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The unusual temporal dynamics of a semilinear optical coherent
oscillator based on a tin thiohypodiphosphate (Sna2P2Sg, SPS)
crystal has been described. Periodic non-harmonic oscillations
of the oscillator output intensity have been studied. The pulse
duration was found to depend on characteristic grating formation
times and on how much the coupling strength constant exceeds
its threshold value. The pulse width changes in a wide range,
decreasing closer to the oscillation threshold. It has been proved
experimentally that every pulse in a sequence is 7-shifted in phase
with respect to the previous one, while the phase of oscillations
remains constant within every pulse. Such a behavior of the optical
oscillator suggests its analogy with an electronic multivibrator. A
competition between two species of movable charge carriers in
the course of formation of the space charge grating makes up the
origin of the phenomenon concerned.

1. Introduction

The advantages of SnyP2Sg photorefractive crystals
over others follow from the combination of its fast
response (of the order of milliseconds) and a rather
high gain in the red and near-infrared spectral ranges
[1,2]. These crystals are successfully applied for the
light amplification, phase conjugation, and in coherent
optical oscillators [3,4]. The coexistence of two spatial
charge gratings is a rather frequent phenomenon for
them. One of the gratings is formed by light-induced
holes, and the other appears owing to the redistribution
of thermally excited electrons [1,2,5]. As a result of
the formation of two out-of-phase gratings possessing
substantially different decay times, the spectrum of
the stationary gain factor reveals two maxima shifted
symmetrically with respect to the pump frequency [6].
In coherent oscillators with open cavities, this results
in the formation of two components in the oscillation
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spectrum and in the sinusoidal temporal modulation of
the oscillation intensity [7]. In this case, the frequency
shift between the modes is proportional to the square
root of the pump intensity [8].

In this article, we describe a new type of the
optical oscillation dynamics in an open semilinear
coherent oscillator with two counter-propagating pump
beams. The dynamics of the oscillation beam intensity
consists of a sequence of periodic non-sinusoidal
pulses, with the phase of every pulse being shifted
by m with respect to that of the previous pulse.
We propose a model, which explains such a new
operating mode of the oscillator, and compare the
results that were obtained in the framework of this
model with experimental data. The gain factors of
two out-of-phase gratings, calculated making use of
the threshold oscillation quantities, coincide well with
the relevant values measured directly in two-beam
interaction experiments.

2. Experimental Studies

A sample of nominally pure tin thiohypodiphosphate,
which had been grown by the gas-transport technique [9]
at the Institute for Solid State Physics and Chemistry of
the Uzhhorod National University, served as a nonlinear
crystal. The 9 x 9 x 4.5-mm? sample was cut along
the crystallographic axes, and its faces normal to the
z-axis were polished. The sample belonged to crystals of
the I type [10] with the pronounced influence of charge
carriers of both types on the formation of a spatial charge
field. The crystal had preliminary been polarized by
applying a voltage of about 1 kV/cm when cooling from
90°C down to room temperature.
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Laser HeNe

Fig. 1. Experimental set-up: mirrors (M1 to My), diaphragms (D1
and D), photo diodes (PD; and PD5), and lens (L)

A He-Ne laser, which is single-mode by the
transverse-mode index and possesses the output beam
power of 40 mW, was used as the source of radiation. The
beams were polarized in the plane of their convergence
(Fig. 1). The crystal was irradiated by the counter-
propagating beams reflected from mirrors My and Mg. In
such a geometry with two counter-propagating beams,
the SnyP5Sg crystal operates in the mode of a phase
conjugate mirror and, together with an ordinary mirror
Ms possessing the reflection factor R, can form a
cavity. The oscillation arises, if losses in the cavity are
compensated by the reflection from the phase conjugate
mirror with the coefficient R,. that exceeds unity. This
means that the condition for the oscillation to emerge
can be written down as

RpcR =1 (1)

(see, e.g., work [11]). The sample was oriented in
such a manner that its X axis was parallel to the
vector of the self-developing photorefractive grating.
Such a geometry enables one to take advantage of the
largest electrooptical factor 7177 when recording the
grating. Mirrors Ms, Mg, and My, as well as photo
diode PD5, were used for checking the position of the
interference pattern that was created by the oscillation
and pump beams. The oscillation intensity was measured
by photodetector PD;.

