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Excitation of dynamic chaos in a monolithic ring chip laser upon
periodic modulation of mechanical stresses in the active element

N.V. Kravtsov, S.S. Sidorov, P.P. Pashinin, V.V. Firsov, S.N. Chekina

Abstract. The peculiarities of nonlinear dynamics of solid-
state bidirectional ring Nd : YAG chip lasers are studied
theoretically and experimentally during periodic modulation
of mechanical stresses in the active element. It is shown that
modulation of mechanical stresses is an effective method for
exciting dynamic chaos in a monolithic chip laser.
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1. Introduction

A considerable attention has been devoted in recent years
to the study of nonlinear self-sustained oscillatory processes
and dynamic chaos in solid-state lasers. Such investigations
are undoubtedly interesting for the development of laser
physics as well as for solving a number of applied problems.
In these investigations, the main attention is focused on the
conditions of emergence of dynamic chaos in optically
coupled single-mode lasers [1—5], in lasers emitting
orthogonally polarised modes [6—9], as well as in ring
lasers [10—13].

The most interesting (and, in our opinion, the most
complex) objects of investigation among the ones mentioned
above are bidirectional ring lasers. It is well known that
solid-state ring lasers have a quite complex nonlinear
dynamics due to competing interaction of counterpropagat-
ing waves in the active medium at the induced inverse
population grating and their coupling through backward
scattering. This leads to a variety of lasing regimes in such
lasers, including various specific self-sustained oscillatory
processes. The amplitude and frequency nonreciprocities in
ring cavities play an important role in a variety of lasing
regimes in ring lasers [14, 15].

Dynamic chaos regimes are among the most interesting
lasing regimes existing in solid-state bidirectional ring lasers.
As a rule, such regimes are excited during external modu-
lation of laser parameters. In the absence of external
modulation, the dynamic chaos regimes may emerge in a
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bidirectional ring laser under parametric resonance con-
ditions [16]. However, in contrast to nonautonomous lasers,
the realisation of such regimes in autonomous ring lasers is
often found to be quite difficult. Some features of chaotic
oscillations are also observed upon excitation of self-
modulation regimes of second kind [17].

Detailed investigations of nonlinear dynamics are pos-
sible only for a high stability of parameters of the laser
under study. High stability of parameters is attained quite
easily in a thermally stabilised monolithic ring chip laser
pumped by a semiconductor laser. Because intracavity
control elements cannot be used in such a laser, the
possibilities to control its operating regimes are considerably
restricted. The pump power is the only controlling param-
eter used in almost all experimental studies of the nonlinear
dynamics of monolithic ring chip lasers. The use of an
alternating magnetic field as a control parameter is ham-
pered by the difficulties in obtaining high field strengths at
high (100-200 kHz) frequencies.

In this work, we studied yet another possibility of
exciting quasi-periodic and chaotic lasing regimes in mono-
lithic ring chip lasers, which is based on the modulation of
mechanical stresses in the active element of the laser. A
periodic variation in mechanical stresses leads to a simulta-
neous modulation of several parameters of the laser,
including the refractive index of the active element, lasing
frequency detuning from the centre of the gain line, the
cavity length, as well as the cavity losses caused by
birefringence in the polarisation-anisotropic cavity. Our
investigations showed that in this case, modulation of
the last of the above parameters affects lasing most
significantly.

2. Experimental setup

The experimental setup is shown schematically in Fig. 1.
Highly stable monolithic ring 1.06-um Nd : YAG chip laser
(1) pumped by a semiconductor laser was investigated. The
perimeter of the ring laser cavity was 2.6 cm, and the
nonflatness angle was 80°. The laser was pumped longi-
tudinally by 0.81-um laser diode (2) with an output power
up to 0.5 W. The laser design is described in detail in
Ref. [18].

