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1 Introduction Schwart23 to find the sign of the dominant charge carriers.

Photorefractivg PR) materials are being studied with con- . Here,dwe presen:_a systte(;naticf sttudybon the charlqcter_iza-
siderable interest in view of their potential for a variety of -0 and comparative study of two-b&éam coupling In

applications in areas such as optical information storage BaTiOs at 441.6, 632.8, and 780 nm using He-Cd, He-Ne,

and data processing, phase conjugation, image processingand semiconductor diode lasers, respectively, by measuring

coherent image amplification, optical logic operations, dy- the Signal gain as a function of spatial frequency, crystal
namic holography, optical  interconnects, and neural Ofientation, pump beam intensity, and beam intensity ratio.

networks!~® BaTiO, is one of the most efficient PR mate- The exponential gain coefficient is obtained from these val-

rials known, and several studies have been made on theEes and also independently evaluated theoretically as a

basic and applied aspects of the photorefractive response o unction of spatial frequency. The signal beam gain is cal-
. _Fl’o P P . resp ulated theoretically, incorporating the effect of optical ab-
this crystal However, a complete picture is yet to

emerge on the physical processes and mechanisms under'5orption. The results are found to be in agreement with the
L . S o experimentally obtained values. The figure-of-merit param-
lying its PR behavior, so that further efforts in this direction P y 9 P

eters for PR response—namely, the change in steady-state
are called for. P y 9 y

L . . refractive index ¢ngg), the space charge field at saturation
Thi)ugh two-beam coupling in BaTgChz?\s beer_l studied (Esd, the trap densitiN,, and the photorefractive sensitiv-
at Ar'-laser wavelength, such systematic studies at other

ity S—are evaluated using the experimental data at the
laser wavelengths are sparse. Also, not much work hasyyree wavelengths. The effect of optical absorption at each
been reported on experimental estimation of the figure-of- \yayelength of operation is incorporated in the calculations.

merit parameters in this crystal and comparison with those ych a study at multiple wavelengths addressing all these
evaluated on the basis of Kukhtarev's motfel? A study aspects is new to the best of our knowledge.

of beam coupling at multiple wavelengths is expected to
yleld additional insight into the physical processes under- 2 Two-Beam Coup”ng and Energy Transfer

lying the PR behavior of this crystal and also to probe its . . . .
efficiency in applications at various regions of the optical The photorefractive effect in BaTiChas been studied us-

spectrum. BaTi@has been studied at 442 nm by Klein and ing two-beam coupling. In this technique, two beams of.the
same frequency are superposed in the crystal, producing a

_— spatially periodic irradiance pattern. As the resultant refrac-
*On leave from Teacher Training University, Tehran, Iran. tive index pattern is not in phase with the irradiance pat-

Opt. Eng. 39(2) 535-540 (February 2000) 0091-3286/2000/$15.00 © 2000 Society of Photo-Optical Instrumentation Engineers 535



Majles Ara et al.: Parametric study of photorefractive beam-coupling . . .

X
A Laser, 4

Laser, 4, \Ml

e J M BaTiO, Crystal
I, LN |8 Detector  Power meter

o

PR Crystal
L Image processing system
Fig. 1 Two-beam coupling configuration recording geometry, show- Fig. 2 Experimental setup for the two-beam coupling studies at
ing /,(0), /5(0), the incident angle 26, and the crystal orientation multiple wavelengths.

about the grating vector k.

whereEp, Eq are the diffusion field and saturation field,
tern, energy is transferred from one beam to the other. Therespectively, and are given by
theory for photorefractive two-beam coupling has been de-
veloped by Kukhtarev et &t*?For the beam geometry and 27kgT eNaAq
the crystal orientation shown in Fig. 1, the transmission of ED:A—e- = ;
the signal beam is described by 9

I(L)  1,(0)expIL)
15(0)  1,(0)+140) exp'L)’

(6)

QT 2meey

Ier IS the effective linear electro-optic coefficiertjs the
(1) dielectric tensor, which can be calculated from experimen-
tal datd’; \ is the laser wavelength;#2s the angle between
] ] ] the interfering beams outside the crystaly=\/(2 sin6)
where 1(0) andlg(L) denote the signal beam intensity —2 7k is the grating spacing; aridis the grating vector. In
before and after passing through the crystal, respectively,he case of zero applied electric field, the maximum value
5(0) is the pump beam intensity is the exponential gain  of exponential gain coefficient occurs for the value o
coefficient, and_ is the interaction length. For the case of ¢, \vhich Ep=Eq. This value ofA is referred to as the

negligible depletion of the pump wavels(0)exp(L) Debye length and is useful in determinimdy, the trap

