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Abstract

Two-beam coupling has been studied at red and near-infrared wavelengths in
blue” Rh:BaTiO5. High amplification, of the order of 20 000 - 37 000, of a weak
signal beam, has been measured. Rh:BaTiO5 exhibits strong intensity-dependent
absorption and transmission behaviour and this effect is considered when fitting the-

oretical plots to the experimental data.
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BaTiOs is one of the best known and most eflicient photorefractive materials. Its
ability to couple light efficiently has been widelv utilised to observe numerous nonlinear
processes. 'The recent upsurge of interest in materials with strong infrared response stim-
ulated rescarch in improving the near-infrared sensitivity of these crystals. As a result, a
new type of BaTiOy was grown, blue in colour, with rhodium as a main dopant [1, 2]. This
Rh:BaTiO; proved to have significantly increased red and infrared absorption and also high
reflectivities of sell-pumped phase conjugation across this spectrum of wavelengths [3]. Our
carlier studies of the optical properties of Rh:BaTiO3 showed strong intensity-dependent
effects. namely light-induced transparency. The changes in absorption have been success-
fully modelled numerically assuming additional secondary photorefractive centres [4].

Here we describe the recent progress in exploring the capability of Rh:BaTiO5 to
amplifly very weak signals. Utilising its high sensitivity at red and infrared wavelengths
we have investigated the two-beam coupling process at several different wavelengths and
observed significantly large gains. We have measured gains. as high as 22 000, generated
over only 3 mm thick crystal. and 37 000 obtained from a 7 mm thick crvstal. To our
knowledge this is the highest beam coupling gain reported so far.

[n the past. nominally undoped BaTiO; was often used for image and weak signal am-
plification. Iligh values of gain, of the order of several thousand, were achieved [5, 6, 7] due
to the large electro-optic coefficients of BaTiOs. However. at the optimum configuration
for two beam coupling strong beam fanning is also present. The two processes compete
and as a result. the amplified signal to noisc ratio is low, and the magnitude of gain is
significantly reduced. Attempts to obtain beam coupling gain as high as predicted by the
standard two-beam coupling theory involved experimental schemes aimed at reducing the
process of fanning. In this way large values of gain (~ 11 000) were obtained utilising the
obscrved difference in build-up times of two-beam coupling and fanning gratings [7]. Alter-
natively, beam fanning from the strong pump beam was employed in a multi-pass coupling
arrangement with a signal beam. This experiment, involving ‘light crawling’, showed an
enhancement of gain in thin samples of LINbO; [8]. In our experimental configuration
of two-beam coupling in Rh:BaTiOj3, fanning effects appear to have minimal destructive

imfluence on the gain observed.

The two-beam coupling gain was measured experimentally as the ratio of the signal
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beam intensity (I;) in the presence of a coherent pump beam (I,) to the signal beam
intensity in the absence of a coherent pump beam. conventionally expressed as:
[s with [, present

G =
I with I, absent (1)

Assuming the undepleted pump approximation. and plane wave interaction, the rela-
tion (1) can be expressed as:
(14 8,) exp(TL)

;= : 2
¢ 1+ 3, exp(I'L) (2)

which is the well-known standard theory relation between the magnitude of the two-
beam coupling gain. ;. and the incident intensity ratio, 3, = [;/[,. ' is the coupling
coefficient, which can be calculated from the material parameters and the experimental
configuration. and L is the interaction length. Using expression (2), the theoretical value
of gain (& can be computed.

In order to investigate the beam coupling efficiency of Rh:BaTiO; we used three
different wavelengths: 647 nm. 800 nm and 1.06 gm. Rh:BaTiOj3 exhibits very strong
absorption in the red (4.2 cm™! at 630 nm) and hence, at first. we decided to optimise the
beam coupling process at 647 nm to obtain the maximum gain in a simple experimental
configuration. The sample of Rh:BaTiOy (7 mm x 3 mm x 5.6 mm) was illuminated by
a 3 mm diameter pump beam, and a | mm diameter signal beam originating from a Kr*
laser. The beam crossing angle and the position of the crystal was chosen to optimise the
coupling coefficient I'. The external angles of incidence were 64.5° for the pump beam and
129 for the signal beam. The angle between the grating vector and the crystal’s ¢ axis was
13.57. We measured beam coupling in two configurations, first along the 3 mm face of the
crystal, and then along the 7 mm face. In both cases the interaction lengths were limited
by the crystal length.