The crystal of the chip laser was rigidly connected to
piezoceramic plate (3) and placed in a metal housing. An
alternating voltage from generator (4) was aplied to the
piezoelement. The self-modulation frequency w,, /2r and the
fundamental relaxation frequency w,/2n could be varied
within a narrow range by adjusting the active element with
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Figure 1. Scheme of the setup: (/) monolithic ring chip laser; (2)
semiconductor laser diode; (3) piezoelement; (4) ac voltage generator;
(5) LFD-2 photodetector; (6) ACK-3151 digital oscilloscope; (7)
computer; (&) selective mirror; (9) IKS optical filter.

respect to the pump-beam axis. The voltge U across the
piezoelement (which was varied from 0 to 20 V) determined
the modulation depth /& of mechanical stresses in the active
element. Modulation was performed in the frequency range
from w,/2n =10 to 160 kHz. The laser radiation was
incident on LFD-2 photodetector (5), whose output signal
was fed to ACK-3151 digital oscilloscope (6) and processed
with computer ( 7). Temporal and spectral characteristics of
counterpropagating waves of the bidirectional solid-state
ring laser were recorded during the experiment. Projections
of phase portraits were obtained by processing the exper-
imental results.

3. Experimental results

We studied the evolution of lasing regimes in a monolithic
ring Nd : YAG chip laser by varying mechanical stresses in
the active element and the scenario of transition to the
dynamic chaos. In the absence of modulation (U = 0), the
laser operates in the self-modulation lasing regime of the
first kind typical of a ring laser. The counterpropagating
waves had the same intensity and their spectrum consisted
of a single component with a self-modulation frequency
0y /21 = 145 kHz, while the fundamental relaxation fre-
quency was w,/2m = 65 kHz above the pump threshold
n =0.16.

When the control ac voltage (U # 0) was applied to the
piezoelement, quasi-sinusoidal oscillations were excited, and
the envelopes of intensities of counterpropagating waves
were modulated in turn at the frequency w,/2m, and an
additional component with the same frequency appeared in
the spectrum. As the voltage U (i.e., the modulation depth)
increased up to a certain critical value U, the quasi-
periodic oscillations transformed to the dynamic chaos
regime. When the circular modulation frequency ), satisfied
the parametric resonance condition w,, = w, + w, (where k,
m, n are integers), the control voltage U, across the
piezoelement was minimal.

We found in experiments that switching of lasing
regimes and transition to chaotic oscillations occur most
easily (i.e., for the lower modulation depth) in the frequency
range 60 < w,/2n < 90 kHz, which is apparently, due to the
presence of resonance frequencies for the crystal—piezoele-
ment—housing system in this frequency range, making it

possible to realise quite easily the condition of fundamental
parametric resonance Vy =V, +V, (vy = 145kHz, v, =
80 kHz, v, = 65 kHz), where v; = w;/2n, i =m, r, p. The
minimum value of the voltage U, across the piezoelement at
which dynamic chaos appears is 3 V for this frequency
range.

Figure 2 shows the oscillograms of intensities [ 5(#), the
spectra of counterpropagating waves and the phase portrait
in the (I}, I,) plane under parametric resonance conditions
Vm = vy + v, and for n=0.16, U =15 V. One can see that
the time dependences of the intensities of counterpropagat-
ing waves are trains of peaks with chaotically varying
amplitudes and time intervals between them. The coefficient
K of correlation between intensities of counterpropagating
waves is equal to 0.43 in this case. The emission spectra of
counterpropagating waves are nearly continuous with max-
ima at frequencies v,, v, and v,,. We found that the width of
the parametric resonance region is proportional to the
modulation depth of mechanical stresses, and is ~ 3 kHz
and ~ 6 kHz for control voltage U =5 and 15V, respec-
tively, for the laser whose oscillograms are shown in Fig. 2.
The obtained results [temporal characteristics, emission
spectra and the projection of the phase trajectory on the
(11, I,) plane] indicate that the dynamic chaos is excited in a
ring laser.
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Figure 2. (a) Oscillograms of intensities /;, I, of counterpropagating