The oscillation dynamics of such a device is shown
in Fig. 2,a. Every time when the oscillation terminated
between two consecutive pulses, the interference pattern
underwent the shifting by a half-period; i.e. there
occurred the inversion of the contrast of interference
stripes which were formed when the generated and pump
beams had been converged at a small angle. Photo diode
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Fig. 2. Time dependences of the oscillation beam intensity recorded
by PD;i (a), the intensity of the interference pattern recorded by
PD5 (b), and the calculated phase of the oscillation beam (¢)

PDy was used for the registration. The arrangement of
interference stripes did not change during a single pulse.
In Fig. 2,b, the dependence of the oscillation intensity
variation on the imposing of the pump beam is depicted.
It should be noted that the measurements, presented in
Figs. 2,a and b, were carried out simultaneously. While
comparing the experimental dependences shown in those
figures, it becomes evident that they are periodic, and
one oscillation period consists of two consecutive pulses.
This is possible, if the phase of the generated beam
varies. Possessing the temporal dependences of the
optical oscillation both with and without imposing the
pump beam and carrying out elementary calculations,
one can plot the temporal dependence of the phase
of oscillation beam (Fig. 2,c). As one can see, this
dependence is not sinusoidal. Fig. 3 demonstrates the
dependences of the oscillation beam intensity (@) and the
pulse duration () on the ratio between the intensities
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Fig. 3. Dependences of the pulse duration (a) and the oscillation
beam intensity (b) on the ratio between the intensities of pump

beams

of the pump beams. At certain threshold values,
the beam intensity and the pulse duration diminish
abruptly.

3. Description of the Model

The oscillation dynamics can be explained as follows.
As the illumination of the sample began at the moment
t = 0, the fast space-charge grating started to form
owing to the redistribution of light-induced holes. Let us
assume that the instant value of the coupling strength
constant I'(t)l = 2v(t)l is proportional to the induced
variation of the refraction index An(t) at the same
moment. Then, the gain spectrum has a Lorentz-like
shape, whose halfwidth is reciprocal to the characteristic
decay time of the fast grating 7y. After several intervals
with the duration 7¢ each, the gain increases to its
maximal value (Fig. 4,a) and begins to exceed, to some
extent, the threshold value T'ly},; the latter is marked by
the dotted line. The oscillation starts, and the phase of
the oscillation beam may be arbitrary, as it occurs in all
photorefractive coherent generators with an open cavity.
This phase is determined by the phase of the initial fast
grating which is governed by fluctuations.

When the fast grating has already been formed, the
gradual development of the slow one is still taking place,
because the characteristic development time of the latter
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Fig. 4. Gain spectrum at various stages of the oscillation process:
(@) the oscillation start, (b) the end of the first pulse, (¢ to e) the
influence of the slow grating that results in the formation of a new
pulse; solid curve d and dotted curve a correspond to maximal

gains

7, 18 much longer. The slow grating is w-shifted
in phase with respect to the fast one, so that
its gain factor is negative. The corresponding gain
spectrum is also Lorentz-like, but its halfwidth is much
narrower and equals 7% (in Fig. 4, for the sake of
illustration, we used 7y and 7, with a relatively small
difference between them). The total gain spectrum
has a dip at the zero-difference frequency; the gain
maximum decreases and becomes, in due time, lower
than the threshold value (Fig. 4,b). At this moment,
the oscillation stops within the time interval equal
to several time constants of the fast grating decay
7¢. During this period, the slow grating remains
almost invariable, and the corresponding gain
spectrum is shown in Fig. 4,c. The pump beam diffracts
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from the slow grating into the semilinear cavity: the
phase of this diffracted beam is m-shifted with respect to
the phase of the previous pulse in the oscillation beam,
because the slow grating is out of phase with respect to
the fast one.

The diffracted wave with a precisely known phase
forces to “start” the development of a new fast grating,
the latter being m-shifted with respect to the initial
fast one. Thus, at this stage, two gratings, fast and
slow, are in phase and boost each other (continuous
line in Fig. 4,d). The total gain reaches its maximal
value.

