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Abstract

Two red-wave light mixing amplification in Cu: KNSBN is extensively studied through the gain versus the grating wavelength.
The crystal has shown excellent response in the red region. The time evolution of the diffraction efficiency is also investigated.

1. Introduction

Photorefractive crystals have been extensively
studied, because they show much promise in the fields
of optical information storage, interconnection and
information processing [ 1]. Among these crystals the
tungsten bronze family has been shown to have the
best structure, featuring the largest linear electro-op-
tical coefficient, no phase transition at room temper-
ature, easy processing and sensitivity to red light.

Two-wave mixing (2WM) has been studied sys-
tematically in SBN [1], but only recently in KNSBN
[3,4], where most of the works has been focused on
phase conjugation. In Ref. [4], experimental re-
search of 2WM in Cu:KNSBN using 514.5 nm an
Ar*-laser was reported; in Ref. [3], Y. Tomita et al.
reported obvious amplification in Ce:KNSBN for red
light, but did not give the value of the gain.

In this paper, we report an experimental study of
2WM in a Cu:KNSBN crystal using 632.8 nm HeNe
laser. Firstly, the gain is measured as a function of the
grating wavelength using both 514.5 nm and 632.8
nm laser, then the two results are compared. Further-
more, the process of grating recording has been stud-
ied for large and small modulation cases.

2. Gain coefficient and diffraction efficiency

It is well known that steady-state 2WM gain can be
expressed as:

Iwith pump (r+ 1) exp(rL)

1+rexp(I'L) (h

Iwi!houl pump

where r is the ratio of the input signal to the pump
intensity, I is the gain coefficient and L=/{/cos(6’/
2), where / is the crystal thickness and ¢’ is the inter-
nal beam angle. When r is very small (it is satisfied
in our experiment ), I'L. becomes an exponential gain
coefficient. I" can be given by [2]

2Ry ey ~

= T E, (2)
where A is the wavelength in vacuum, # is the index
of refraction. R is the electron-hole competition fac-
tor, £ is the imaginary component of the saturation
space-charge field, and 7.4 is the effective linear elec-
trooptic coefficient. For the 42mm point group
(BaTiO;, SBN, KNSBN) y.is given by

etr=Hg713 COS 6 (3)

for ordinary polarized light and
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Yer="4[n5713(cos §'—cos 28') +4niniys, sinf

+ndyy;(cos 6'+cos 28)] cos f’ (4)

for extraordinary polarized light. Here ny and . are
the indices of refraction of o0 and e light respectively,
f 1s the internal angle between the grating wave vec-
tor and ¢é axis. Without applied field, the space-charge
field E, according to the diffusion model, is given by

Eq

E= ——
1+Ey/E,’

(5)
where Eq=kgTky/q is the diffusion field and
E,=qNx/ €€k, is the maximum sustainable space-
charge field. kg is the Boltzmann’s constant, T is the
temperature, g is the eleciron charge, €y¢ is the sus-
ceptibility, Ny=Na(1—=N./Np) is the effective
density of acceptor sites, k;=2n/4,, and A, is the
grating wavelength. Wood et al. have given an expres-
sion for I" as a function of 4, [5]:
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The recording of the holographic grating is also a
2WM process in which r is larger than that of the am-
plifying experiment. The modulation index can be
described by Kukhtarev’s equations. For small mod-
ulation m (m=2./I,I,/(I,+1,)), without applied
field, the evolution of the grating index can be de-
scribed as an exponential increase during the record-
ing or an exponential decrease during the erasure.
Theoretically, the response time 7 in both cases is
equal to [2]

heege

=, 7
' Qgalutg (7)

where 4 is the Planck’s constant, ¢ is the speed of light
in vacuum, y and 7y are the carrier mobility and the
lifetime respectively, and « is the absorption coeffi-
cient (¢=5(Np—N,)=~SNp). The time evolution of
the grating index is given by

An(t):%mb:[]—exp(—t/r)] (8)

and that of the diffraction efficiency can be expressed
as

nlAn(t) )

Acos8'/2 ()

n(t)= sin2<

For the large gain case, the energy exchange be-
tween the pump beam and the signal beam cannot be
neglected, it causes both the time evolution of the dif-
fraction and the maximum efficiency to be quite dif-
ferent from those of the small gain case thus making
Eq. (9) no longer valid. Hong and Saxena [6] have
given an expression including energy coupling be-
tween the two recording beams. When both the pump
and the signal beam are extraordinary lights, we have

n(r)=sin[arctan(e’*V-~"/2) —arctan(\/r) ]. (10)

In our theoretical analysis, the values of parame-
ters for KNSBN are taken as: €, =588, €33="500,
$13=30 pm/V, y33=200 pm/V, ;=820 pm/V,
ng=2.35, n,=2.27, for both 514.5 nm and 632.8 nm,
so that we have not considered the dispersion in this
paper. N, is taken from our experimental data, it is
quite different in the crystal because of the doping
concentration.

3. Experimental

The Cu:KNSBN used in our experiment was grown
at Shandong University, China. The crystal size is
4.5% 5X 6 mm, the 6 mm side is along the ¢ axis, and
/=5 mm corresponds to the direction of propagation.

