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ABSTRACT Cadmium fluoride doped with Ga and Y is shown
to be a suitable medium for backward-wave four-wave mixing
with a grating decay time of a few seconds at room temperature.
A 3-mm-thick sample ensures amplified phase-conjugate reflec-
tivity and can therefore be used for building a coherent oscillator
with a conventional mirror.

PACS 42.65.Hw; 42.70.Mp; 42.70.Nq

1 Introduction

The semiconductors CdF,:In, CdF,:Ga, and
CdF,:Ga,Y possess at ambient temperature a strong third-
order nonlinearity caused by reversible optical transform-
ations of the deep DX centers [1-3]. The light-induced
refractive-index variation is attributed to the conversion of
a DX center from its ground (two-electron deep) Ga'* state
into the metastable (shallow donor) state, in which an elec-
tron is weakly bound at the hydrogenic orbital centered at the
Ga** ion. The photogenerated weakly bound electrons affect
the crystal plasma frequency in a similar way as free carriers
do [4, 5] and therefore the high-frequency dielectric constant
becomes modified. The refractive-index change is negative
(which was confirmed by z-scan measurements) and increases
linearly with the light intensity [3].

It has been shown recently that at room temperature
CdF,:Ga,Y possesses a high nonlinear susceptibility x® &~
1.4 x107'9m?/V? and a relatively short response time of
the order of a few seconds [2, 3]. These features ensure the
recording of dynamic phase gratings with a diffraction effi-
ciency approaching 50% and make CdF,:Ga, Y a potential
candidate for different wave-mixing applications. The pur-
pose of this paper, in particular, is to study backward-wave
four-wave mixing (BWFWM), which is the underlying pro-
cess for optical phase conjugation and also for various kinds
of frequency-degenerate coherent optical oscillators.

2 BWFWM in media with third-order nonlinearity

If a crystal with third-order nonlinearity is pumped
with two counterpropagating coherent light waves 1 and 2 (as
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shown in Fig. 1a) the signal wave 4 sent to the illuminated
region gives rise to the appearance of the backpropagating
wave 3. For a pair of the pump waves with mutually conju-
gate wavefronts the generated wave 3 is a phase-conjugate
replica of the signal wave 4. The ratio of the intensities of
these two waves is called the phase-conjugate reflectivity,
Rpe = 13/14(0). For nonlinear media where the reflection grat-
ings are recorded with the same efficiency as transmission
gratings the phase-conjugate reflectivity in the undepleted
pump approximation is given by [6, 7]

sin?(y£)
RPC = 2 (Inr ) ’
cosh? (132) —sin?(pt)

ey

which is valid within the plane-wave approximation for
all interacting waves and undepleted pump waves. Here
v = 2w Anf/A is the coupling strength, An is the refractive-
index change, ¢ is the interaction length inside the sample,
A is the light wavelength, and r is the pump intensity ratio,
r=1 2 / 1 1-

In the case that only one of the two index gratings is
recorded, either transmission or reflection, the argument of the
trigonometric functions of (1) becomes equal to y¢/2 [6, 8]. In
both cases (with both types of grating recorded and with only
one of the two) for a certain thickness of the nonlinear crys-
tal A the phase-conjugate reflectivity Rp. becomes larger than
unity, i.e. the intensity of the phase-conjugate wave is larger
than the intensity of the signal.

A phase-conjugate mirror with Rpc > 1 can form a co-
herent oscillator together with a conventional high-reflective
mirror (see Fig. 1b). Self-oscillation develops if the threshold
condition of oscillation is met:
RR,. = 1. 2)
Here R is the reflectivity of the conventional mirror.

The oscillation in a semilinear cavity has already been
achieved in media possessing nonlocal response, in which
case the index grating is r/2-shifted with respect to the in-
terference pattern (photorefractive crystals with diffusion-
driven charge transport or with charge hopping [9—-11]). It was
demonstrated also for media with various local optical nonlin-
earities (for example, with the Kerr nonlinearity in CS; [12],
the resonant nonlinearity in gases [13], the thermal nonlinear-
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FIGURE 1 Experimental set-up for study of the backward-wave four-wave
mixing (a) and oscillation in a semilinear cavity (b) in CdF;:Ga, Y; BS —
beam splitters, M — mirrors, VA — variable attenuator, PD — photodetector, PC
— data-acquisition system controlled by a personal computer

VA

BS1

ity in liquid crystals [14], and the free-carrier nonlinearity in
semiconductors [15]).

The oscillator with one phase-conjugate mirror has the
ability to compensate for intracavity phase distortions. This
may be of practical importance for hybrid systems with the ad-
ditional laser amplifiers inside the cavity with high gain but
moderate optical quality [8, 16].

3 Experimental technique

The CdF, single crystals are grown by the
Stockbarger-Bridgeman technique. To get a high density of
the active Ga centers up to 1.7 x 10'® cm? the co-doping with
Y was used; the co-doping also improves the crystal optical
quality [17]. After being heated in a reducing atmosphere of
K and Cd vapors the samples became photosensitive. They
have a slightly greenish color with the absorption coefficient
a~0.7cm 'andn ~ 1.6at A =0.53 pm.