The further development leads to the saturation of
the fast grating, and electrons start to move in order
to compensate the emerged field of a spatial charge.
In other words, the formation of a new out-of-phase
slow grating takes place. Step by step, the additional
peak in the gain spectrum is transformed into a dip
(dotted line in Fig. 4,d), and the oscillation stops again.
But the slow grating still remains and initiates the
development of a next oscillation pulse (Fig. 4,d). The
only difference between this new pulse and the previous
one is a somewhat higher gain factor, as is illustrated
by the dotted line in Fig. 4,a. Afterwards, the cycles
repeat. We note that a single pulsation period includes
two pulses of the intensity with two different phases, 0
and 7.

Therefore, the saturated oscillation consists of two
modes which differ from each other only by the phase
of the oscillation beam. When one of the modes is being
oscillated, the other mode is locked, the gain factor for
the former reduces, and the gain factor for the next
oscillation mode increases with the same rate. Such a
behavior of the system is similar to the self-excitation
in an Abraham—Bloch multivibrator which is composed
of two electronic amplifiers, the inputs and outputs of
which are cross-coupled.

In the model described, the pulse duration depends
on the characteristic time of the slow grating decay
and the over-threshold value of the gain factor. The
closer the total gain factor is to the threshold value,
the shorter time period is necessary for the out-of-
phase grating to develop and to throw the system
down below the threshold limit. For this reason, the
pulses become shorter if the over-threshold value of
the gain factor decreases. Such an operation mode
substantially differs from the already known mode in
a coherent ring oscillator |[7], where the oscillation
period tends to infinity when approaching the oscillation
threshold.
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4. Numerical Estimates

The phase conjugate reflectivity R,. depends on the
coupling strength I and the pump intensity ratio r [11]:

- 12 (T
Ry, — sinh (4) . ©)

cosh? (4 + 1)

This allows some important parameters of the model
to be determined by comparing experimental and
calculated data.

Fig. 3,a allows the optimum pump intensity ratio to
be determined: 7opt = 0.07. This value may logically be
assumed to correspond to the maximum phase conjugate
reflectivity (2) at the coupling strength that ensures the
sample, i.e. Il = 2In(ropy). In this case, the coupling
strength of the fast grating (I'l)s.s¢ is about —5.3.

Making use of the threshold values of r, at which
the oscillation terminates (r; = 0.008 and 5 = 0.5),
one can calculate the value of (I'l)f.st independently.
The oscillation thresholds correspond to the same value
Rpe = R7! (see Eq. (1)). Therefore, we can write down
the equality 2In(r1) — I'l = Tl — 2In(re) and obtain
the ultimate value of the coupling strength constant
(T'l)ast ~ —5.5, which differs from the preliminarily
calculated value by less than 5%. Moreover, using
Eq. (2), we can obtain the value of the effective reflection
coefficient for the ordinary mirror in the cavity, which
includes all possible losses: R = 0.78.

All the aforesaid calculations were carried out for
the fast component, because it plays a crucial role
in the oscillation and is responsible for the oscillation
thresholds. The coupling strength constant for the slow
component can be evaluated, if one knows the duration
of pulses in the coherent cavity. Neglecting the difference
between the Debye screening lengths for charge carriers
of different types, it is possible to write down the
equation describing the dynamics of a slow grating in
the form [6]

(TDgtow = (FDstow[1 — exp(—=t/Ts1ow)] =
= (Fl)slow (t/TSIOW)7 (3)

where ()32 is the coupling strength constant of the
slow grating, at which the oscillation terminates; in other
words, it is the largest possible value, to which the slow
grating develops in experiment.

Taking the pulse duration At for time ¢, we obtain
(TO)35% = (T'l)fast X (t/Tslow). Provided At = 5 s,

(T'D)ast = 5.4 and Tyow = 12 s, the coupling strength
constant can reach the value (I'1)32% = 2.25. In general,

slow
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Fig. 5. Ultimate value of the coupling strength constant at the

competitive interaction of gratings

the value of (I'l)s10w depends on a specific experiment,
and, in the framework of our approximations, (I'l)sow =

(Fl)fast~
In Fig. 5, the gain spectrum
Il Tl
Tl (Q) ( )fast ( )slow (4)

1+ (QTfast)2 1+ (QTSIOW)2,
is depicted, where Q is the frequency shift between
the oscillation and pump waves. It is evident that, in
the degenerate case 2 — 0, the total gain is switched
between two values which differ from each other by the
sign =+ in expression (4).