<I,(0)], Eq. (1) reduces to density in a crystat®
_ The exponential gain coefficierit is related to the re-
Is(L)=15(0)exp(I'L). 2 fractive index modulation a§ =47 Sng/\, where Sng
_ 1.3 : : : _
When absorption is significant and assumed independent 2 NpMTeriEsc IS the maximum value of the mdex modula
of intensity, Eq.(2) is rewritten a&* tion due to the photorefractive beam coupling. The space
charge fieldE at saturation is given bfs.=EqEp/(Eq
I(L)=140)exd (I' - a)L]. (3) +Ep) in the case of zero applied field.

The signal beam gairyg, when absorption is taken into 3 Experimental Setup

account, is defined as Figure 2 shows the experimental setup. A He-Cd laser

: _ (Omnichrome model 4074-4Q0Rt 40 mW, a He-Ne laser
Yo= (L) W'th pump beam = (It aex (T a)L], (Spectra Physics model 1p&t 35 mW, and a semiconduc-
Is(L) without pump beam  1+qgexpI'L) tor diode lase(Spindler and Hoyer model DC 25@t 25
mW are used as the sources for the present work. The ac-
tual laser source for a given experiment is selected by trans-
lation of mirror M, to the appropriate locations. A strong
pump beami(,) and a weak signal beanhgj are obtained
using a beamsplittgBS) and a set of mirrors. The intensity
I is varied with the help of a neutral-density filteMDF).
These beams are adjusted to have the same path length and
are superposed in the BaTj@rystal (Sanders Laboratory,
USA) of dimensions 5 mm5 mmx5mm so as to form a
refractive index grating. The crystal is kept at the center of
a rotation stage. Intensities of the outcoming beams are

whereq=15(0)/1,(0) is the intensity ratio of the two inci-
dent beams before passing through the crystal. Equédjon

is valid whenea is independent of intensity, which is the
case in our experiments.When depletion of the pump
beam can be neglected but absorption is taken into account
vo=exd(I'—a)L]. In the absence of an applied electric
field, the phase of the periodic space charge electric field is
shifted from that of the irradiance distribution by/2. For

this case, the exponential gain coefficient is givef®by

2713 W EnE measured using a digital power megsiewport model 83p
= M, (5) interfaced with a computer. The experimental geometry is
M Eqg+Ep) so chosen that the axis of the crystal is oriented at an
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Fig. 3 Variation of (a) signal beam gain and (b) exponential gain Fig. 4 Variation of (a) signal beam gain and (b) exponential gain
coefficient as a function of pump intensity. coefficient as a function of input beam intensity ratio g.

angle around 19 deg with respect to the grating vector. This4.1 Characterization

angle is referred to agy., and the dependence of signal Figyres a) and 3b) show the variation of the signal beam
beam gain on it is studied separately. The angle@ween  gain v, and the exponential gain coefficiehtrespectively
the two beams outside the crystal is chosen so as to provideys fynctions of pump intensity, at the three wavelengths
maximum gain af[ each vvlavelengthl; this angle is around 30 studied, for a beam intensity ratio of less thari 40Both
deg, corresponding to fringe spacingg=0.9, 1.22, and vo and I increase initially and then saturate in all cases.

L.41pm for wavelength values 441.6, 632.8, and 780 nm, Such gain saturation behavior was observed earlier at Ar

respectively. The maximum value of pump intensity used : )
in the present experiments is 0.85 W/crand the input laser wa_xvelength ?nd explame_d on the basis of the photo-
conduction modet® The saturation values, of the signal

beam intensity ratiay is less than 10* in most cases. :
The optical absorption spectra are recorded on a Hitachi beam gain ?re I2200,d7?g, and 365 at§41.6, €|3325.1§£nd 780
spectrophotometefmodel U3400, and the measured val- Esr;nééesiaegzlve ya alnz 56 e_rﬁorrespotr) ll?g V?]ue b re
ues of the optical absorption coefficient are 3.9, 1.6, and 0.8 +2:22» 1474, and 12.06 ¢m respectively, when absorp-
tion is taken into account. The gain at 441.6 nm is much