waves, (b) their spectra, and (c) phase trajectory projection on the I, I,
plane, in the case of parametric resonance vy, =v.+v, for v, =
145 kHz, vp = 80 kHz, v, = 65 kHz,  =0.16, and U =15 V.
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Figure 3 shows the scenario of transition to the dynamic
chaos for v, =165 kHz, v, =84 kHz, v, = 84 kHz, and
n = 0.4. It presents the oscillograms of radiation intensities
for one of the counterpropagating waves, by varying the
control parameter (increasing U), and the corresponding
spectra. One can see that as the voltage increases, the
harmonic oscillation regime is first replaced by a quasi-
periodic regime, which becomes unstable as the voltage
attains the critical value U, and is transformed into the
dynamic chaos regime. Such an evolution of lasing regimes
is called quasi-periodic (Ruelle—Tuckens) scenario of tran-
sition to chaos (see, for example, Ref. [19]). Note that such a
scenario was observed in Ref. [20].
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Figure 3. Dependence of temporal (a) and the corresponding spectral
characteristics (b) of one of the counterpropagating waves in a ring chip
laser on the control parameter (voltage across the piezoelement) for
vy = 165 kHz, vy = 84 kHz, v, = 84 kHz, and n = 0.4.

4. Numerical simulation

Calculations were carried out using the standard model of a
solid-state ring laser described by the system of equations
[21]:
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where Ny, is the threshold inversion population density; w is
the optical lasing frequency of the chip laser; Q is the Q
factor of the resonator; m is the coupling coefficient of
counterpropagating waves; L is the geometrical length
(perimeter) of the ring resonator; T=nL/c is the transit
time for light in the resonator; n is the refractive index of

the active medium; # is the excess of the pump power over
the threshold; ¢ is the resonance transition cross section;
and « is the saturation parameter.

The width p of the resonator band can be written in the
form

where 1 — R are the intracavity losses. Mechanical stresses
in the active element of the laser lead to the emergence of
birefringence in an isotropic crystal. In the case of an
anisotropic resonator, this causes additional losses for the
lasing mode. Modulation of mechanical stresses with the
help of a piezoelement results in a variation of 7 as well as
R (analysis shows that the variation in R is much more
significant than in 7'). Hence, we obtain for the case under
study

p = po(l +hcosw,t),

where p, is the resonator band width in the absence of
modulation.

Calculations were performed assuming that the coupling
coefficients of counterpropagating waves are complex con-
jugated. It was also assumed that the lasing frequency w
coincides with the centre w, of the gain line. Earlier
investigations of the self-modulation regime showed that
these assumptions are well satisfied for real ring chip lasers:
the coupling coefficients in monolithic chip lasers are close
to their complex conjugates, and the relative detuning of the
lasing frequency is small, as a rule.

Numerical simulation was carried out using the parame-
ters of the experimentally investigated ring chip laser. The
modulation frequency v, = 80 kHz was selected, and the
modulation depth / was varied from 2 x 1072% to 8x
1072 %. Unfortunately, the dependence /(U) could not be
measured with a high precision in the experiments. Calcu-
lations show that the best agreement with the experiments is
attained for h =5 x 1072 %.

Figure 4 shows the time dependences and spectra of
counterpropagating waves calculated for v, = 145 kHz,
v, = 84 kHz, v, =64 kHz, #=0.16, and h=5x10">%.
These parameters are close to the experimental values
(see Fig. 2). One can see that the results of numerical
simulation are in fairly good agreement with experiments.

5. Conclusions

Our experimental studies have shown that lasing regimes
can be switched from one mode to another and dynamic
chaos can be excited in a monolithic ring chip laser by
modulating mechanical stresses in the active element. It is
shown that a transition to the dynamic chaos occurs
according to the Ruelle—Tuckens scenario. A comparison
of the experimental results with the results of numerical
simulation based on the standard model of a solid-state ring
laser leads to the conclusion that the main physical
mechanism responsible for the emergence of nonstationary
lasing regimes is the modulation of resonator losses during
the modulation of mechanical stresses in the active element
of the laser.
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Figure 4. Calculated characteristics of a ring chip laser: (a) intensities /;,
I, of counterpropagating waves, and (b) their spectra for v, = 145 kHz,
vp = 84 kHz, v, = 64 kHz, 1 = 0.16, and /1 = 5 x 1072 %.
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