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We observed dynamic instabilities in the phase-conjugate outputs from the mutually pumped bird-wing phase
conjugator in BaTiO;. We present experimental results that illustrate typical output characteristics and com-

pare these with the results of a computer model that self-

consistently determines all the relevant beam intensi-

ties within the crystal. The role of mutual erasure and the assisted routes to total-internal-reflection
self-pumping are included within the model and are discussed in the context of the experimental results.

INTRODUCTION
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In recent years a novel class of phase conjugator, the mu-
tually pumped phase conjugator, has been demonstrated,
in which two mutually incoherent beams interact within
a photorefractive crystal, producing two simultaneous
phase-conjugate outputs. The various types of mutually
pumped phase conjugator may be distinguished by the
number of total internal reflections that cccur within the
crystal: two in the mutually incoherent beam coupler,*
one in the bird-wing phase conjugator? (BWPC), and none
in the double-phase-conjugate mirror®; several other vari-
ants, including the bridge and frogs’ legs, have also re-
cently been reported.*’

Dynamic instabilities have previously been observed in
several self-pumped phase-conjugate mirror (SPPCM) con-
figurations.>” These instabilities result in fluctuations
in phase-conjugate output power, which have been shown
to depend on parameters such as input-beam geometry,
beam intensity, and temperature. The cause of these
instabilities is currently uncertain, because there are sev-
eral possible explanations that can account for the os-
cillations in this complicated setup in which pump and
signal beams are derived from a single input beam. De-
pending on the precise conditions, the observed outputs
fluctuate either periodically or chaotically or in some com-
plicated fashion with periods of regular oscillations giving
way to chaotic behavior.

In this paper the observation of dynamic instabilities in
the output of the BWPC is reported; these instabilities re-
sult from competition between the BWPC and SPPCM
processes. This competition was noted by Ewbank? and
could have been expected to occur, since the two processes
have comparable thresholds.® In addition to the experi-
mental evidence, a phenomenological model was devel-
oped, based on observations of beam configurations within
the crystal during a typical oscillation cycle.

In a configuration in which neither of the beams readily
underwent self-pumping when separately incident, the for-
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mation of the characteristic BWPC geometry enabled a
self-pumping channel to develop from one of the beams,
which is believed to have been brought above threshold by
two-beam coupling (TBC) between fanned light and the
light circulating within the BWPC channel.

Our proposed oscillation cycle is outlined in Fig. 1,
while Fig. 2 shows the beam nomenclature used in the fol-
lowing discussion and in the model. Three principal in-
teraction regions are considered: regions A and B, which
determine the behavior of the BWPC process, and region
C, where a TBC interaction between fanned light and the
BWPC channel brings the SPPCM above threshold.

The grating written at region C diffracts light to region
A, reducing the modulation ratio, m,, and hence partially
erasing the grating; thus the power that is traveling to
region B in the BWPC channel is decreased, which results
In an increased modulation ratio mz and hence in more
light traveling to region A. This increase in turn de-
creases the diffraction efficiency at region A still further.
This feedback process leads to the BWPC process being
brought below threshold, resulting in the subsequent decay
of the induced SPPCM process. The cycle then repeats.

The computer simulation calculates the modulation ratio
of the interacting beams at each region; i.e., for region A

mAz = 411I3/IA2 (1)

and for region B
mg® = 41214/132, 2)

where I, is the total intensity at region A and I3 the total
intensity at region B. The diffraction efficiency at each
region is

na = Amy?, (3
ng = Bmg’, “

where
A = Al — exp(t/r4)], (5)
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Fig. 1. Typical oscillation cycle.

A parameter that seemed experimentally important was
the position of the undiffracted portion of beam 1, ie,
beam 7 relative to region B. This is thought to be a result
of the extra erasure caused in region B by the presence of
this beam. A parameter was introduced into the simula-
tion that modified the contribution of I, to the total inten-
sity (and hence the modulation ratio) at region B. It
was found that in the absence of competition from the
SPPCM this effect did not result in oscillations in the
phase-conjugate output.

A typical output trace from the simulation is shown in
Fig. 8. The parameter set used to obtain this trace was
Il = Iz, TA=TB=Tc = 10 time StepS,Ao = Bo = Co = (.8.
The results show qualitative agreement with experimental
observations in that oscillations are observed and that
there is a phase shift between the outputs (although
not the experimentally observed 180°). However, vari-

Fig. 2. Schematic of beam geometry with principal interaction
regions and beam nomenclature.

B = B[l — exp(t/r)], (6)

where 74 and 73 are the response times of the gratings at
regions A and B, respectively, and A, and B, are the rele-
vant grating-strength factors, which include such parame-
ters as the TBC gain constant and the angle between the
interacting beams.® On each time step the simulation
calculates a self-consistent set of intensities and diffrac-
tion efficiencies and checks that a threshold condition,
which can be compared with that of Ref. 7, for the diffrac-
tion efficiencies (14,73 < 0.001) is satisfied. Once m4
reaches threshold, a grating at region C begins to grow
with time constant 7¢, governed by an equation of the
same form as Egs. (5) and (6), and a self-pumping beam
builds. When 7,4 falls below threshold the system is re-
turned to its initial conditions, and the cycle is repeated.

ation of input-beam intensity ratios that are similar to
those used experimentally does not reproduce the experi-
mental results.