Figure 1 presents a typical gain dependence on the input power ratio {or the case
when both beams propagated along the 3 mm side of the crystal. The very high magnitude

of gain 22000 indicates a coupling cocfficient of 33.8 cm™! (standard fit) and 32.6 cm™!

(corrected model). These values agree well with the theoretical prediction of 32.9 cm™,

calculated from the material equations and using the value of unclamped electro-optic



coeflicients for BaTi0O5.

Figure 2 shows the beam coupling gain obtained when both beams propagated along
the 7 mm face of the crystal. As before, an extremely high value of gain - 37 000 - was
observed. On both figures the standard theory curve, based on equation (2), is plotted as a
dashed line with I as a fitting parameter. The values of coupling coefficient I obtained from
the theoretical fits (15.8 and 16.5 cm™) are in this case much smaller than the magnitude
calculated from the material equations (32.9 em™'). This discrepancy is tvpical for two—
beam coupling in the presence of strong fanning. Irom this result and the very good
agreement between the values of I' determined experimentally and calculated theoretically
in the case of short interaction length, it can be concluded that the 3 mm interaction
length provides optimum (or close to optimum) conditions for beam coupling without the
destructive influence of fanning.

['rom comparing experimental data with theoretical curves it can be seen that the
standard theoryv does not provide a very good fit to the experimental data. However,
this dilference 1s not surprising as the effect of light -induced transparency, indicating the
presence of secondary photorefractive centres, 1s quite strong. Strong intensity—dependent
absorption means that the absorption coefficient experienced by the signal beam depends on
whether the strong pump beam is present or not. In the simplest way. this effect introduces
a correction to the expression for the beam coupling gain in a form of an additional term
exp(Aal). As a result, a better theoretical fit to experimental data can be found (solid
lines in Figures 1 and 2), especially for the case of the longer interaction length (Figure
2). To obtain these curves, I' was used as a fitting parameter, while the change in the
absorption coefficient A« has been determined from an independent experiment. The
corrected theoretical curves still do not fit the data perfectly well, but reproduce quite
reliably the general trend of gain dependence on the beam ratio observed experimentally.
Migure 3 presents light -induced transparency observed at 647 nm. The maximum measured

change in the absorption coefficient reached 0.9 cm™!

. and this value was used as a fixed
parameter in our theoretical fitting procedure.

An interesting feature, which is worth noting, 1s that the gain didn’t saturate for the
range of beam ratios we used in the experiments. either for 3 mm or 7 mm interaction

lengths. To observe saturation of beam coupling. which occurs here for extremely small

beam ratios, would require a more extended experimental sct-up involving a very good



laser stabilisation and amplifiers. The theoretical curves (Figure 1) predict a saturated
value of gain of approximately 24 000 - 25 000 (3 mm interaction length), which is close
to the experimentally observed magnitude of 22 000. Theoretical gain curves presented
in Figure 2 saturate at values as high as 100 000 - 120 000, which leaves an interesting
possibility for future experiments in long samples of Rh:BaTiOs.

To investigate the build-up of the grating between the signal and pump beam. we
monitored the temporal behaviour of the amplified signal beam. Three traces presented in
Iligure -1 show 1ts time evolution. The intensity of the signal beam slowly increases with
time, until reaching an approximately constant value. Further, small variations of this
value originate. most probably, from some competition with beam fanning. The differences
between traces. especially in the first several seconds, arise from the different, immediate
previous exposure of the crystal before the measurement. However, the final, steady-state
value of signal intensity is reliably repeatable. Generally, the more thoroughly all residual
gratings were crased before each measurement. the longer it took the signal beam to reach
the maximum value. Trace | is the best example of this effect. Shorter illumination (trace
2) or no pre-illumination (trace 3) between measurements helped a faster development of

a strong,

amplified signal.

Different temporal development of amplified signals can be regarded as an indication
ol a general tendency of Rh:BaTiOs to depend strongly on its history. Rh:BaTiO3 appears
to be quite sensitive to pre~illumination with light and its initial response can vary signif-
icantly. Depending on the temperature and storage conditions the temporal behaviour of
absorption and beam coupling can therefore be quite different. Fortunately, the response

stabilises after a few hours of laser illumination. This effect is currently under further

quantitative study in our laboratory.