71 .
cm ~at 441.6, 632.8, and 780 nm, respectively. The crystal
from Sanders Laboratory is expected to have Fe impurities /296" than that at the other wavelengths. Data from these
experiments are used to evaluate the figure-of-merit param-

in the range of 100 to 150 ppm.The value of the absorp- . : )
tion coefficient of a crystal with Fe content of 150 ppm, eter; discussed in the next section.

obtained from the measured coefficient of 441.6 nm for _ Figures 4a) and 4b) show the dependence of as a
various crystals with different Fe contents, is lower than 3.9 function of the inverse beam intensity ragp Initially the
cm L. Assuming that the values af obtained in Ref. 13 ~ Variation ofyg .Wlth g is slow, followed by a sharp. rise and .
are correct, our Crysta] may have Fe impurities more than then a saturation for all Wavelengths; the saturation value is

180 ppm. much larger at 441.6 nm than at other wavelengths. This
plot helps us to estimate the ideal beam ratio for maximum

. . signal gain.
4 Results and Discussion The gain is also studied experimentally as a function of

The signal beam gaily, has been measured as a function the spatial frequenci obtained by changing the angl® 2

of (1) pump beam intensity(2) beam intensity ratio(3) between the beams outside the crystal. Figures &nd
spatial frequency of the refractive index grating, a@dl 5(b), respectively, show the dependenceygfandI’ on k.
angle between the grating vector and thexis of the crys- The experimental data shown by symbols are superposed
tal. The exponential gain coefficiet is calculated using  on theoretically evaluated curves. The exponential fjam

Eg. (4) in each case. also evaluated theoretically as a function of spatial fre-

Optical Engineering, Vol. 39 No. 2, February 2000 537



Majles Ara et al.: Parametric study of photorefractive beam-coupling . . .

2509 r T T : 2500 ; T .
" -8 - 4415 nm
~— Theoretical curve BN, - 6328 nm
® X - 44186n0m o8-, - -
B A, -6328mm ,./ .\. A-AXy- 780 nm
2000 | A Ay=780nm 2000 o \-.\ -
< o/ e
= = d ~
< = “®
§ 1500 § 1500 | / ]
o .
I £ /
3 S .
= £ -
3 1000 $ 1000 | / g
2 5 b
2] %) ‘/
o g
500 / - -
500 I o e . ]
b - a—hh—aa, "
e TA-a
/./l/. e
0 0 —:A"A/‘ L L L
0 2 4 8 8 10 12 .
2
Spatial frequency, kiem ' )x10* 0 10 20 30 40
(@) Angle between grating vector and c-axis, $,, (deg)
~ (a)
= " , o P25
g & _ Theorlehcm curve ' ' ' l é - .81 - 441.6|nm l I
— ® X -441.80m — B-83; -632.8 0m
= 20 @ A -8328n0m z 20 | A-A3y-780 nm R
b5 | A Ay-780am k) -9 —e_o
] e o i
T 15 3 g *—e
S . N .
O e,
c = N
T . E 0L a7 a .
z 5 2 ! A
2 2 A
S & 5 ' ‘
. 0 2 4 g 8 10 12 - 0 16 20 30 10
Spatial irequency, kicmr')x10* Angle between grating vector and c-axis, ¢, (deg)
{o) (o}
Fig. 5 Variation of (a) signal beam gain and (b) exponential gain Fig. 6 Variation of (a) signal beam gain and (b) exponential gain
coefficient as a function of spatial frequency k. The experimental coefficient as a function of the angle ¢,. between the grating vector
data are denoted by symbols, and the theoretical evaluation is k and the c axis of the crystal.

shown by a solid line.

quency k using Eq. (5) and data available from @s the change in index of refraction per unit absorbed pho-
literature'®~?! The signal beam gaily, is calculated from  ton energy per unit volume, and is given 8y An/alt. It

I using Eq.(4). The plots exhibit broad maxima. The ex- IS calculated_ using the experlmental_ data. The calculated
perimental data are found to agree well with the theoreti- figure-of-merit parameters are listed in Table 1.