EXPERIMENTAL RESULTS

Figure 4 shows the experimental arrangement, which
used an Ar™ lager operating in multilongitudinal mode at
514.5 nm and a single-domain crystal of BaTiO; of dimen-
sions 6 mm X 6 mm X 6 mm. The laser output was spa-
tially filtered and divided by beam splitter BS; into two
beams of similar intensities. These beams, reflected and
transmitted by BS;, were incident upon opposite faces of
the BaTiO; crystal to form a BWPC loop. The path length
between the two beams I, and I, was arranged to be =1.5m
to ensure mutual incoherence. Beam splitters BS; and BS;
were used to monitor the simultaneous phase-conjugate
outputs, I,* and I,* The input angles were 6; = 25° and
8, = 55° (measured outside the crystal). Both input
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Fig. 3. Typical oscillation traces obtained by means of the com-

puter model of the BWPC. Solid curve, I,*; dotted curve, Io*
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Fig. 4. Experimental arrangement used to observe dynamic
instabilites in the mutually pumped BWPC. M;-M;, phase mir-
rors; SF, spatial filter; ND, variable neutral-density filter; D;, Dy,
photodiodes.

béams were e polarized to ensure maximum coupling
strength.

Figure 5 shows a typical trace obtained when the
parameters (as defined in Fig. 2) were set at ¢ = 3.8 mm,
b=35mm,I =45 mW I, = 1.5 mW, i.e, a beam inten-
sity ratio of r = I /I, = 3. It can be seen from the inset
photograph that beam I; was directed at region B and
hence strongly erased the fanning grating at that region.
This prevented the BWPC loop formation. However,
SPPCM configurations from beam I; did occur, although
the output was highly unstable. This may be explained as
follows: The SPPCM grating that formed resulted in re-
duced power in beam I;. This permitted beam I, to grow,
promoting erasure of the SPPCM grating at region C, thus
leading to a minimum in the monitored output. This in
turn led to increased power in I, and the cycle repeated.
The maximum reflectivity in this case was low, =1%, and
the fluctuations were not particularly regular (the average
period was 13 + 4 sec).

Figure 6 shows the traces obtained when parameter o
was reduced to 3.6 mm, with b and » as before. It was
observed here that the BWPC loop developed first in this
case. Subsequently energy transfer between fanned light
and light circulating within the BWPC loop occurred as a
result of TBC in region C. When the SPPCM loop reached
its highest level, beams I3 and I; were at their lowest; con-
sequently mp was at its maximum. This resulted in more
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light’s being incident upon region A, reducing m,, thus
causing erasure at C and the subsequent decay of SPPCM.
The cycle then repeated.

With this particular parameter set, the oscillation cycle
resulted in stable periodic pulsations. The average period
of the oscillation of I,* was 21 + 0.7 sec. The maximum
reflectivity measured from the highest peak was again
low, =1%. Beam I,* had an average period of 21 * 1 sec
and a maximum reflectivity of only 0.2%. Figure 6 shows
that the outputs I;* and I,* are almost 180° out of phase.
This is the result of the nature of the sequential formation
of BWPC and SPPCM processes.
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Fig. 5. Output obtained with parameters ¢ = 3.8 mm, b =
35 mm,I; = 4.5 mW, I, = 1.5 mW.
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Fig. 6. Periodic oscillations obtained with ¢ = 3.6 mm, b =
3.5mm,; =45 mW and I, = 1.5 mW.
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Fig. 7. Outputs obtained with @ = 3.2 mm and other parameters
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Fig. 8. Output traces behind with beam intensity ratio r = I,/
I = 1.5 and other parameters as in Fig. 6. Note that large-scale
oscillations are now absent.

Figure 7 shows the situation in which parameter a is
reduced further to 3.2 mm (all other parameters remain-
ing unchanged), causing region B to be shifted upward.
In this arrangement we observed an overall increase in
reflectivity from the BWPC loop. SPPCM configurations
were not observed here, which may be because of the domi-
nant presence of the BWPC loop, causing less fanned light
to be available for SPPCM formation.

Finally, Fig. 8 shows the output traces with the same
beam configuration as that used in Fig. 6 but with the
beam intensities I; = 50 mW, I; = 3.4 mW, and r = 1.5
With this intensity ratio, beam I, formed stronger fanning
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Fig. 9. Graph of parameter a versus period of oscillation. Note
that regular oscillations occur only for limited values of a.
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gratings, and therefore a strong BWPC was observed.
However, self-pumping never became significant, and
therefore we did not observe any competition hetween the
two processes. It is observable in Fig. 8 that small per-
turbations may be present because of SPPCM competi-
tion, but these do not lead to oscillations as in Fig. 6.

In summary, Fig. 9 describes the analysis of the oscilla-
tion of I,* at different values of the parameter a, which is
plotted on the horizontal axis. The vertical axis repre-
sents the period of the oscillation. It is seen that the
standard deviation in the periodicity is large at larger val-
ues of the parameter a. At ¢ = 3.6 mm, the amplitude
and periodicity of both beams I;* and I,* were regular, as
shown in Fig. 6.

CONCLUSION

We observed dynamic instabilites in the phase-conjugate
outputs from a mutually pumped BWPC in BaTiO;. The
outputs observed show both regular and irregular oscilla-
tions, depending on the precise experimental geometry
chosen. However, the overall reflectivities observed were
low and may have been due to the particular angular ar-
rangement used to obtain oscillations and to the intensity
ratio of the input beams. These results were compared
with the results of a computer simulation, and, while not
all the experimental features are predicted, the simple
phenomenoiogical model developed does predict oscillatory
outputs in the presence of competition between the BWPC
and SPPCM processes.
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