The sample used in the present paper has two opti-
cally finished faces with spacing 3 mm between them. Two
light beams from the cw frequency-doubled Nd**:YAG laser
(single-mode, single-frequency, output power up to 100 mW)
enter the sample as shown in Fig. la. The illuminated area
on the sample input face has a diameter about 3 mm (1/¢?
intensity level in Gaussian distribution). The signal beam 4
impinges upon the crystal at an angle 6 ~ 3.3° to the beam
2. The intensity of the beam 3 is 10 times smaller than the
total pump intensity. All beams are identically polarized per-

pendicularly to the plane of incidence. A variable attenuator
VA placed between the laser and the beam splitter is used
to control the recording light intensity. The calibrated filters
are used to change the intensities of both recording beams.
Together with the attenuator these filters allow changing the
pump intensity ratio keeping the total intensity constant.

The coherence length of the pump laser is much larger than
all path differences in the present experiment; thus, all types of
gratings are recorded in the sample, reflection type as well as
transmission type.

4 Experimental results and discussion

The phase-conjugate reflectivity is measured at
first as a function of the intensity of pump waves (Fig. 2a).
At small intensities Rpc increases roughly as /2. This is in
agreement with our expectations for a medium with third-
order nonlinearity. The phase-conjugate reflectivity saturates
with intensity at 7 > 20 mW /cm? because of the crystal heat-
ing by the recording beams with relatively high intensity [3].
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FIGURE 2 Phase-conjugate reflectivity (a) and decay time of the conju-
gated wave (b) as a function of the total light intensity, measured at angle
0 ~ 3.3° and intensity ratio of the pump beams r ~ 1
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In addition, the decay of the phase-conjugate wave is studied
when the signal wave is stopped in the presence of the pump
beams. As is seen from Fig. 2b, the decay time of the phase-
conjugate wave is decreasing only by a factor of three within
the whole range (nearly two orders of magnitude) of in-
tensity. This decrease is similar to that observed in two-
beam-coupling experiments; it is also related to the sample
heating [3].

Figure 3 shows the pump-ratio dependence of the phase-
conjugate reflectivity. A typical bell-shaped dependence is
obvious, which is in agreement with the theoretical predic-
tion [6]. From the fit of (1) to experimental data the coupling
strength can be extracted: y¢ = 2w Anf /1 =~ 0.55. This value
is however obviously underestimated, as will become clear
from further experiments with coherent oscillation. We will
discuss this point below, after a description of the experimen-
tal results.

With a conventional flat mirror with R = 1 placed at a dis-
tance of 5 cm from the sample in such a way that the normal
to its surface makes an angle of about 3° with the direction
of the pump waves, coherent oscillation has been achieved.
However, the oscillation is only slightly above the threshold
when the input sample face is aligned nearly normal to the
pump and generated beams. In this case the oscillation beam is
very weak and its intensity is unstable because of the mechan-
ical instabilities: the oscillation beam appears and disappears
chaotically. To go more above the threshold of the oscillation
we tilt the sample to the angle of about 50° with respect to the
oscillation beam and use horizontal polarization of the light.
In this case the interaction length increases only slightly, but
what is more important the Fresnel losses of the oscillating
beam are reduced considerably as the angle of incidence ap-
proaches the Brewster angle (about 58° for CdF,).

Figure 4 shows a temporal development of the oscilla-
tion wave intensity, which is characteristic for all coherent
oscillators (see e.g. [9]). For a relatively long time after the
beginning of the crystal exposure with two pump waves the
measured signal is very small; starting from a certain de-
lay time it increases and reaches its steady-state value. The
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FIGURE 3 Phase-conjugate reflectivity (squares) as a function of pump in-

tensity ratio, measured at angle 6 2 3.3° and total intensity I ~ 270 mW /cm?.

Solid line represents best fit of (1) to experimental data
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FIGURE 4 Temporal dynamics of the oscillation intensity, measured at
angle 6 ~ 3.3°, total intensity / ~ 200 mW/cm?, and intensity ratio of the
pump beams r ~ 1

well-pronounced intensity fluctuations in saturation should be
attributed to poor mechanical stability of the optical table.

The onset of oscillation in a semilinear cavity proves un-
ambiguously that the phase-conjugate reflectivity is at least
higher than unity, i.e. amplified reflection is reached. In fact,
the phase-conjugate reflectivity is somewhat larger because
the oscillation is observed with a neutral density filter with the
transmittance 7~ 0.7 placed inside the cavity. Neglecting all
other cavity losses and taking into account that the oscillating
beam passes through the filter twice, we can estimate Ry as
the effective reflectivity of a conventional mirror with the filter
R=T2jie. Ry >2.

