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Abstract. An incomplete correlation is discovered betweenThe reason for this discrepancy is shown to be indirectly re-
the phase conjugate reflectivity in Feinberg’s Cat conjugatolated to the strong frequency chirp within every pulse of the
generating a train of regular pulses with the cw incident pumphase conjugate wave.

wave and inhibited specular reflectivity from the sample.

The frequency chirp within every spike of conjugate wave is

shown to affect the efficiency of the secondary phase conju- . .
gator generating auxiliary waves in the direction of Fresneft EXPerimental observations

reflection of the incident wave.

Figure 1 represents the schematic of the experimental ar-
rangement. The traditional geometry for phase conjugation is
used [8] but with the special positioning of the incident pump
wave on the sample input face, aiming to excite the phase
conjugate autowave (as described, for example, in [11]). The
light beam from the single-frequency single-mode frequency-
The specular reflection from the dielectric interface can bgoubled Nd3:YAG laser with the Gaussian beam waist
considerably reduced if behind this interface a phase conjw.8 mmand ultimate powet00 mWis focused onto the sam-

gate mirror is placed (with sufficiently wide acceptance angleyle with the converging lens (focal lengtt60 mn). The
to collect both the transmitted wave and the phase conjugate

wave backreflected from the interface [1-4]. This unusual
phenomenon is related to generation of an auxiliary coherent
wave propagating exactly in the direction of Fresnel reflec
tion and possessing the phase shiftrofvith respect to the
usual Fresnel reflection. The inhibition of the specular reflec
tion in optical systems involving phase conjugate mirrors i<
similar to the coherent suppression of certain beams in diffel
ent interferometers successfully used in quantum electonic
for special laser cavities (Michelson, Sagnac, Fox-Smith) [5-
7]. The essential difference is, however, in the fact that th
systems with the phase conjugate mirrors are nonlinear ar
adaptive and therefore may exhibit untrivial dynamics.

We describe in this paper the results of our study of the in
hibited Fresnel reflection from the Feinberg’s Cat conjugato
(two-interaction-region conjugator or total internal reflection BaTio,
conjugator) [8] operating in auto-oscillation mode [9], i.e.,
transforming the cw incident radiation into a phase conjugats,, ng*-vac
replica with the regular pulsations. It is shown that the tempo
ral evolution of the inhibited reflection is not correlated to the ]
change of the phase conjugate wave intensity, that one cou phase
expect from the simple model. Moreover, the depletion of the corugats e
pump wave transmitted through the sample is not correlate wave o

with the temporal envelope of the phase conjugate pulse [10].
P P P Jug P [ &ig. 1. Experimental setup. The picture in the inset shows the intensity dis-
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_ tribution inside theBaTiOz sample at the maximum of the phase conjugate
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polarization of the incident wave corresponds to the extraor=
dinary wave of the sample.

The sample of nominally undop&hTiO; crystal meas-
uring 38 x 4.1 x 5.4mmwith all faces optically finished is
used. A typical angular and lateral position of the beam witt
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respect to the sample is shown in the photo inset of Fig. 1. (i 200 - 8
Two detectors are continuously monitoring the intensitiess ot

of the phase conjugate wave and wave reflected from the i |ro I _‘-P'

put face of the sample (or transmitted through the sampleu_ . -

To check a possible frequency shift of the conjugate and reac 100 | 1
flected waves the reference wave with the frequency of th E
pump wave is sent to each of two detectors.

With specially selected conditions the phase conjugatg
wave is generated as a sequence of periodically repeatit® 0
pulses shown in Fig. 2 (lower trace). The dynamics of the re
flected wave are shown in the same figure as the upper trac Peak PC W. Intensit
It is quite obvious that the change of the reflectivity occurs ea ave Intensity, a.u.
when the Sp|ke of the phase Conlugate wave is generated Fig9- 3. Maximum deviation of the reflected wave intensity from the initial
ure 3 represents the dependence of the maximum change% Ir(]no photorefr?ctlve gratings, no conjugation) versus peak intensity of
the reflected wave intensity on peak pulse intensity of the phase conjugate wave
phase conjugate wave. This dependence was measured using
the natural statistical spread of data in a sequence of pulses 550 - T y T
the phase conjugate wave.

The linear relationship in Fig. 3 proves that just the ap-
pearance of the phase conjugate wave causes the |nh|b|tu:
of the specular reflectivity. At the same time the difference ir &
shape of pulses and the delay of the maximum intensity of th“
phase conjugate wave with respect to the minimum reflectiv g
ity can be easily noticed in Fig. 2.