cally evaluated plots, indicating the validity of Kukhtarev's ~ The optical absorption coefficient of the crystal is
model in understanding PR Wave_mixing phenomena in Iarger at 441.6 nm than at the other WaVelengthS. Corre-

this crystal at all the three wavelengths used. spondingly the value obns is smaller at this wavelength,
Figures §a) and &b) show the variation ofy, andI" on which is the trend to be expected from diffraction effi-

the angled,. between thec axis and the grating vector ~Ci€ncy considerations. Correspondingly, the _vaIungis

inside the crystal, respectively. The maximum energy trans- larger for shorter wavelengths. The valueNy is found to

fer is found to occur at 441.6 nm. The optimum of signal be of the same order of magnitude at the three wavelengths,

beam gain is obtained fop,, of 17, 18, and 22 deg at @S expected, though the actual values are larger at short_er

441.6, 632.8, and 780 nm, respectively. Its value for the Wavelengths. The values are of the same order of magni-

ArJr |aser is reported to be around 20 d-ég tude as Obtained at AFlasel’ WaVeIengtlllg The Iarger Val-
ues ofN, at shorter wavelengths could probably be due to
4.2 Evaluation of Figure-of-Merit Parameters generation of additional carriers through photoexcitation

. . rocesses. The values of the trap density help us to estimate
_Some important parameters, such as the saturation changg,q response time, which, under appropriate conditions
in refractive index ¢ngg), the space charge field in the
crystal Eg), the trap densitN,, and the photorefractive
sensitivity S, have been generally considered as figure-of-

merit parameters describing PR response in the context of Table 1 Figure-of-merit parameters for BaTiOj.

its potential use in optical data processfigWe have

evaluated and compared these parameters for Badtihe A Eso | Na, 03
three wavelengths. Herén is calculated from the mea- (™™ oMss (Viem ) (m> (em™kJ )
sured values oF . The effective electro-optic coefficien; 4416  6.79x10°° 798 3.0x10% 17.10
and hence the space charge figld are calculated from the 6328  7.41x10-5 561 2 7% 102 3518
experimental data. The trap denshly, is calculated using 780 7.79% 105 552 2. 0% 1022 50.16

the values ofsngs andE,.. The PR sensitivitys is defined
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(e.g., short recombination timeseduces to the dielectric ~ 14. M. B. Klein, “Beam coupling in undoped GaAs at 1.pén using the

photorefractive effect,”Opt. Lett.9, 350—352(1984).
relaxation tlmé and can be written as 15. G. A. Brost, R. A. Motes, and J. R. Rotage, “Intensity-dependent
absorption and photorefractive effects in barium titanaté, Opt.
€VR Na 1 Soc. Am. B5, 1879-18851988. ) o
Tdi= —, 16. G. Albanese, J. Kumar, and W. H. Steier, “Investigation of the pho-
4meus)\Np—Nap/lg torefractive behaviour of chrome-doped GaAs by using two-beam

coupling,” Opt. Lett.11, 650—652(1986.

17. H. Zhou, F. Zhao, and F. T. S. Yu, “Angle-dependent diffraction
efficiency in a thick photorefractive hologramAppl. Opt.34, 1303—
1309(1995.

. D. Rak, I. Ledoux, and J.-P. Huignard, “Two-wave mixing and en-

where yg is the recombination ratgy is the mobility, I is
the average irradiance, amsds the photo-ionization cross
section. This is useful parameter for applications in which 1 ergy transfer in BaTiQ application to laser beam steeringOpt
the grating must .be written or erased in a set time scale. Commun49, 302—306(1984).

The trap density is the largest at 441.6 nm, and hence wei1g. c. G. Valley and M. B. Klein, “Optimal properties of photorefractive
can expect a larger response time at this wavelength, which  materials for optical data processingOpt. Eng.22, 704—711(1983.
has been experimentally observed. The large valuesadf . P. Guter and J.-P. Huignard?hotorefractive Materials and Their

. . .97, Applications | Springer-Verlag, Berli(1987.
higher quantum energies lead to a reduction in the PR sen-21. j.|. Sakai,Phase Conjugation OpticsMcGraw-Hill, New York

sitivity S. The sensitivity is found to be largest at 780 nm, (1992.
where the PR gain is comparatively low. Thus, there ap-
pears to be a trade-off between PR gain and figure-of-merit
considerations for optical data processing, emphasizing the
need for a detailed PR characterization of materials at mul-
tiple wavelengths so as to facilitate a proper choice of
wavelength and material suited for the requirements of any
given application.
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