In the same figure, the horizontal dotted line marks
the threshold value of the coupling strength constant
which exceeds, to some extent, the total gain in the case
of the out-of-phase summation of two gratings. Thus, the
model proposed is confirmed by calculations. Every time,
when the formation of the out-of-phase grating reduces
I'l to its threshold value, the oscillation terminates, and
the fast grating becomes erased within a time interval of
about 40 ms. At the same time, the much more inertial
slow grating still exists and leads to the development
of a new fast grating, which is in phase with the slow
one. In this case, the gain effects of both gratings boost
each other, and this situation corresponds to the top
branch of the plot in Fig. 5. After the fast grating having
saturated, a new slow grating, which is m-shifted with
respect to the previous one, again reduces the gain to the
bottom branch, which is below the oscillation threshold.
The oscillation stops, and a new pulse starts.

The described periodic pulsations obviously belong to
interactions which are not degenerate by frequency. In
addition, it is important to emphasize that this operating
mode is qualitatively new and cannot be reduced to
the case of the already known sinusoidal modulation
of the intensity, when only two symmetric oscillation
frequencies arise in the spectrum [6]. It can compete with
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the known mode [7], because the corresponding coupling
strength constant is larger than that in the stationary
mode of the two-frequency oscillation, at least during
the halfperiod of the pulse.

The authors are sincerely grateful to O. Grabar and
I. Stoika for providing them with the crystals used in
experiments.
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JIMHAMIKA TEHEPAIIIT HATIIBJITHIMHOTO OIITUYHOT'O
TEHEPATOPA HA KPUCTAJII SnaP2Se

O. Ilymenrox, A. I'puzopawyx, C. Odyros
PezwowMme

OnmcaHo HE3BUYHY YaCOBY AUHAMIKY HAIIBJIHIHHOIO ONTHUYHOIO
KOTE€PEHTHOI'O T€HEPATOPa, IO 6a3y€eThCs Ha BUPOIKEHIH 38 JacTo-
TOI0 YOTUPUXBUJIBOBIM HEJIHIIHIN B3aeMozil B KpucCTaJi Tiorimo-
mudocdary onoa SnaPaSe, SPS. Hocumimkeno nepioguyni Herap-
MOHIYHI KOJIMBaHHSI BUXIJIHOI iIHTEHCHBHOCTI B reHeparopi. Bcra-
HOBJICHO, IO TPUBAJICTb IMIIYJIbCY 3aJI€2KUTh BiJl XapaKTEPUCTUY-
HUX YaCiB CTUPAHHs I'PATOK Ta BiJl IEPEBUIEHHS] KOHCTAHTOIO B3a-
eMo/il 11 moporosoro 3HadeHHsI. TpUBAIICTD IMIIYJIBCIB JIE2KUTH B
MIMPOKHUX MeXKaX Ta 3MEHIIIYEThCs 3 HAOJIMKEHHsIM JIO [Opora re-
Hepauil. ExcriepiMeHTaIbHO BCTAHOBJIEHO, [0 KOXKHUM HACTYITHUMN
iMmysbc 3a $a30r0 3MillleHni Ha 7T BiJIHOCHO MOIIEPEIHBOTO, B TOM
Jac K B MeXKax OJHOro iMmysbcy asa € He3MminHow. Taka mo-
BEJIiHKa OITHUYHOTO I'eHepaTopa BKa3y€ Ha AHAJIOTIIO 3 eJIEKTPOH-
HUM MYyJIbTUBIOpaTopoM. B OCHOBI 1bOro sIBUINA JIEKUTH KOHKY-
peHIiisi HOCITB 3apsijly Pi3HOro 3HaKa (€JEKTPOHIB Ta JIPOK) HpH
dbopMyBaHHI I'PATOK IIPOCTOPOBOIO 3apsiiLy.
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