcd in Ref. 8.
The heam coupling equalions were sol ved llulllcrically using
Ihe heam coupling gain. r ~ill1J, obtained ahove, which for
untilled gralings. neglecling optical aclivily ami absorption
cocfficienl o. can he writtcn as [81

From the soiution of lhe sel of Eqs. (1) we obtained the
space charge fleld, the carrier ami the donor densities. Having
the space charge fleld \Ve oo{ained its fundamenlal Fourier
component ami lhe phase of (his in order lOcakulalc the gain
t.:oeflicient. r sin Ó, as a funt.:tioll of 1/1, which is shown in
Fig.2.
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Jo = 5 m\V/cm2 (Average light intcnsity)

E = 56 (Dielcc.:tric constan!)

11 = 2.5.l (Refractivc indcx)

,.= 5.0 X 10-12 (c1cclroptic coefficicnl)

.\'= I02t, m-3 (Donordensity)

¡\'A = lO:.?:.!1Il-:~ (Acceptor density)

:1:;:: 10 lun (Grating pcfiod)

Using lhe hand transport model. the response 01' the pho-
torefractive material. (hal is, (he carrier transpon from Ihe
hright [O the dark areas arise from: carrier diffusion, electric-
lIe]d induced drift amllhe photovoltaic cffecl. Ncglecling Ihe
photovoltaic elrcel ami assuming eleclron transport, Ihe rate
equations governing lhe physical response 01'the photorcfrac-
tivc malerial are 11-<IJ

wherc the Illotion 01'the carriers is along J', NA is the initia]
Ilumher 01'aeceplors, N+ is the concentration 01'acceplors at
instant t ami N the total concentration of traps. Thc eleclron
COllcclllratioll is H ami their mobility tl, D is Ihe dilTusion c()-
erticiellt, , Ilu: Irapping cocrticient, {3 the thermai ionizalion
rale, s lile photoionil.alion cross section, E the dielectric COI1-

stant and En lhe permitivity in free space. The 10lal elcctric
lield is E ami is givcn by the sum 01'the applicd f1eld EfI and
Ihe spacc chargcd ficld Ef'lic'

\Ve solvcd dilfcrential Eqs. (1) following the mcthod (11'

lines that uscs linilc elemenl collocalion proccdure, with
tinw-independent secondary dcgree polynomials for (he dis-
crelization of the spalial variable x. Thc delails are given in
Re!".-l. The solution was oblained from 10-10 seconds up 104
scc(lnds, ¡.e. until lhe stationary slale was rcached. This was
done for values of 11/ between O and l.

\Vhere f = 2rrn3rE'¡(mAcos8), A is Ihe lighl \Vave length
01"lhe heams, e the incidence angle, ,. Ihe cffeclive eleclroptic
cocrncient, Il is lhe refractiun index ami (1) is lhe phase 01"lhe
space charge grating lIeld with regard lOlhe ]igll!.

On (he other hand, Ihe Iight modulalioll is changing with
deplh during propagation as

(3a)

wherc

and

1+(:) + L(:) = Io(:)exp(-o:). Oh)

R('I'. AJex. Fú. ..w (4) ( [lJlJX) 3 [9-322
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FIGURE 3. Gaio cocfficient as a function of z for a value of
!Ha:= O.Gand several valucs oflhc absorplion coefficient. o. FIGURE 4. Gain cocftlcicnl as a funclion 01' z for a valuc 01'

11lo == 0.9 and several v••llles of the ahsorption cocfficicnt, o.