The independent confirmation that R,. > 1 is obtained
from the pump-ratio dependence of the oscillation beam in-
tensity (Fig. 5). The oscillation occurs within a certain range
of r with the threshold pump ratios ry; &~ 0.4 and rg ~ 3, at
which the oscillation emerges from optical noise and can be
detected with confidence. Taking R = 1 in the threshold con-
dition of oscillation (2), we get from (1) the sample coupling
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FIGURE 5 Oscillation intensity dependence on pump intensity ratio, meas-
ured at angle 6 2 3.3° and total light intensity / ~ 275 mW /cm?
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strength y¢ from 0.9 to 0.95. This gives us for r = 1 the ulti-
mate phase-conjugate reflectivity Rp from 1.6 to 1.9.

Finally, we measure the intensity dependence of the os-
cillation intensity (Fig. 6a) to compare it with the intensity
dependence of the phase-conjugate reflectivity (Fig. 6b). As
one can see, the threshold intensity of the pump wave is about
100 mW/cm?. Above the threshold the oscillation intensity
increases and saturates at the level of 10% of the total inten-
sity of two pump beams. Note that, at / = 100 mW /cm?, the
measured phase-conjugate reflectivity corresponds roughly to
one-half of its ultimate saturated value. Thus, in spite of the
fact that the absolute values of R, measured with the signal
beam are much smaller than estimated from the experiment
with coherent oscillation, the ratio of the threshold R, and
saturated Ry is the same in both cases (0.3/0.17 ~ 1.76 for
BWFWM and 1.7/1.0 = 1.7 for a coherent oscillator).

This comparison suggests the idea that the data on Ry
measured with BWFWM are reduced by a certain scaling
factor with respect to the real values. There may be several
reasons for such reduction of measured efficiency; the most
important among them is the Gaussian transverse distribution
of beam intensity.
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FIGURE 6 Intensity dependence of the oscillation intensity (a) and inten-

sity dependence of the phase-conjugate reflectivity (b), measured at the same
angle 6 ~ 3° with intensity ratio of the pump beams r ~ 1

For media with a third-order optical nonlinearity the coup-
ling strength is proportional to the intensity, i.e. the transverse
distribution of ¢ is a replica of the Gaussian beam profile:
2x% +2y?

— ) 3)

Ye(x, y) = yloexp (— 5

w
where y£ is the coupling strength on the top of the Gaus-
sian intensity distribution and 2w is the Gaussian beam waist
at 1/e? intensity. To account for the effect of a nonuniform
intensity distribution on the measured R, we calculate the

normalized average Rp:

) “)

where Rpc(x, y) is given by (1) and (3). The data for plane
waves and for Gaussian beams are shown in Fig. 7a by thick
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FIGURE 7 a Phase-conjugate reflectivity Rp. calculated for plane waves
using (1) (thick line) and normalized averaged phase-conjugate reflectivity
Ry calculated f(zr Gaussian beams using (4) (thin line). b The ratio Rpc/Rpc,
where Rpc and R, correspond to the plane waves and the Gaussian beams,
respectively
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and thin lines, respectively. In the wide range of small coup-
ling strengths y¢, the average phase-conjugate reflectivity for
a Gaussian intensity distribution R, is three times smaller
than R, for plane waves given by (1). With the coupling
strength increasing the difference is growing and for y£o > 1
(the range where oscillation is possible) the ratio Rpc/ Rpc be-
comes larger than 4 (Fig. 7b).

Therefore, the nonuniform transverse intensity distribu-
tion explains (at least in part) the difference of the phase-
conjugate reflectivity R, measured in the BWFWM experi-
ment and estimated from the coherent oscillation experiment.

An additional factor which reduces the measured Ry in
BWFWM experiments is incomplete overlap of the signal and
pump waves, which can never be absolutely perfect. In the ex-
periment with coherent oscillation the system appears to be
self-adjustable; no signal wave is introduced from the outside
and the oscillation self-develops with such a spatial struc-
ture that profits from the largest possible gain and the highest
coupling strength. The beam transverse dimensions are also
the subject of self-adjustment: the oscillation beam waist ap-
pears to be smaller than that of the pump waves in order to
exploit the largest gain near the flat top of the pump wave in-
tensity distribution.

It should be noted that for photorefractive crystals with
nonlinearity based on photoinduced charge separation and in-
dex modulation via the Pockels effect the effect of a Gaussian
intensity distribution of the pump waves on measured values
of the phase-conjugate reflectivity is much less dramatic. The
reason for this difference is quite clear: within a wide range
of light intensity the index modulation in photorefractive crys-
tals is independent of the light intensity.

In conclusion, we report highly efficient (with ampli-
fied phase-conjugate reflectivity) and fast (in the subsec-
ond range) backward-wave four-wave mixing in doped
CdF, crystals with DX-center nonlinearity. Our results
prove that wide-band-gap crystals with a center of symme-

try like CdF, can compete successfully as media for de-
generate four-wave mixing with the polar photorefractive
crystals.
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