Figure 4 shows the superposed plots of the reflected wax >
intensity versus intensity of the phase conjugate wave for se\2 2
eral consecutive pulses. Note the difference in reflectivity forg
the increasing and decreasing phase conjugate wave mtenc;j 50 |
in the pulse. The arrow inside the graph indicates the direc®
tion of the intensity changes with increasing time. For angle:
of incidence smaller than the Brewster angle this directiot . ! . L
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was anticlockwise, i.e., the largest phase conjugate reflecti 0 10 o 300
ity is retarded with respect to the minimum of the specula Phase conjugate wave intensity, a.u.
reflectivity. Fig. 4. Reflected wave intensity versus phase conjugate wave intensity for

Similar results have been obtained for a rather wide inthe sequence of pulses. Taaow in the circle inside the graph shows the
terval of the experimental conditions (the angle of incidencélirection of intensity change with increasing time
from 30° to 60, the incident beam power in the range from
2 to50 mW). The repetition rate of the pulsation was increas-
ing roughly linearly with the growing intensity and the pulse gate intensity) were scaled in time remaining qualitatively the
duration was decreasing, but the temporal envelopes for bodame.
pulses (negative for reflectivity and positive for phase conju-

2 Discussion and verification of the model

600 As has been mentioned already the reduction of the specu-
) [ 7 P lar reflectivity is caused by the destructive interference of the
= h usual Fresnel-reflected wave and the auxiliary wave generated
© 400 in the same direction inside the sample via backward-wave
%‘ four-wave mixing. The origin of this auxiliary wave can be
S 200 f\ il explained with the help of Fig. 5 showing the propagation
= t JL J\L J L JL direction for the incident, reflected and generated waves. Fol-
- lowing the description of the process given in [4] we present
0 the electric field of thg -th wave as
0 5 10 15 20
Time. s Ej = Ajexp[i (ot —kix+¢j)] . (1)

Fig. 2. Temporal variation for the phase conjugate wave intendaydr ~ Where A, (X) is.the .amp”tUdekj .iS the wavevectorx is the
trace) and reflected wave intensitygiper tracé propagation direction, ang (x) is the phase. The wav;
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1 2, 7 spec Eg is conjugate tdEs. Thus two components propagating in
\ / the direction of the reflected wave (emerging from the crystal
|5 2|; wave E7 = [terq Aq|2t2riro Ag expliot —ikzx +igr) and re-
PCM 2 flected waveE, =r_E;) have identical wavefronts and iden-
6 4 tical frequencies. Their interference defines the resulting re-
I - flectivity:
\\\\\\\
. PCM\Q\\\\\ Espec% {r’F + |t|:r]_A1|2 tér,’érz} E;. (2)
— LS

8 Taking into account that. andr; differ by = in phase the
] ) ) S interference of two contributions will be destructive.
Fig. 5. Schematic representation of the propagation directions for the waves We put “nearly equal” sigm in (2) because in fact one
inside the sample and leaving tBaTiOz sample . - .
also should take into account multiple reflections from the

incident upon the sample is partially reflected giving rise toentrance face with subsequent phase conjugation of the re-

a wave E; =rrE; and partially enters into the sample asﬂeCted Wwaves as was done in [.1_4]' (T_he wakeis once
a waveE; = trE;, wherer’ andtr are the amplitude Fres- more reflected into the sample in the direction of the wave
= , A

nel reflection coefficient and amplitude Fresnel transmissi0|l1:'3’ the resulting wave is conquated and reflected in direction
coefficient from the ajfcrystal interface, respectively. of wave Es, etc., etc.). Assuming relatively small phase con-

The waveE; generates inside the sample the phase corfu9ate reflectivity of the second conjugater< 1 we limit
jugate wave E4 = tr1 A expli (@ — 8)t — ikaX + 1] with ourselves by the first nonvanishing correction term only.
—_ F H = H - -
ks = —ks. Herery is the amplitude reflectivity of the Cat con- E_quat_lon (f2) was derlvetd in [ﬂ for the _stea%dy state _?ﬁ
jugator (PCML1 in Fig. 5). In a self-pumped phase conjugatof;I aton, 1.€., Tor permanent cw phase conjugate wave. the

like Feinberg’s Cat conjugator the longitudinal phase is preEEﬂE’Ct'VItles of the two phase conjugatorgandrs, are the

served in conjugate wave, therefore the sign of the phase 8Eg§t§2to\r:adu§§é f&o \',Caggz H]?sdre;:bg C(::';]sz:ﬁsntthg %?(S?ec;;
wave 4 is the same as that of wave 1. P Jug P