Thc nUlllcrica! mClhod \Ve have uscd is as follows. The
s31llplc is divided ioto thin slahs 01' thickness D.Z along Ihe
propagation direction z, in such a way thar m(z), within cach
sJah. is praclically conslanl (changes smaller than 0.1%). For
Ihe tirst slab (whieh slarts at z = O and ends al z = tiz)
lhe incoming lighl inlensilies are h(z = O) and L(z = O)
a/l(1 the Illodulalion depth is m(z = O) = mo. With these
initial eondilions Ihe amplilude El [m(z = O)J and Ihe phase
1>["'(z = O)J of lhe reeorded index grating in the tirsl slah
<lrc takcn from Ihe firsl stcp of lhe analysis, ¡.e., from numCf-
ical soJulion of Eqs. (1). Then. Ihe solution of lhe equalions
wilhinlhis slab for I+(z) and L(z) are

I+(z) = (~) (1- JI - "'~COSAZ - sinAz)
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FIGURE 5. Bcam cOllpling. Vnrialion with Z oftwo bcams, Contill-
t10US lioc is with no ahsorption; dashcd ¡ioe is wilh an ahsorption
cocfficiem of 1.0 cm-l, Thc valllc 01' mo is 0.9.

where A = (",r sin 1»/2. Nex!, an updaled value of 11/ for
z = tiz, is oblained for I+(z) and L(z) and this is used
ror Ihe ncxt ¡ncremenl in z as an ¡n¡tial condition. Thc corrc-
sponuing value of r sin~, fm lhis new value of 11/.(z + ti.:)
is ohtaineu by interpolation and the corrcsponding SoIulion~
are updated for this new slao. For lhe rest of lhe slaos wc pro~
ceeded in lhe same fashion, unlil we reached the exil face of
lhe sample.

4, Results and conclusions

The rcsults 01'our nurnerical calculation are showll in Figs. 3
10 H. In Figs. 3 and 4 wc can see a comparison 01'lhe healll

coupling gain cocffkicnt, r sin~, with amI without ahsorp-
lion ror mo = O.G ami 11/0 == (J.Urespectively. The maximulll
of r sill ~ in hOlh cases lends lo disappear when absorption is
prcsenl. This happens evcn for small values 01'Ihe ahsorption
cocllicient. 0'. However. Ihis elfeel diminishes with increas-
ing 1110. Another interesting fca(ure is (hal (here is a limiting
value of r sill O \vhcn = increases. This Iimiting value is in-
dependent of tile initial value 01'r sin rJ> al Z == O and of (he
value of o. This musí happen beca use r sin cP is a function 01'
11/ and ti'olll Ec¡. (3a), 11/ dcpends on I+(z) and on L (z) and
thesc two tend lo zero, due lo ahsofption. as we go deeper in
lhe material. In this f:¡shion, ror long cnough =. the Iimiting
value 01'r sin r./J will be lhe corresponding one fOfm == O (see
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FIr.URE 6. Beam coupling. Variatíon with Z oftwo heams. Contin-
llOUS li!le is with no absorption; dashcd líne is with an ahsorption
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FIGURE S. Variation 01' the I¡ght Illodulation with depth z, for 3
V3111Cof filO = (J.!) and several valucs 01"the absorption l:ocfli-
cient. /l.
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Fig. 2). In Fig. 5. \,.\le5hO\\.'Ihe hcam l..:ouplingvariatioll of (he
two hcams along z with and withlllll absorption. Thc diffcr-
cnces are again uraslÍc. Evcn fOl"high IllOtlulalion 01' Ihe ligh!
paucrn Ihe heams lend lo '-cro rapidly. Illasking lhe energy
cxehange (hat is taking place among lhe bcams. In Figs. tí
and 7 \,.\leshow (he Illudulatioll ratio 111 as a function 01' =, for
/Hu = ll.G and 11I0 = (J.!) This was oblaineu from Eqs. (3)
ami (4). Again. we can see the draslk elTccts 01' absorp(ion.
lile maxilllulIl for 111(::) disappcars wilh ahsorplion.

Notice lila( witil no absorption \Ve could choosc an up-
timulll thickncss 01' lhe salllplc in order to obtain Illaximum
gaill. Howcver. \I,'hen absorplion is prescnt this slatclllcnt is
no longer valid and unc should sclect the thinnest sample lo
have lhe optilllllltl gain.
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