Following the studies of beamn coupling at the wavelength of maximum absorption for
Rh:BaTiOg3, we investigated its response at the near-infrared. Finite absorption at 800 nm
(o = 1.5 em™") allowed us to observe energy exchange between the beams, however, the
maximum gain measured was only approximately 150, obtained using the 3 mm interaction
length geometry. The magnitude of coupling coefficient which can be deduced from this
gain. namely 17 em ™' is much smaller than that for 647 nm. but it is nevertheless significant

for beam coupling at infrared wavelengths in BaTiO4. Using Ti:Sapphire laser illumination,



we investigated beam coupling with other wavelengths from the near-infrared regime (730~

810 nm) and obtained values of gain similar to the 800 nm case.

In order to investigate the extreme end of operation of Rh:BaTiOs we set-up the
two-beam coupling with 1.06 gm CW radiation from a Nd:YAG laser. Despite the neg-
ligibly small value for absorption at this wavelength (o = 0.06 em™") we were still able
to observe a finite gain of approximately 21 (with the 3 mm interaction length). This is
cquivalent to a coupling coefficient of 11 em™'. Figure 5 presents the experimental data of
gain at .06 pm, together with the standard theory curve for different input beam ratios
(dashed line). Additionally, as before, we plotted the theoretical curve with correction for
intensity- dependent absorption. As can be seen in Figure 3, in this case the corrected curve
does not improve the fit. It is important to add that at 1.06 pm we observed light-induced
absorption, in contrast to light-induced transparency at 647 nm. This increased absorp-
tion possibly aided the beam coupling efficiency. To determine the maximum increase of
absorption with intensity we performed a separate experiment and measured this change
to be approximately equal to 0.4 em™'. This value was then used in theoretical fitting. The
detailed analysis and modelling of intensity and wavelength dependent absorption will be
discussed 1n a separate work.

[t should be noted that the gains observed in all the experiments were achieved
without any nced for suppressing beam fanning. The beam coupling in the configuration
we used proved much stronger than interaction with scattered light, which is responsible
for light fanning.

In conclusion, we have presented extremely efficient two-beam coupling results at
647 nm in Rh:BaTiO3 with a record high magnitude of gain. The significant values of gain
observed at near-infrared wavelengths indicate a promising application of these crystals to
work with cheap laser sources at 800 nm. such as laser diodes. 'T'he simple theoretical fitting
procedure we used does not fit the experimental data absolutely satisfactory, but it is just
the first attempt to reproduce the experimental results. Possibly numerical simulation of
full two-beam coupling theory with different photorefractive centres can provide a better
model. We further aim to investigate the response of Rh:BaTiOg3 to pr£:~v»'sensitisation with

light, as 1t may hold a key to a further improvement of its response,
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Figure captions

Two beam coupling at 647 nm with 3 mm interaction length.
C'ircles: experimental data, dashed line: standard theory fit I' = 33.8 em ™1,
sold line: standard theory fit with correction for change in absorption coefficient

Aa=09em™'. T =32.6 em™L.

Two-beam coupling at 647 nm with 7 mm interaction length.
Circles: experimental data, dashed line: standard theory fit I' = 16.5 e ™!,
solid line: standard theory fit with correction for change in absorption coefficient

Aa=09em . I =158 em™ 1.

Intensity—dependent absorption coefficient at 647 nm.

Solid line 1s plotted to help to visualise experimental points using
two-level saturable absorber model (o = oy + ag/(1 + 1/ 1sa.).
where o = 182, ag = 0.86, [, = 11.8 mW/em?).

Temporal evolution of the two-beam coupling signal.

The measurements of three traces were separated by several minutes
and different light exposure before measurements: trace 1: long
pre-illumination with light, trace 2: short pre-illumination with light

trace 3: no pre-illumination with light.

Two beam coupling gain at 1.06 pm.
Circles: experimental data, dashed line: standard theory curve with
' =11 em™", solid line: standard theory fit with correction

|

for change in absorption coefficient Aa = —0.14 ern™",

F=112em ' L =03 cm.
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