The frequency of the conjugate wave may differ from thaf'€ Ultimate result of the reflection keeping the varying-in-
of the incident wave. A comprehensive explanation of thi ime amplitude of the phase conjugate wave in a following

detuning is given in [12] and attributed to simultaneous exci''anNer:

tation of the transmission as well as reflection gratings. Th . 2

phase conjugate wa, is reflected from the input face back %SPGC” E2+Er~ ir/FHFrFr2 [Ea®)] }El , (3)
to the sample giving rise to the wa¥g = rgE4, also with the

shifted frequencyd — 3). Itis quite obvious that the interference term Exped? will be

Two copropagating wavesks and Es are recording also proportional to the temporal envelope of the phase con-
a moving grating in the vicinity of the sample entrancejugate wave intensityEs(t)|%. At the same time the temporal
face. The phase conjugate wakg is, by definition, Bragg variation of|Esped? can be affected by the other factors, too.
matched to this grating; the diffraction & from this grat- The amplitude reflectivity of the secondary phase conju-
ing results in the wavég(x) = |tFr1A1|2tFr,’§r2A1 expiot — gatorr, is a complex value. In a simple model the imaginary
ikex +i¢1) with ks = —ks. As all three waves giving rise to part ofr, is taken to be constant in time, i.e., the phase dif-
the waveEg have the same phage the waveEg also ac- ference between the two coherent components in the reflected
quires the phase: (¢ps = —¢s+ ¢p3+ ¢4). The diffraction waves 2 and 7 is also constant. This hypothesis should be
efficiency defines the amplitude reflectivity = E¢/EZ of  checked experimentally because the phase of the conjugate
this secondary conjugator (PCM2 in Fig. 5). Note that thewave may in principle be affected by different additional fac-
Doppler frequency shift, which is due to the diffraction from tors. It can change in time because of the recording of the re-
the moving grating, is entirely compensated for by the ini-flection gratings by the wavdss andEs. Since the transmis-
tial frequency shift of the readout phase conjugate wave ansion grating in PCM2 is recorded by the waves with different
the diffracted waveEg has exactly the same frequency as thefrequencies its phase shift with respect to the fringes deviates
incident wavek; (and reflected from the input face waktg).  from the exactr/2 (local response appears); this in turn mod-

The wavesEs and E4 are recording also the reflection ifies the phase of phase conjugate wave. The question is: how
space-charge grating. The wakég is Bragg-matched to this large is the ultimate change of the phase difference between
reflection grating but the phase conjugation does not occuhe waves 2 and 7? The results of the direct measurements of
and waveEg is not generated: As the grating vectidgrfor  the temporal stability of the phase of conjugate wave will be
this reflection grating is normal to the crystal C-axis thepresented further in this article.
isotropic diffraction (with identical polarization of the read-  The other reason for temporal variation of tHsped?
out and diffracted waves) from it is impossible (see, for exmay be related to time dependence of the real pant;pf
ample, [13]). At the same time the contribution of the reflec4.e., to the changes of the diffraction efficiency of the sec-
tion gratings recorded by the waves 5 and 6 (and also thendary grating. The relaxation time of the space-charge field
waves 4 and 3) to the considered process can be nonzero. in BaTiOs measured in this experiment at the used intensities

In the case where the incident wa¥g has a certain 1 ~ 0.2 sis shorter than pulse duration (normally of the order
transverse structure, i.e., is not a plane wave, this transverséa fews). Thus we can expect that the diffraction efficiency
structure will be totally reconstructed in the waligbecause of the grating will follow the intensity variation of the phase
of two consecutive conjugation&, is conjugate toEz and  conjugate wave. This variation will not explain, however, the
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observed displacement of the minimum in reflectivity with maximum deviation of the upper trace from constant value is
respect to the maximum of the phase conjugate reflectivity. no more than 1. We believe that the real phase shift is much
Quite often the phase conjugate wave in a Cat conjugasmaller and the observed intensity variation is related to the
tor is frequency shifted with respect to the pump wave. Thalecrease of the intensity of the reflected wave but not to the
moving fringes are recording a grating with smaller diffrac-phase changes. This statement is supported by the fact that we
tion efficiency as compared to the frequency-degenerate cadeave never seen the increase of intensity in the upper trace,
Being a function of the frequency shift this reduction of thewhen changing the position of the slit in front of the detec-
efficiency may lead to the additional time variationrefif  tor with respect to the fringes (adjusting it to the maximum,
the frequency of the phase conjugate wave is changing duringinimum, rising slope of decreasing slope of the fringe, etc.)
the pulse duration (frequency chirp exists). This possibility  Thus from the data of Fig. 6 we conclude that (i) the phase
should also be checked experimentally. of the auxiliary wave generated in the direction of Fresnel
To find the reason for incomplete correlation of the inhib-reflection is constant during the pulse and (ii) the frequency
ited reflectivity and phase conjugate reflectivity we measuref the phase conjugate wave is changing during the pulse as
the temporal variation of the phase shift in these two waveminimum for one order of magnitude.
using the heterodyne technique. Apart from the beam from These results lead to the conclusion that the reason for
the sample (reflected or conjugated) the reference wave frothe observed incomplete correlation of the inhibited specu-
the laser is sent in the direction of the detector at a small anglar reflectivity and phase conjugate intensity is related to the
with respect to the wave from the sample. The fringe pattertime variation of the diffraction efficiency of the grating re-
appear from which the narrow slit parallel to the fringe cut thesponsible for secondary phase conjugation. At the beginning
intensity to be measured by the detector. If the phase diffeef the pulse the grating is recorded by the waves with rela-
ence of two waves forming the fringes is changing in time thidively small frequency shift and its amplitude is rising rather
results in variation of the intensity on the detector. quickly. However, the more intensive the phase conjugate
The results of the measurements of the phase variation imave becomes, the larger is the frequency shift and therefore
the phase conjugate wave and reflected wave are shown smaller becomes the diffraction efficiency of the secondary
Fig. 6a,b, respectively. The lower trace in each graph repregrating.
sents the temporal evolution of the pulse of phase conjugate The reduction of the space-charge amplitiilg is pro-