The experimental setup is shown in Fig. 1. Both
514.5 nm Ar* laser and 632.8 nm HeNe laser are ex-
panded to a 3 mm diameter beam by two lenses to
obtain a uniform intensity distribution. The ex-
panded beam is split into the signal and pump beams
by a splitter. The KNSBN crystal is placed with the ¢
axis normal to the bisector of the two beams, so that
in our experiment the largest electrooptic coefficient
742 1s not included. The signal beam is focused by a
lens (/=20 cm) and covered completely by the pump
beam. When 6 is larger than 40 degrees, we adjust the
two expanding lenses to make a larger pump beam,
so that the covering condition is satisfied. The pump
beam intensity is about 200 mW /cm?, that of the sig-
nal beam is 10~ weaker for o-light and 10—4-10—3
for e-light. The signal beam transmission intensity
with or without the pump is detected by a photomul-
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Fig. 1. Experimental setup for both gain and diffraction efficiency measurements.

tiplier. After each measurement, the crystal is illu-
minated by an intense light.

Firstly, we measured 2WM gain as a function of
the grating wavelength (or 8) using both 514.5 nm
and 632.8 nm laser (ordinary polarized light). The
results are shown in Fig. 2 and Fig. 3. Fig. 2 is a plot
of 1/ A" versus (A/4,)?. Ryerand Neg were obtained
from the intercepts and slopes, respectively. For the
514.5 nm and 532.8 nm laser, R and N4 were 0.78,
0.67 and 1.35% 102 m~3, 1.25x 102 m~3, respec-
tively. From these results, we can see that Nege325 1S
slightly smaller than N 5,4.5. That is to say: for the
KNSBN crystal, the red light response is excellent.
The smaller gain obtained with the 632.8 nm laser is
consistent with the theoretical prediction, see the de-
pendence on wavelength Eq. (2). Using these values,
we give the results of the fitting of the gain coefficient
in Fig. 3.

In addition, we set a A/2 plate into the beam path
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Fig. 2. Linearized plot of gain coefficient measurements with or-
dinary polarized light. O for 514.5 nm and O for 632.8 nm.
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Fig. 3. Gain (ordinary polarized) I'L versus 6. O for 514.5 nm
and O for 632.8 nm. Solid line is theoretical curve.
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Fig. 4. Gain (extraordinary polarized) I'L versus §’. Theoretical
curve (solid line) is based on the parameters obtained by the
measurement on ordinary light.

to measure the gain for extraordinary polarized light
using the 632.8 nm laser. The results are given in Fig.
4. The parameters used in the calculation were taken
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from the fitting of the ordinary case. The largest gain
we obtained is about 16 cm~' at 20 degrees, being
higher than that reported previously for Cu: KNSBN
using a 514.5 nm Ar* laser [4]. The gain increases
smoothly to a saturation value in each measurement,
whereas oscillation of the gain with time {3] was not
observed. The discrepancies between theory and ex-
periments are mainly caused by two reasons, (1) un-
avoidable self-fanning of beams present in the crys-
tal. This effect became very serious when the beam
angle 8 increased leading to depletion of both signal
and pump and, consequently, to the reduction of the
gain, (ii) the pump beam reflected at the exit surface
of the crystal, overlaps with the signal beam and re-
duces the moduiation of the grating, as well as the
gain coefficient. The two problems can be overcome
by using a small spot beam, however, the large beam
angle will prevent the pump beam from covering the
signal completely, thus leading to an inaccurate
knowledge of the coupling length. For this reason, in
our experiment the maximum angle we measured is
about 50 degrees (25 degrees inside the crystal ). More
complete and accurate results may be obtained by the
so called varying interaction length method [7].

The time evolution of the diffraction efficiency was
measured by using the same experimental setup
shown in Fig. 1 except for two shutters set into the
signal beam path before and behind the crystal. Both
writing and reading beams were extraordinary polar-
ized lights. The diffraction efficiency of the grating
was measured by periodically interrupting the signal
beam while recording the transmitted intensity of the
diffraction beam. The grating period was 1.05 um
(8=35 degrees), and (I,+1,) were 180 mW/cm?
Two cases were performed, with modulation 0.75 and
0.1, respectively. The results are shown in Fig. 5, in
which we used Egs. (7), (8), and (10) to calculate
the evolution of the grating index. The curves are
quite similar except for the value of the efficiencies.
The maximum experimental efficiencies are 66% and
50% for m=0.75 and 0.1 respectively, while the the-
oretical values are 78% and 69%. The energy losses
due to the beam fanning are 7% and 11%. The re-
sponse is much slower than that of the 514.5 nm laser.

In our experiment, we observed that the grating was
not erased by the exact Bragger-angle reading beam
after the maximum efficiency has been reached. It
seemed to reach an equilibrium state. We believe that
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Fig. 5. Time evolution of recording diffraction efficiency. A=
1.05 um, (a) m=0.75; (b) m=0.1.

it is a result of coupling effects. The detail study will
be performed in the future.

3. Conclusions

We have experimentally investigated 2WM in a
Cu:KNSBN crystal using a 632.8 nm laser. Compar-
ison with the results obtained with the 514.5 nm laser
shows an excellent response of the crystal in the red
region. The maximum gain (16 cm~') we have mea-
sured is even larger than that reported previously us-
ing 514.5 nm [4].
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