wave. portional to
It follows from Fig. 6 that the phase conjugate wave is
shifted in frequency with respect to the pump wave and, mor&s(w) = Esc(0)/ [1+ (ra))z] , 4)

important, that this frequency detuning is changing with time.

The processing of the data of Fig. 6a allows us to state thathere r is the characteristic relaxation time of the space-

frequency shift is changing from a fractionldf at the begin-  charge field. Of course, to get the detectable reduction the

ning of the pulse t&—6 Hz at the end of the pulse. frequency shift should be high enough, with~ 1. With the

For the reflected wave (Fig. 6b), on the contrary, the fremeasured response timex 0.2 sand frequency shifb up to

quency is not shifted at all with respect to the pump wave20 radian per second this condition is obviously met in our

Moreover, the ultimate time-variable phase shift (if it existscase.

at all) is not larger thans(/10). This estimate is done taking To check independently the validity of this explanation we

into account that the variation of the intensity in the fringestudy the correlation of the intensity of the transmitted light

pattern from the maximum to the minimum corresponds to 1Qvave 8 and phase conjugate wave. At least two factors are re-

in the same units that are used in abscissa of Fig. 6b while thaucing the intensity of the transmitted wave when the pulse
of the phase conjugate wave is generated: first, a part of the
pump wave is converted into phase conjugate wave in PCM1,

9 : : : and second, the pump wave is partially depleted because of
18 the diffraction from the grating recorded in PCM2. As dis-
6 M'!'% A AAMA tinct from the inhibition of the specular reflection considered
Mk above these two processes of the transmitted wave depletion

are independent and add incoherently.
According to our model the temporal envelope of the grat-
ing efficiency in PCM2 is not the same as the pulse shape of

w

o

S
®
% the phase conjugate wave: the diffraction efficiency of PCM2
5 15 ' b grating is considerably decreased when the phase conjugate
= e y intensity reaches its maximum. The frequency shifif the
— 10 phase conjugate wave in the maximum of the pulse is al-
ready too high (about 6 radian per second, see Fig. 6a) and
5 the diffraction efficiency which is proportional 82, is ap-
proximately 6 times smaller than its maximum value; it is
0 e further decreasing rapidly in time because of the increasing
0 2 4 6 frequency shifw. So one can expect that the contribution of

Time, s the diffraction from the grating PCM2 to the reduction of the
Fig. 6a,b. Beat frequency mark for the phase conjugate waxeupper transmitted intensity should be much smaller for the decreas-

trace) and reflected waveb( upper trac@. Lower tracesin a and b show ing part of th_e pulse of phase anjUQate wave as compared
the corresponding temporal variation of the phase conjugate wave intensityo its increasing part. If the reduction of the transmitted wave
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intensity | Eg|? is caused by the conversion of the incidentdependence points to incomplete correlation, as in the case
wave intensity| E1|? into the phase conjugate wave intensity of inhibited specular reflection. At the same time this loop is
|E4|? the linear relationship should be expected between thesmuite different from that of Fig. 4: the part corresponding to

quantities the decreasing slope of the phase conjugate pulse is very close
) ) ) to the linear dependence. This is just what we expected from
|Eg|” = |E1|” —|Eal” . () our model.

Figure 7 shows th nden f the transmi wave inten-
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